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ABSTRACT 

The catalytic descriptors (lattice oxygen, metal-oxygen bond strength, host structure, 

redox capability, multi-functionality of active sites, site isolation, and phase cooperation) 

govern the heterogeneous oxidation reactions. The present study aims to explore the catalytic 

descriptors that govern the soot oxidation activity of transition metal doped Ceria-

Praseodymium catalyst system and its kinetics thereof.   The transition metal (0 to 20 mol %) 

doped Ceria-Praseodymium catalysts (Copper doped Ceria-Praseodymium, Cobalt doped Ceria-

Praseodymium, Iron doped Ceria-Praseodymium, Manganese doped Ceria-Praseodymium and 

Chromium doped Ceria-Praseodymium) were successfully synthesized by Solution Combustion 

Method and characterized by X-Ray Diffraction, Raman Spectroscopy, Scanning Electron 

Microscopy, X-Ray Photoelectron Spectroscopy, BET & BJH surface area analysis, and tested 

for soot oxidation activity and its kinetic study using Thermo-gravimetric analysis.  

The 5 mol% Copper doped Ceria-Praseodymium catalyst system showed better soot 

oxidation activity which is attributed to the better reactive planes and chemisorbed oxygen 

species compared to other Copper-doped Ceria-Praseodymium catalyst system and Ceria-

Praseodymium catalyst system. 5 mol% Cobalt doped Ceria-Praseodymium catalyst system 

showed better soot oxidation activity among the Co doped Ceria-Praseodymium catalysts, and 

the descriptors controlling the catalytic activity are phase cooperation (solid-solution formation) 

and better redox properties compared to Co-CP and CP catalyst systems. The descriptors 

controlling the soot oxidation activity of the Iron doped Ceria-Praseodymium catalyst system 

are (secondary phase formation and redox properties), and the 5 mol % Iron-doped Ceria-

Praseodymium catalyst system showed better soot oxidation activity. In Manganese doped 

Ceria-Praseodymium catalyst system, the 5 mol% Manganese-doped Ceria-Praseodymium 

catalyst system showed better catalytic activity for the soot oxidation reaction. The descriptors 

controlling the soot oxidation activity are surface area, crystallite size, active surface adsorbed 

O- species, and Mn3+/Mn4+ surface concentration. The surface concentration of Cr3+ and Pr3+ 

played a significant descriptor role, and Chromium doped Ceria-Praseodymium catalyst system 

showed better soot oxidation activity than other Ceria-Praseodymium catalyst systems. As the 

Cr concentration increased, there was a decrease in the Cr3+ and Pr3+ concentrations in the 

Chromium-doped Ceria-Praseodymium catalyst system.  Compared to all the transition metals 

doped Ceria-Praseodymium catalysts in the present study 5 mol % Cobalt doped Ceria-

Praseodymium catalyst system showed better catalytic activity with lowest T50 of 349±1℃.  

 



ii 
 

In the transition metal (TM (5 mol%) = Cr, Mn, Fe, Co, and Cu) -doped Ceria-

Praseodymium nanofiber catalysts 5 mol% Chromium doped Ceria-Praseodymium nanofiber 

showed better soot oxidation activity and is attributed to larger average pore size and pore 

volume and, the nano string diameter is smaller than all other nanofiber catalysts. The kinetic 

triplets namely activation energy, pre-exponential factor and the reaction models were 

evaluated.  

 

 

Keywords: Transition metal dopants, Praseodymium-doped Ceria, XRD analysis, XPS 

analysis, redox potential, Soot Oxidation Activity. 
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A - Pre- Exponential Factor (min-1) 
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α - Extent of Conversion 

ß - Heating rate (K min-1) 
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D (1-3) – (1-3 Dimensional) Diffusion model 
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 Introduction 

 

CHAPTER 1  

INTRODUCTION 

Air pollution is a significant challenge worldwide as it creates numerous 

complications to public health and the environment when toxic components are in excess. 

The regulations of harmful pollutants are essential to protect the public and the 

environment. Hence, the Environment Protection Agency (EPA) plays a significant role in 

regulating policies for toxic emissions. According to EPA, Carbon dioxide (CO2) alone is 

responsible for more than 81% of greenhouse gas emissions, and most countries have come 

forward to reduce the emission of CO2 and use of Hydro Fluoro Carbons (HFCs) (EPA 

2018). The Central Pollution Control Board (CPCB) of India set the standards for Bharat 

Stage (BS) norms, and it first came into effect in India in 2000 and was altered at every 

stage. All automobile manufacturers must sell vehicles that mandatorily comply with the 

norms. The standards target strict guidelines by dropping the permissible levels of 

pollutants. BS-VI – (2020) was the newest upgrade of the iterated norms set, which allows 

only 80 mg/km of NOx, 25 mg/km of particulate matter, and 500 mg/km of CO from diesel 

vehicles (CPCB 2020). 

Another critical pollutant in the air is Particulate Matter (PM), a combination of 

solid particles and liquid droplets. Inhalable particles of 10 μm diameter are called PM10, 

and 2.5 μm diameter are called PM2.5. They are generally emitted from construction sites, 

diesel exhausts, burning crop fields, smokestacks, etc. (2018). 

1.1. SOOT OXIDATION 

Soot/diesel particulate matter is a common type of PM2.5 and is obtained as a by-

product due to the incomplete combustion of fossil fuels such as hydrocarbons, coal, etc. It 

is also commonly found in refineries and motor vehicles exhaust. These microscopic 

particulates can easily penetrate the lungs and enter the bloodstream when inhaled. It also 

has a tremendous effect on the environment by acidifying water bodies and is responsible 

for causing haze/smog (Weidman and Marshall 2012). 
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Soot formation initiates with the precursors and nucleation of heavy molecules to 

form particles. The surface growth of particles proceeds by the adsorption of molecules, 

and then coagulation happens through particle-particle collisions. Soot formation can be 

reduced by oxidation of the particles, resulting in less harmful products. In the automobile 

industries, Diesel Particulate Filter (DPF) regeneration is costly and challenging as it 

involves high temperatures (̴ 800°C) and energy. The clogged/ blocked DPF restricts the 

easy flow of exhaust, and hence pressure drop develops, which may further damage the 

diesel engine. Thus, within the limitations of particle size restrictions and an engine's life, 

all particulates should be trapped, and the filter should be regenerated carefully with no 

toxic byproducts (Van Setten et al. 2001). 

Most promising catalysts have been studied which are capable of assisting soot 

oxidation. Developing novel catalysts for soot oxidation that ensure the least pollution and 

have high efficiency and reliability with excellent Oxygen storage capacity (OSC) and high 

surface area is a most challenging task (Durgasri et al. 2014a) (de Leitenburg et al. 1995; 

Mukherjee et al. 2016; Sudarsanam et al. 2014). The oxidation reaction is initiated by Mars 

Van Krevelen (MVK)-type mechanism, which suggests that the reaction between Carbon 

monoxide (CO) and Oxygen (O2) takes place on the surface of  the catalyst (Andana et al. 

2016; Aneggi et al. 2005). The three discrete elementary reactions of the MVK mechanism 

are given below 

C + MO → M* + CO/CO 2                                                          (1.1) 

O 2 (g) +M* →MO                                                                       (1.2) 

CO + MO → CO 2  + M*                                                              (1.3) 

Here, the metal oxide (MO) loses its active O2; hence, a reduced metal site (M*) is 

formed, which cannot further involve in the reaction. The atmospheric gas-phase O2 

chemisorbs on the catalyst's surface to form MO to proceed with CO oxidation. The soot 

oxidation in DPF with stable catalysts is most important for the present scenario as per 

requirements of Bharat stage VI (ICCT Policy Update 2016). 
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 Oxygen vacancies play a crucial role in soot oxidation reaction as they facilitate the lattice 

oxygen diffusion from the bulk to the surface by adsorption-desorption reactions (Bin et al. 

2013; Vinodkumar et al. 2015). The above properties would improve soot's catalytic 

oxidation (Durgasri et al. 2014a).  

1.2. SOOT OXIDATION KINETICS 

To further understand the soot oxidation kinetics, a mathematical description of 

particulates' combustion focuses on describing the kinetic triplets—Arrhenius parameters 

such as pre-exponential factor (A), Activation energy (Ea), and the reaction model. More 

detailed insight into kinetics and soot oxidation mechanisms may help develop more active 

or selective soot combustion catalysts and model catalytic converters and regeneration 

systems (Ganiger et al. 2020). Solid-state reaction kinetic analysis is done to obtain the 

kinetic triplets. The apparatuses used are flow reactors and thermo-gravimetric analyzers 

(TGA) (Lee et al., 2013). The kinetic evaluation uses TGA for heterogeneous solid-gas 

reactions (Chrissafis, 2009). Model-free methods are the most reliable for calculating the 

Ea of both isothermal and non-isothermal reactions. The model-free methods include 

methods with and without the integral temperature approximation, and some of these 

models include Flynn-Wall-Ozawa (FWO) method, the Friedman method, and Kissinger 

Akahira Sunose (KAS) method (Vyazovkin et al., 2011; Li et al., 2019). The most suitable 

reaction model is anticipated through the master plot method, which fits the experimental 

data to theoretical data. 

1.3.     CATALYST MATERIALS 

The main goal of the selected catalyst material should enhance the activity without 

getting reacted or consumed and be capable of replacing the existing costly noble materials. 

Ceria (CeO2) and CeO2-based materials have gained massive significance over the decades 

due to their unique properties and applications in various fields. It induces high OSC 

(Chavan et al. 2008; Prasad et al. 2012a; Jamshidijam et al. 2014).  
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CeO2 has broad applications due to its distinct characteristics and high reactivity to 

oxygen (Yang et al. 2010). The most critical catalytic properties of CeO2 are reversible 

redox properties (Ce3+/4+) along with high oxygen storage capacity (OSC), which aids in 

enhancing the soot oxidation activity (Hernández-Giménez et al. 2013). 

Doping of lanthanides, transition, and noble metals with CeO2 develops the Oxygen 

vacancies at the octahedral sites. It creates defects that alter the O2 diffusion performance 

and thus gains interest in the area of research. (Chavan et al. 2008; Krishna et al. 2007b; 

Mukherjee et al. 2016b; Shuang et al. 2015). CeO2-based catalysts also encourage DPF 

regeneration by lowering the required temperature to combust the soot. Recently, Ceria-

based catalysts have improved the solid-solid contact between the soot and the catalyst 

(Hernández-Giménez et al., 2013). CeO2 when doped with rare earth materials and 

lanthanides such as Praseodymium (Pr) (Krishna et al. 2007a; Mukherjee et al. 2016; Reddy 

et al. 2009b), Lanthanum (La)(Mukherjee et al. 2016), Gadolinium (Gd)( Anantharaman et 

al. 2018b; Durgasri et al. 2014a), Samarium (Sm) (Anantharaman et al. 2018d; Sudarsanam 

et al. 2014b), Neodymium (Nd) (Patil et al. 2019) have shown excellent performance for 

soot oxidation activity. It has shown an evident reduction in temperature required for soot 

oxidation compared to undoped/pure CeO2 and no catalyst (Mukherjee et al. 2016). In most 

reported works, Ce-Pr has shown tremendous catalytic activity among rare-earth materials 

(Shuang et al. 2015). The multivalent Pr cation (Pr3+/Pr4+) increases the redox potential of 

Pr6O11 due to the high mobility of anion vacancy (Andana et al. 2016; Reddy et al. 2009b). 

Researchers have also evaluated the performance of transition metal-doped with 

CeO2-based materials such as  Manganese (Mn),  Zirconium (Zr),  Hafnium (Hf), Tin (Sn), 

Titanium (Ti)  for soot oxidation (Anjana et al. 2017) (Jamshidijam et al. 2014) (Mukherjee 

et al. 2016)(Venkataswamy et al. 2016a). Researchers have also evaluated the performance 

of Transition Metal (TM) doped with CeO2-based materials such as  Manganese (Mn),  

Zirconium (Zr),  Hafnium (Hf), Tin (Sn), Titanium (Ti)  for soot oxidation (Anantharaman 

et al. 2017; Mukherjee et al. 2016a). 
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 Studies have been carried out for tertiary doping of Ceria-based metals, further 

increasing the catalytic activity (Dulgheru and Sullivan 2013; Mira et al. 2015; Prasad et 

al. 2012b)., making the obtained product porous and well dispersed (Varma et al. 2016). 

 

1.4. SYNTHESIS OF NANOPARTICLES 

 

Nanoparticles for soot oxidation application have been synthesized by several 

techniques, such as the co-precipitation method (Hernández-Giménez et al. 2013; Mahofa 

et al. 2014; Ranji-Burachaloo et al. 2016; Reddy et al. 2008a; Venkataswamy et al. 2016a), 

EDTA citrate complex method(Anantharaman et al. 2017, 2018a), Hydrothermal method 

(Aneggi et al. 2014a; Chingakham et al. 2020; Suárez-Vázquez et al. 2018), Nitrate 

calcination method (Krishna et al. 2007b), etc. 

Solution Combustion Synthesis (SCS) is used extensively to prepare highly pure 

nanocrystalline powders such as ceramic oxides (Varma and Mukasyan 2004). Metal salts 

act as oxidizing/reducing agents, and fuels reported for combustion are glycine, sucrose, 

urea, citric acid, starch, etc. (Varma et al. 2016).  In SCS, an exothermic reaction is initiated 

when the self-ignition temperature of the fuel is attained (Mimani and Patil 2001; Bedekar 

et al. 2007). SCS produces high-purity, fine, and homogeneous powders with high purity 

and quick and easy process, saving time and energy (Varma et al. 2016). SCS generates 

massive gaseous byproducts, leading to a significant product expansion and a fast 

temperature decrease after the reaction completes, making the obtained product porous and 

well dispersed  (Varma et al. 2016). 

Electrospinning Technique (EST) is another effective technique in the current 

study. It is a simple method to produce highly beneficial nanofibers (Thavasi et al. 2008). 

EST is used to develop nanofibers with controlled diameter and orientation for various 

applications (Sasmal and Datta 2019; Thavasi et al. 2008). 
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Electrospinning is also a widely used technology for nanofiber fabrication with 

controllable diameter and structure (Bhardwaj and Kundu 2010). The electrospinning 

technique gained significant attention as it can fabricate nanofibers on a nanometer scale 

with high quality (CUI et al. 2008; Stegmayer et al. 2022). Unique electrospinning methods 

can produce nanofibers with porous core-shell or hollow nanofiber structures (Thavasi et 

al. 2008). 

Nanofibers are used in several catalytic applications, such as photocatalysis and 

oxidation reactions (Stegmayer et al. 2022). Nanofibers in the past decade indicated a 

favorable impact and represented a key technology for environmental applications (Thavasi 

et al. 2008). Nanofibers as soot oxidation catalysts are preferred due to increased surface 

area, eventually leading to enhanced soot and nanofiber contact points (Stegmayer et al. 

2022). The fibrous morphology traps and converts soot to a less harmful form at low 

temperatures by improving the number of contact points (Kumar et al. 2012).  

The present work also studies the effect of transition metal (Cr, Mn, Fe, Co, and 

Cu) dopants in Ce-Pr-based catalysts synthesized by the SCS method on soot oxidation 

activity. The current study also deals with describing kinetic triplets. Arrhenius parameters 

such as Pre exponential factor (A), Activation energy (Ea), and the reaction models 

combinedly, known as the kinetic triplets(Chrissafis 2009; López-Fonseca et al. 2007) are 

evaluated in the current study. Further, each transition metal doped Ce-Pr nanofiber is 

generated to study its effect on soot oxidation activity.  
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1.5. SCOPE AND OBJECTIVES  

 

The scope of the work is to perform studies on the effect of transition metal oxide (Cr, 

Mn, Fe, Co, and Cu) doping in Ceria Praseodymium catalyst for soot oxidation activity 

and its kinetic analysis.  

 

The specific objectives of the present study are: 

 

1. Synthesis of transition metal (Cr, Mn, Fe, Co, and Cu) doped Ceria Praseodymium 

catalysts using Solution Combustion Synthesis. 

2. Characterization of synthesized catalysts using XRD, Raman spectroscopy, 

FESEM-EDS, BET- BJH analysis, XPS, and TG analysis. 

3. To perform soot oxidation activity and kinetic studies on the synthesized catalysts. 

4. To develop electrospun Transition Metal ((TM (X=0.05) = Cr, Mn, Fe, Co, Cu) – 

doped Ce0.9Pr0.1O2-δ (CP) ) nanofiber catalysts and test soot oxidation activity. 
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1.6.  ORGANIZATION OF THE THESIS 

The rest of the thesis is organized as follows: 

Chapter 2 provides a literature review of various catalysts studied for soot oxidation and 

the factors affecting catalytic activity. It also includes the literature based on kinetic studies 

for soot oxidation activity. 

Chapter 3. deals with the materials and methodology adopted for synthesizing the 

catalysts, characterization techniques, and soot oxidation reaction conditions used in the 

current study.  

Chapter 4 describes the effect of Niobium (Nb) doped Ceria (Ce) as a catalyst for soot 

oxidation activity. 

Chapter 5 comprises the study on Copper (Cu)-doped Ceria-Praseodymium catalysts for 

soot oxidation activity and its kinetics. 

Chapter 6 discusses the investigation of Cobalt (Co) doped Ceria-Praseodymium catalysts 

for soot oxidation activity and its kinetics.  

Chapter 7 deals with the studies on the effect of Iron (Fe) doped Ceria-Praseodymium 

catalysts on soot oxidation activity and its kinetics. 

Chapter 8 presents the studies on the effect of Manganese (Mn) doped Ceria-

Praseodymium catalysts on soot oxidation activity and its kinetics. 

Chapter 9 deals with the catalytic effect of Chromium (Cr) doped Ceria-Praseodymium 

catalysts on soot oxidation activity and its kinetics. 

Chapter 10 represents the studies on the development of electrospun Transition Metals 

((TM (X=0.05) = Cr, Mn, Fe, Co, Cu) – doped Ce0.9Pr0.1O2-δ (CP) ) nanofiber catalyst and 

its effect on soot oxidation activity.  

Chapter 11 summarizes the overall conclusion of the results obtained from all the chapters 

and provides the future scope of research. 

 

A Study on the Effect of Transition Metal Dopants in Ceria Praseodymium Catalysts for Soot Oxidation 

Activity and its Kinetics 



 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9 
 

 

Literature Review 

 

 

CHAPTER 2 

LITERATURE REVIEW 

2.1. COMBUSTION SYNTHESIS  

The combustion synthesis method is very flexible and adaptable for synthesizing a 

wide range of nano-sized powders. Mimani and Patil synthesized various nano-sized 

materials and reported that the metal oxides and their composites could be prepared at a 

very low temperature of < 400 °C. The products were homogenous and crystalline with 

high surface area and purity (99.99%); the particles obtained were less agglomerated 

(Mimani and Patil 2001).  

The investigation of Chavan and Tyagi establishes the importance of controlling the 

oxidant-to-fuel ratio in synthesizing mixed oxides (Chavan and Tyagi 2004). The flame 

wasn't observed during the fuel deficient cases, but the flame temperature of 1486ºC and 

1788 ºC was observed in the case of propellant and excess fuel cases. Kikukawa et al. also 

studied the effects of the glycine (fuel)/Nitrate (G/N) ratio for the Preparation of spinel-

type ferrites by the Glycine-Nitrate-Process (GNP) (Kikukawa et al. 2004). It was found 

that the crystallite size gradually increases with the increase in the G/N ratio while surface 

area decreases with an increase in the G/N ratio; hence optimized G/N ratio is essential for 

combustion studies. Prasad et al. synthesized Ce0.9Gd0.1O1.95 powder via GNP with varying 

G/N ratios (0.1, 0.3, and 0.55).  Here glycine complexes with the metal cations to prevent 

selective precipitation, and also glycine is oxidized by nitrate anions, thereby serving as a 

fuel for combustion (Prasad et al. 2010). For SCS, several works were reported on various 

fuels utilized to enhance the powder properties. Esmaeili et al. synthesized MgO 

nanoparticles using polyethylene glycol and sorbitol as fuel by microwave-induced 

combustion synthesis method (Esmaeili et al. 2009). 
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Sharma et al. studied the efficacy of mixed fuel (Urea + glycine) for SCS of 

alumina. It was reported that urea as a fuel promotes the crystalline character of the product, 

whereas glycine promotes the amorphous character of the product. Hence, crystallinity can 

be enhanced easily with a mixed-fuel approach (Sharma et al. 2014).  

Charojrochkul et al. studied the effect of fuels for SCS on CeO2 and GDC 

nanoparticles. It was reported that the oxides prepared from urea combustion synthesis were 

more significant as they produced less heat than glycine and citric acid fuels during 

synthesis. The oxides prepared from urea combustion synthesis had high stability for 

methane steam reforming. The specific surface area of nanoparticles from citric acid was 

highest when compared to urea and glycine. In contrast, the particle size was lowest and 

highest when glycine and urea were used as fuel, respectively (Charojrochkul et al. 2012). 

 

Figure 2.1: SEM micrographs of pulverized GDC powder a) Urea, (b) Glycine, and 

(c) citric acid (Charojrochkul et al. 2012). 

 Isabel et al. reported that using starch as fuel results in nonviolent propagation and 

reduced toxic byproducts. The starch-assisted SCS produces macro-porous metal oxides. 

With a mixed fuel approach, lattice defects, surface area, crystallite size, and porosity can 

be altered for the desired product (Isabel et al. 2020).  Ansari et al. reported that using 

glucose as a fuel for SCS for CoTiO3/CoFe2O4, a highly agglomerated product, was 

obtained, whereas spherical nanoparticles were obtained for maltose and starch as fuel 

(Ansari et al. 2018). Table 2.1 summarizes the literature review on metal oxides 

synthesized using the SCS method. 
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Table 2.1: A literature review on various metal oxides synthesized using SCS. 

Material Fuel Inference Reference 

YSZ Glycine The smoldering mode of combustion took place, and the least 

amount of residual carbonate species is the one with a G/N ratio 

of 0.23. 

(Kaus et al. 2006) 

Eu3+doped  Y2O3 Sucrose Crystallite size: 30–50 nm (Xu 2006) 

Eu3+doped CaWO4 Ammonium nitrate Crystallite size: 50–100 nm (Lebedev 2007) 

NDC Glycine Crystallite size obtained in the range of 

 10 -35 nm 

(Chavan et al. 2008) 

Al2O3–ZrO2 starch Reduces the exothermicity of the combustion reaction. (Tahmasebi and Paydar 2008) 

AlN powder 

glucose, sucrose, citric acid, & 

starch. Fine spherical shape when compared to other fuels (Qin et al. 2009) 

NDC Glycine Crystallite size – 11 nm (Bedekar et al. 2010) 

NDC Urea 

Agglomerates increase with increasing dopant content and 

crystallite size – 20 nm. 

(Biswas and Bandyopadhyay 

2013) 

NDC  Citric acid  Crystallite size obtained in the range of 63 - 68.5 nm (Kahlaoui et al. 2013) 

.  
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From the above literature survey, it can be concluded that SCS is an effective 

method for synthesizing homogeneous products with high purity and yield.  It can also 

be noted that glycine is efficient fuel for SCS when compared to other fuels for obtaining 

smaller crystallite sizes. Nonviolent combustion can be attained with an optimum lower 

Fuel/Nitrate ratio.  

 

2.2. SOOT OXIDATION 

The reaction of CeO2 during doping with external dopants has been studied by 

Trovarelli et al. (Trovarelli et al. 1999) and is given below. 

𝐂𝐞𝐎𝟐 +  𝛅 𝐑 ↔ 𝐂𝐞𝐎𝟐−𝛅 + 𝛅 𝐑𝐎 + 𝛅 𝑽𝒐                           (2.1) 

𝐂𝐞𝟏−∝𝑴∝𝐎𝟐 +  𝛅` 𝐑 ↔ 𝐂𝐞𝟏−∝𝑴∝𝐎𝟐−𝛅` + 𝛅` 𝐑𝐎 + 𝛅` 𝑽𝒐         (2.2) 

During the redox reaction of CeO2, an intrinsic vacancy (Vo) is created when a 

reductant molecule (R = soot) comes in contact, releasing the gaseous product (RO = 

CO/CO2). A similar reaction is observed when the isovalent dopant (M) with a certain mole 

fraction (∝) is doped. The oxygen storage can be due to both intrinsic and extrinsic 

vacancies, where "δ" represents the total oxygen storage capacity due to the redox process 

induced by a reductant and the additional oxygen storage due to the creation of extrinsic 

defects, whereas "δ`" is the modified oxygen storage capacity after solid solution formation. 

To define the selectivity and activity of metal oxides for oxidation processes, seven 

descriptors were proposed by Grasseli (Grasselli 2002; Vilé et al. 2016), also known as 

Grasselli's seven pillars. The descriptors include the redox properties, host structure, Metal-

Oxygen bond, Lattice Oxygen, site isolation, phase cooperation, and multi-functionality. 

Oxygen vacancy formation is also considered the most uncomplicated, and oxygen storage 

capacity (OSC) can also be regarded as the alternative descriptor (Vilé et al. 2016).  

Researchers have evaluated the performance of various catalyst materials, which 

involve CeO2 and CeO2-based materials, due to their unique characteristics and excellent 

redox nature (Krishna et al. 2007a; Vázquez et al. 2018).  
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CeO2 doped with lanthanides and other rare earth materials has been extensively 

studied and could reduce the required soot combustion temperature much lower than 

uncatalyzed soot combustion. T50 (The temperature at which 50% conversion is observed) 

is analyzed from works of literature reported for better comparison with other catalysts.  

T50 for pure CeO2 synthesized by various synthesis techniques is listed in the work 

reported by Patil and Dasari  (Patil and Dasari 2019). Zhang et al. reported T50, which was 

found to be less for pure CeO2 nano-rods (368°C) and pure CeO2 nano-flakes (383°C) 

synthesized by hydrothermal method (Zhang et al. 2016), followed by pure CeO2 

nanopowder (416°C) synthesized by GNP (Patil and Dasari 2019) 

 Liang et al. studied the effect of doping Zr on CeO2 synthesized by the co-

precipitation method (Liang et al. 2007). The increased surface area was reported to favor 

the soot catalytic combustion by providing more redox sites to activate adsorbed oxygen. 

Similarly, Wu et al. developed Ce0.5Mn0.5O2 and Ce0.5Zr0.5O2 as a catalyst by the citric acid 

sol-gel method for the soot oxidation reaction (Wu et al. 2007). They conveyed that Mn as 

a dopant presented better catalytic activities than Zr due to the strong interaction between 

Mn and Ce, promoting oxygen storage/transport capacity. Garci and Atribak studied the 

catalytic activity of CeO2, ZrO2, and Ce–Zr mixed oxides for soot oxidation for both loose 

and tight contact between the catalyst and soot. It was noted from their work that Ce–Zr 

mixed oxides had higher BET surface areas and smaller crystal sizes, which enhanced the 

redox properties (Garci and Atribak 2008).  

The catalytic activity studies by Reddy et al. reveal that soot oxidation is enhanced 

by incorporating Zr4+ and Hf4+ into the CeO2 lattice (Reddy et al. 2008). The hf-doped 

CeO2 catalyst exhibited better activity than the Zr-doped CeO2 due to the high oxygen 

vacancy creation in the crystal lattice. Reddy et al. indicated that Pr-doped CeO2 has more 

surface and bulk oxygen vacancies, redox sites, lattice oxygen mobility, and better thermal 

stability hence is also found to be a more active catalyst in soot oxidation( Reddy et al. 

2009).  
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 Katta et al. also synthesized La-doped CeO2 and Zr-doped CeO2 solid solutions by 

modified co-precipitation method (Katta et al. 2010). It was observed that the O2 vacancies 

and the thermal stability of CeO2 were improved upon doping both transition metal (Zr4+) 

and rare earth material (La3+). Sudarsanam et al. reported their work on Sm-doped CeO2 

synthesized using the co-precipitation method. It was observed that the oxygen vacancy 

concentration substantially decreased with increased calcination temperature (Sudarsanam 

et al. 2014). Their work also concluded that the Sm-doped CeO2 showed excellent soot 

oxidation performance compared with pure CeO2 due to abundant oxygen vacancies and 

superior BET surface area.  Mukherjee et al. carried out soot oxidation studies on CeO2 

doped with various transition and rare earth metals such as Zr, Pr, Hf, Mn, Fe, and La, and 

the T50 followed the order of  Mn < Hf < Pr < La < Fe < Zr < pure CeO2 (Mukherjee et al. 

2016).  

Anantharaman et al. synthesized binary metal oxides of CeO2-Hf using the EDTA-

Citrate method (Anantharaman et al. 2018a). It was noticed that the catalytic activity 

enhanced for (10-30 mol % ) CeO2-HfO2 and later decreased due to better reducibility and 

higher oxygen vacancy formation for a lower concentration of Hf into CeO2. In work 

reported by Patil et al., Nd was doped with CeO2, and doping 1% Nd into CeO2 showed 

comparatively better activity (Patil et al. 2019). It was reported that surface-active O2 

species (O−) and redox potential was high for 1% Nd-doped CeO2 as detected by the XPS 

technique.  The addition of transition / rare earth dopants to binary metal oxides has also 

been reported extensively, and the ternary catalyst showed a massive improvement in the 

catalytic activity comparatively. Table 2.2. summarizes the literature review on the soot 

oxidation activity of various Ce-based materials. 
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Table 2.2: Summary of Literature Review on Soot Oxidation Activity. 

Material Method T50 Temperature 

(°C) 

Reference 

CeO2 Co-Precipitation 560 Mukherjee et al. 2016 

CeO2 Modified precipitation method 522 Reddy et al. 2008 

CeO2 Nitrate precursor calcination 576 Krishna et al. 2007 

CeO2 EDTA citrate method 530 Anantharaman et al. 

2017 

CeO2 Urea Solution Combustion 

Synthesis 

451 Andana et al. 2016 

CeO2 Glycine nitrate process 416 Patil et al. 2019 

CZr & CPr 

 

Modified co-precipitation 

method 

 

513 

438 

 

Gode et al. 2012 

 

Ce–Sm 

 

co-precipitation method 

 

455 

 

Putla et al. 2014 

 

Ce
0.75

Zr
0.25

O
2
 

& 

Ce
0.16

Zr
0.84

O
2
 

Co-precipitation method 530 Liang et al. 2006 

Ce, Ce-Zr & 

Ce-Hf 

Modified precipitation method 522 

514 

409 

Reddy et al. 2008 

La - Ce & 

Zr-Ce 

Modified co-precipitation 441 

461 

 

Katta et al. 2010 
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Aneggi et al. studied the influence of Fe, Sm La, Pr, and Tb on Ce-Zr mixed oxides. 

5 mol % Fe doped Ce-Zr exhibited lower T50 of 389°C due to high surface area (Aneggi et 

al. 2006). Atribak loaded Yttrium (Y) to Ce-Zr mixed binary oxides, enhancing oxygen vacancy 

formation with minimum loading and displaying better catalytic performance (Atribak 2009). 

Similarly, Hernández-Giménez et al. doped  Nd to Ce-Zr mixed oxide, and the T50 evaluated was 

low (568°C) for the ternary metal oxides (Hernández-Giménez et al. 2013). In contrast, Ce- Zr and 

Ce- Nd showed 582 and 610°C, respectively Zr and Nd positively improved redox behavior. 

Rajvanshi et al. studied the effect of Ni addition to Ce0.9Pr0.1O2 oxide catalysts synthesized 

by the solution combustion synthesis method, and it was noted that nickel doping positively 

affects the soot oxidation activity due to increased lattice strain and oxygen vacancies 

(Rajvanshi et al. 2020). 

Apart from various characteristics, properties, and descriptors reported for 

enhancing the catalytic soot oxidation activity, there are pieces of literature reported on a 

shape-controlled nanomaterial, which improves the contact between soot and catalyst more 

efficiently. Chang et al. developed Ag-CeO2 catalysts to demonstrate the influence of 

shape-dependent catalytic activity and oxygen vacancies (Chang et al. 2012). Ag-CeO2 

nano-rods and nanocubes were produced by conventional wetness impregnation. The 

results revealed that the interplay between O2 vacancies and Ag–CeO2 interaction depends 

on the shape of CeO2 support. Ag can activate the surface lattice oxygen, generate more O2 

vacancies, and promote the reduction of CeO2 (Chang et al. 2012). Zhang et al. revealed 

Ceria nano-rods synthesized by the hydrothermal method show better catalytic activity, 

for which the Tp (peak temperature of soot combustion ) is about 500 °C (loose contact) 

and 368 °C ( tight contact mode) (Zhang et al. 2016).   

Aneggi et al. synthesized a series of conventional poly-crystalline ceria and single-

crystalline ceria nano-rods and nano-cubes by hydrothermal method (Aneggi et al. 2014). 

The studies reported by Aneggi et al. reveal that the occurrence of more-reactive exposed 

surfaces positively affects the soot oxidation reaction, with an increase in activity in nano-

shaped materials compared with conventional ceria nano-powder. The soot oxidation 

activity depends on the shape of the ceria nanoparticles, and in addition to the exposed 

surface, the activity is influenced mainly by the surface area  (Aneggi et al. 2014). 
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 Andana et al. studied the effect of the synthesis method for CeO2 and Pr-doped 

CeO2 catalyst for the soot oxidation reaction (Andana et al. 2018). The hydrothermal 

method and the SCS method were employed for the synthesis of the catalysts. The mixture 

of nanotubes and nano-rods was obtained by a hydrothermal method which shows better 

catalytic activity than nano-powder synthesized by SCS, as shown in Figure 2.2. 

 

Figure 2.2: Soot oxidation activity of CeO2 and Pr-doped CeO2 catalysts  

(Andana et al. 2018) 

 

Hence, a more shape-dependent catalyst is needed to improve the activity. 

Electrospinning is another method reported for synthesizing nanofibers (Uslu et al. 2012; 

Zhang et al. 2010b). Kumar et al. synthesized CeO2 nanofibers and deposited them on SiC 

lab-scale and real diesel particulate filters (DPFs) to promote soot combustion (Kumar et 

al. 2012). The peak temperature (Tp) was in the range of 435-450°C. 
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Kumar et al. also performed studies on CeO2 with various sodium hydroxide and 

citric acid mole ratios (0.3, 0.6, 0.8, and 1.0) and Co-CeO2 nanofibers (1,5 and 10 wt%) for 

diesel soot oxidation by co-precipitation and ripening method (Kumar et al. 2012). The 

synthesized nanofibers improved soot conversion under loose (Tp 460-438°C) and tight 

contact conditions (Tp 398-410°C) for different CeO2 nanofibers. Co-CeO2 improved the 

soot combustion in the presence of 10% O2, and the mobility of the O2 species was enhanced 

as the cobalt loading was raised. The fibrous morphology can trap and convert soot to non-

detrimental form at very low temperatures.  

Bensaid et al. worked on fibrous CeO2 catalysts for soot oxidation, and it was 

reported that the morphology affects the nature of soot–catalyst contact; it was also 

concluded that the nanofibers are one of the perfect morphologies for soot combustion as 

soot particles entrap well in a network of fibers (Bensaid et al. 2013).  T50 under various 

contact conditions were noted to be 372°C (tight), 426°C (prolonged loose), and 533°C 

(loose), respectively. To improve the soot-catalyst contact conditions and encourage soot 

combustion. 

CeO2-based catalysts were developed with modified shapes or morphologies for 

analyzing soot combustion reactions (Miceli et al. 2014). Nanofibers enhance soot and 

catalyst contact as the number of soot-catalyst contact points plays a significant role in 

solid-solid catalysis. Nanofibers were reported to trap soot particles at contact points due 

to their systematic arrangement in the DPF's channels. The T50 for pure CeO2 nanofibers 

for loose and tight contact was 555°C and 439°C, respectively. Ag-supported electrospun 

CeO2 fibers were developed for soot oxidation (Lee et al. 2018). The diameters ranged from 

241–253 nm, and the peak temperatures were reported in the range of 530-495°C (tight 

contact mode) and 690-468°C (loose contact mode). 
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The descriptors responsible for oxidation processes are defined by Grasselli  

(Grasselli, 2002; Vilé et al. 2016). The seven pillars or descriptors were postulated to 

describe metal oxides' activity and selectivity. The descriptors include host structure, lattice 

oxygen, metal-oxygen bond, multi-functionality of active sites, phase cooperation, redox 

ability, and site isolation (Grasselli, 2002; Vilé et al. 2016). The formation of oxygen 

vacancies or vacancy formation energy has been generally considered the primary 

descriptor for better reactivity (Farra et al. 2013). For CeO2-based materials, multiple 

descriptors control the activity more than a single descriptor, relying on reaction conditions 

(Vilé et al. 2016, Anantharaman and Prasad, 2019; Patil et al. 2019). Few reporters 

described  BET surface area as critical in enhancing the catalytic activity (Liang et al. 2007; 

Singhania, 2017).  

  On the other hand, Liu et al. 2016 reported that the catalyst activity is determined 

by the number of catalysts–soot contact points than the surface area of the catalyst, while 

the stability of the catalyst is closely related to the concentration of surface oxygen 

vacancies. In addition, the active oxygen species (O2-, O-, and  O2
2-) also play a critical role 

in determining the catalytic activity (Mukherjee et al. 2016; Patil et al. 2019; Wei et al. 

2011). The active oxygen species are referred to as lattice, and surface-adsorbed oxygen 

species contribute to improving the soot oxidation process (Li et al. 2018). The defects on 

the surface produced by the oxygen vacancies enhance the active sites to aid the reactions 

(Malode et al. 2023). The compilation of T50 temperature and experimental conditions of 

various Ce-based catalysts for soot oxidation activity is provided in Table 2.3. 
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Table 2.3: T50 temperature and experimental conditions of various Ce-based catalysts for soot oxidation activity. 

(Contd.) 
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Catalyst 

 

Synthesis method T50 (°C) Experimental conditions 

 

References 

Cu-Ce 

Cu5-VCe 

Cu10-VCe 

Wet impregnation method  

 

352 

395 

370 

TGA, air (75 ml min-1) 

Heating rate (5 °C min-1) 

(Soot: Catalyst =2:8, tight contact) 

(Cousin et al. 2007) 

Ce 

Cu-Ce 

 

Citric acid sol-gel method  

 

335 

321 

Temperature Programmed Oxidation 

(TPO),10% O2, N2(500 ml min-1) 

Heating rate (20°C min-1) 

(Soot: Catalyst =1:10, loose contact) 

(Wu et al. 2007a) 

CuO-CoO/Ce-Zr 

 

Co-precipitation and impregnation 

method 

 

 

363 

 

TGA, air (60 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:4, tight contact) 

 

(Reddy and Rao 2009a) 

 

Cu–Ce 

Cu-CeO2-K 

 

Impregnation method 404 

338 
TPO, NO,10% O2, N2(500 ml min-1) 

Heating rate (20°C min-1) 

(Soot: Catalyst =1:10, loose contact) 

(Duan et al. 2010) 

Cu–Ce 

6-Ba–Cu–Ce 

15-Ba–Cu–Ce 

Citric acid sol-gel  method  

 

 

433 

395 

414 

TPO, NO,10% O2, N2(1000 ml min-1) 

Heating rate (20°C min-1) 

(Soot: Catalyst =1:10, loose contact) 

(Lin et al. 2011a) 
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(Contd.) 
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Cu-Ce/ZrO2 

Cu-Ce/SiO2 

Cu-Ce/Al2O3 

Deposition-precipitation and wet 

impregnation 

338 

409 

386 

TGA, air (60 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:4, tight contact) 

(Rao et al. 2011) 

 

 

Ce0.8Pr0.2O2-δ 

Ce0.75Zr0.25O2-δ 

 

Modified co-precipitation method 438 

513 

 

TGA, air (100 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:4, tight contact) 

(Thrimurthulu et al. 2012) 

5TiO2/Ce-Gd Deposition co-precipitation method  462 TGA, air (100 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:4, tight contact) 

(Durgasri et al. 2014b)  

 

Ce-Sm Co-precipitation method  455 TGA, O2 (100 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:4, tight contact) 

(Sudarsanam et al. 2014b)  

 

Ce 

Ce0.8Pr0.2O2-δ 

Ce0.8Zr0.2O2-δ 

Ce0.8Zr0.2Pr0.2O2-δ 

Hydrothermal process  451 

457 

469 

444 

Fluidized bed Quartz reactor, 50% air + 50% 

N2,  (100 ml min-1) 

Heating rate (5°C min-1) 

(Soot: Catalyst =1:9, tight contact) 

(Andana et al. 2016) 

Ce-Pr 

 

Ammonia co-precipitation method 

 

413 TGA, 10% O2 + 90%N2(50 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:10, tight contact) 

(Fan et al. 2017) 
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(Contd.) 
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Ce0.9Pr0.1O2-δ  

 

Solid-phase grinding 

method 

398 TGA, 10% O2, 90%N2(50 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:10, tight contact) 

(Zhou et al. 2018) 

Ce0.9Gd0.1O2-δ 

Ce0.9Sm0.1O2-δ 

 

EDTA-Citrate Method 468 

480 

TGA, air (100 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:10, tight contact) 

(Anantharaman et al. 

2018c) 

 

Cr0.05Ce0.95 co-precipitation method  

 

 

405 TGA, air (100 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:10, tight contact) 

(Li et al. 2011) 

 

Cr0.1Ce0.9 sol-gel method 

 

435 

 

TGA, air (100 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:10, tight contact) 

(Neelapala and Dasari 

2018a) 

 

Mn0.1Ce0.9 

 

sol-gel method 

 

 

368 

 

TPO, NO,10% O2, N2(1000 ml min-1) 

Heating rate (20°C min-1) 

(Soot: Catalyst =1:10, loose contact) 

 

  (Liang et al. 2008) 

Mn0.1Ce0.9 co-precipitation method  

 

 

475 TGA, air (100 ml min-1) 

Heating rate (5°C min-1) 

(Soot: Catalyst =1:4, tight contact) 

(Muroyama et al. 2010) 
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Mn0.1Ce0.9 impregnation method  

 

415 

 

TGA, O2 + N2  (100 ml min-1) 

Heating rate (20°C min-1) 

(Soot: Catalyst =1:10, loose contact) 

(Wu et al. 2010) 

Mn0.2Ce0.8 co-precipitation method  

 

 

396 

 

TGA, air (100 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:4, tight contact) 

(Mukherjee et al. 

2016) 

Mn0.5Ce0.5 the citric acid complex method  

 

 

385 TGA, O2 + N2  (100 ml min-1) 

Heating rate (15°C min-1) 

(Soot: Catalyst =1:4, tight contact) 

(Huang et al. 2020) 

CeO2−ZrO2−MnOx co-precipitation method 

   

340 TGA, O2 + N2  (500 ml min-1) 

Heating rate (5°C min-1) 

(Soot: Catalyst =1:10, tight contact) 

(Yao et al. 2020) 

Fe0.1Ce0.9 co-precipitation method 

 

513 TGA, air (100 ml min-1) 

Heating rate (10°C min-1) 

(Soot: Catalyst =1:4, tight contact) 

(Mukherjee et al. 

2016) 

Co0.1Ce0.9 

Ba0.05CoCe 

impregnation method  

 

468 

420 

TGA, O2 + N2  (100 ml min-1) 

Heating rate (20°C min-1) 

(Soot: Catalyst =1:10, loose contact) 

(Wu et al. 2010) 
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2.3. KINETIC ANALYSIS  

The mathematical representation of data obtained from the reaction usually includes the 

kinetic triplet. This kinetic triplet consists of the Arrhenius constant (A), Activation energy 

(Ea), and the reaction model. López-Fonseca et al. carried out a detailed kinetic study of soot 

combustion. This study gives a suitable path to evaluate kinetic triplets and lists the reaction 

models commonly used to represent solid-state reaction kinetics (López-Fonseca et al. 2007).  

The work carried out by Lopez-Fonseca et al. confirms the utility of a composite kinetic 

processing technique based on the complementary use of both the isoconversional method and 

master-plot methods in ascribing the kinetic triplet of nonisothermal combustion of synthetic 

porous soot in the air by thermogravimetry method at different heating rates. The advantage of 

the methodology followed by Lopez-Fonseca et al. is that the activation energy can be obtained 

from an isoconversional method, and the approximate conversion model can be selected by the 

master-plot method.  

The reaction rate depends on the conversion and is commonly described by the 

following equation (Vyazovkin et al. 2011). 

                                          
𝑑𝛼

𝑑𝑇
= 𝑘(𝑇)𝑓(𝛼)                                                                    (2.1) 

Where k(T) is the reaction rate constant (min-1), and where f(α) is the reaction model, 

also called the conversion function, α is the extent of conversion. The general form of the rate 

equation governing soot oxidation can be expressed using the Arrhenius law.  

                                    
𝑑𝛼

𝑑𝑇
= 𝐴 exp (

−𝐸𝑎

𝑅𝑇
) 𝑓(𝛼)                                                              (2.2) 

Here, A is the pre-exponential factor, Ea is the activation energy, R is the universal gas constant, 

and T  is the absolute temperature.  
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On integrating equation 2.2 we have: 

 

g(α)= 
AEa

Rβ
 p(x)                                                                       (2.3) 

Where g(α) is the integral degradation model, x= 
Ea

RT
  and p(x) is the exponential 

integral with no analytical solution, to overcome the difficulty, exponential integral has been 

solved using various methods like series expansion, and approximation methods (Flynn, 

1997).  

Model-free methods are used to calculate Ea. and the kinetic parameters (Ea and A) 

depend on the values of conversion (α) and are typically obtained over the range of 0.2 < α < 

0.8. The activation energy (Ea) is obtained by model-free methods such as Flynn-Wall- Ozawa 

and Kissinger Akhaira and Sunose (KAS) method as reported by (Ozawa 1992; 

Chandrasekaran et al. 2017 Rajvanshi 2020; Saikia et al. 2017; Shenoy et al. 2019).   

Employing the Flynn- Wall- Ozawa method (Ozawa 1992), the graph of logβ vs. 1/T can be 

plotted. From its slope, Ea can be calculated. The expression for the Ozawa method is as 

follows. 

                       logβ+0.4567 
𝐸𝑎

𝑅𝑇
=constant                                                                 (2.4) 

Plotting the ln (β /T2) vs. 1/ T gives the Ea value from the slope. The expression for the 

KAS method is as follows. 

𝑙𝑛
𝛽

𝑇2 = ln(
𝐴𝐸𝑎

𝑅𝑔(α)
) −  

𝐸𝑎

𝑅𝑇
                                                                   (2.5) 

Equation (2.6) was expressed as integral value “m” if the soot oxidation reaction model 

follows the Am model. In contrast, it is not possible for the geometrically contracting model. 

“m” is considered a non-integral exponent introduced to account for modifying the actual and 

idealized nucleation and nuclei growth models. When m = 1 in the Am model corresponds to 

the first-order chemical reaction, 1.5 < m < 4 corresponds to the nucleation and growth model 

(Avrami-Erofeev equation).  
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The following equation is deduced by assuming the “Am” model and the Ea values 

obtained by the Ozawa method (López-Fonseca et al., 2007).  

                   𝑙𝑛
𝛽𝑅

𝐸𝑎
− ln 𝑝(𝑥) = ln(𝐴) −

1

𝑚
ln[− ln(1 − 𝛼)]                                      (2.6) 

A set of linear lines were observed by plotting 𝑙𝑛
𝛽𝑅

𝐸𝑎
− ln 𝑝(𝑥) v/s. ln[− ln(1 − 𝛼)], at 

various heating rates. The intercept and slope were used to calculate ln (A) and “m” values, 

respectively. 

One of the most popular non-isothermal model-fitting methods is the Coats–Redfern 

(CR) method (Ebrahimi-Kahrizsangi and Abbasi 2008; López-Fonseca et al. 2005; Saikia et al. 

2017) which gives the best linear-fit to determine Arrhenius Factor (A) as well as Ea.  

The coats-Redfern method is formalized and utilizes the asymptotic series expansion 

for p(x) (Ebrahimi-Kahrizsangi and Abbasi, 2008). Plotting 
𝑔(α)

𝑇2  vs. 1/T  assists in calculating 

Ea and A from the obtained slope and intercept, respectively.  

The coats-Redfern method is formalized and utilizes the asymptotic series expansion 

for p(x), and the Equation is given below (Ebrahimi-Kahrizsangi and Abbasi, 2008).  

                                                     (2.7) 

Plotting 
𝑔(α)

𝑇2
 vs. 1/T  assists in calculating Ea and A from the obtained slope and 

intercept, respectively.  
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The master-plot approach compares theoretical master plots, obtained for a wide range 

of ideal kinetic models, with the experimental master plot (López-Fonseca et al. 2007). We get 

the following equations using a reference at point α=0.5 (López-Fonseca et al. 2007). 

g(0.5)=
𝐴𝐸𝑎

𝛽𝑅
 p(x0.5)                                                                 (2.8) 

𝑔(α)

𝑔(0.5)
= 

𝑝(𝑥)

𝑝(x0.5)
                                                                         (2.9) 

For a given α, the experimental value of p(x)/p(x0.5) and theoretically calculated values of 

g(α)/g(0.5) are equivalent when an appropriate conversion model is used (López-Fonseca et al. 

2007). Graphs of g(α)/g(0.5) and p(x)/p(x0.5) are to be plotted for different values of conversion. 

The plots of p(x)/p(x0.5), which coincide with g(α)/g(0.5), will give the approximate reaction 

model  (López-Fonseca et al. 2007).   

Table 2.4. lists the reaction models reported by López-Fonseca et al. commonly used 

to represent solid-state reactions (López-Fonseca et al. 2007). Diffusion is vital in solid-state 

reactions as it often occurs between crystal lattices. In diffusion processes, the conversion 

decreases with the thickness of the layer of the product. The one-dimensional (D1) diffusion 

model is related to the rate equation for an infinite plate without any shape. The two-

dimensional diffusion (D2) suggests cylindrical particles are, and radial diffusion occurs 

through a cylindrical shell. The three-dimensional diffusion model (D3) assumes spherical solid 

particles. The power-law models (P1, P2, and P3) are where the assumed nucleation rate follows 

a power law, and the growth of nuclei is constant (Fedunik-Hofman and Bayon 2019). Table 

2.5 reports the T50 temperature, activation energy, and pre-exponential factor for soot and ceria-

based catalysts. The kinetic analysis for the present study for the catalytic soot combustion will 

be followed according to López-Fonseca et al.  (López-Fonseca et al. 2005, 2007). 
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Table 2.4: List of reaction models commonly used to represent solid-state reactions (López-Fonseca et al. 2007 ) 

 

 

A Study on the Effect of Transition Metal Dopants in Ceria Praseodymium Catalysts for Soot Oxidation Activity and its Kinetics 

         Reaction Model Symbol Differential kinetic function f(α) Integral kinetic function g(α) 

Nucleation and growth (Avrami- Erofeev equation) A1.5 1.5(1- α)(-ln(1- α))1/1.5 (-ln(1- α))1/1.5 

Nucleation and growth (Avrami- Erofeev equation) A2 2(1- α)(-ln(1- α))1/2 (-ln(1- α))1/2 

Nucleation and growth (Avrami-Erofeev equation) A3 3(1- α)(-ln(1- α))1/3 (-ln(1- α))1/3 

Nucleation and growth (Avrami- Erofeev equation) A4 4(1- α)(-ln(1- α))1/4 (-ln(1- α))1/4 

Phase boundary controlled reaction (contracting linear) P1 1 α 

Phase boundary controlled reaction (contracting area) P2 3(1- α)2/3 (1-(1- α)1/2) 

Phase boundary controlled reaction (contracting volume) P3 2(1- α)1/3 (1-(1- α)1/3) 

Ginstling-Brounshtein equation D4 (2/3)(1-α)1/3[1-(1- α)1/3]-1 (1 - 2 α)-(1- α)2/3 

Chemical reaction (first-order) R1, A1 1- α (-ln(1- α)) 

Chemical reaction (second-order) R2 (1- α)2 (1- α)-1-1 

Power law 1 L1 4 α3/4 α
1/4 

Power law 2 L2 3 α2/3 α
1/3 

Power law 3 L3 2 α1/2 α
1/2 

Power law 4 L4 (2/3) α-1/2 α
3/2 

Zhuravlev equation D5 (2/3)(1-α)5/3[1-(1- α)1/3]-1 [(1- α)-1/3-1]2 
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Table 2.5: T50 temperature, Activation energy, and Pre-Exponential Factor for Soot and Ceria-based Catalysts 

 

Catalyst T50/ Tp  (°C ) Ea  (kJ mol-1) A ( min-1) Reference 

10 Ni – Ce – Pr                                                 360 137 - (Rajvanshi et al. 2020) 

95CeO2/5Soot 465 135 3.24× 1002 (Zouaoui et al. 2012) 

95CeO2/5Soot (O2+NO mixture) 450 59 4.92× 1002 (Zouaoui et al. 2012) 

Ni-CeO2 550 140 - (Aberkane et al. 2019) 

Printex-U+Al2O3 582 135 6.70× 1007 (Ganiger et al. 2022) 

Printex-U 594 152 3.59× 1008 (Ganiger et al. 2022) 

Printex-U+SiO2 670 190 6.37× 1010 (Ganiger et al. 2022) 

CeO2 380 

465 

58 (Nano-rods) 

80 (Nanoparticles) 

- (Aneggi et al. 2014a) 

5 Ag- Ce - Pr 427 150 - (Govardhan et al. 2022) 

Printex-U 610 175 4.5× 1014 (Nascimento et al. 2015) 

CeO2/ Printex-U 451 79 3.78× 1009 (Nascimento et al. 2015) 

ZnO/Printex-U 575 104 5.88× 1010 (Nascimento et al. 2015) 

ZnO:CeO2/Printex-U (fresh) 420 54 1.14× 1008 (Nascimento et al. 2015) 

ZnO: CeO2/Printex-U (reused) 436 81 2.04× 1010 (Nascimento et al. 2015) 
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2.4. CONCLUSIONS 

From the literature review, the following inferences are obtained: 

• Solution combustion synthesis plays a critical role in controlling powder 

characteristics. Glycine is better fuel for solution combustion synthesis when compared 

to other fuels like urea and citric acid, and the powder characteristics impact the 

catalytic activity.  

• Transitional metal doping in Ce controls the physiochemical properties, which can 

control the catalytic activity. 

• At least seven fundamental principles or descriptors (lattice oxygen, metal-oxygen 

bond strength, host structure, redox capability, multi-functionality of active sites, site 

isolation, and phase cooperation) govern the heterogeneous oxidation catalysis. 

Transitional metal doping in a ceria-based catalyst system can impact any or some of 

the seven pillars of selective oxidation catalysis.        

• Ceria doped with praseodymium enhances the catalytic activity due to the presence of 

Pr4+/Pr3+ oxidation states apart from Ce4+/Ce3+ oxidation states. 

• A detailed study on the impact of transitional metal doping in the Ceria-Praseodymium 

catalyst system is necessary, as observed from the preliminary literature search. The 

influence of transitional metal doping in the Ceria-Praseodymium catalyst system has 

not been fully explored for soot oxidation activity. 

• Calculation of kinetic triplet using the model-free methods, master plot method, and 

model fitting method from non-isothermal thermo-gravimetric data for soot oxidation 

help the model to regenerate DPFs and determine the catalyst efficiency. 

• Soot oxidation activity of the catalyst in the form of nano-powder or nanofibers can 

differ in their tendency due to the number of contact points between the soot and 

catalyst and the nature of the generated nanofibers. 
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Based on the above points from the literature survey, the present objectives of the thesis 

are framed. The objectives of the thesis address the scope of developing the transitional metal-

doped Ceria-Praseodymium catalyst system and are presented in Chapter 1. The synthesis 

methods and characterization tools adopted for analyzing the catalysts and soot oxidation 

activity study experimental procedures and soot oxidation kinetic data procedures are discussed 

in detail and are outlined in the next chapter.     

2.5. SCOPE OF WORK AND RESEARCH GAP 

Increasing population and urbanization also lead to increased industries and motor 

vehicles. Stringent air quality standards for automobile industries have been considered to 

eliminate the massive amount of toxic gases. Automobile sectors in India are set to adopt Diesel 

Particulate Filter with Selective Catalytic Reduction technology as exhaust after-treatment 

techniques as per BS-VI. This technique reduces the emission of PM10 and PM2.5 to acceptable 

levels. This technique also decreases the regeneration cost for DPFs. Catalysts developed in 

the recent decade have successfully reduced the soot combustion temperature.  

However, there is still a need to replace costly noble metals susceptible to sulphur 

poisoning. CeO2-based catalysts have been extensively studied over the past few decades due 

to their remarkable redox properties and OSC. Doping trivalent lanthanides and transition 

metals tend to improve catalytic behaviour by increasing O2 vacancies. Few works on ternary 

metal oxides are carried out, which has also shown excellent improvement in activity compared 

to binary metal oxides. 
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 The scope of the current work is to develop and characterize ternary CeO2-based metal 

oxides with transition metals as dopants. The need for kinetic study for synthesized catalysts 

for soot oxidation becomes essential to understand the reaction path and to obtain the kinetic 

triplets. The kinetic studies on pure soot combustion are reported, but the literature reported is 

short for catalyst-aided soot combustion reactions. Research on shape-controlled catalysts also 

dramatically enhances the catalytic performance; nanofibers can trap soot particles and ensure 

better contact between soot and catalyst. Very little literature has been reported on using 

electrospun nanofibers for soot oxidation activity in India. Hence, the electrospinning 

technique will generate nanofibres to compare the synthesized ternary metal oxides for 

catalytic activity. 
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CHAPTER 3  

MATERIALS AND METHODOLOGY 

3.1. MATERIALS  

 

 Ce(NO3)3•6H2O (Sigma–Aldrich ≥99%), Pr(NO3)3•6H2O (Sigma–Aldrich ≥99%), 

Cr(NO3)2•9H2O, Mn(NO3)2•4H2O (Sigma–Aldrich ≥97%), Fe(NO3)2•9H2O, (Sigma–Aldrich 

≥99%), Co(NO3)2•6H2O (Loba Chemie ≥98%), Cu(NO3)2•9H2O (Sigma–Aldrich ≥98%)  were 

used as a precursors. Ammonium niobate (V) oxalate hydrate (C4H4NNbO9·xH2O, Sigma–

Aldrich 99.99%) was a precursor to synthesize Niobium oxides. Glycine (99.5%, SRL 

chemicals)  and distilled water were used to synthesize the catalyst via the SCS method (Varma 

et al. 2016). Citric acid, Ethylene Diamine Tetra Acetic Acid (EDTA, SRL extra pure), Citric 

acid Monohydrate (SRL extra pure), and Ammonium hydroxide solution (25% Extra pure, 

Loba Chemie) was the chemical reagent used for the EDTA–Citrate method.  Poly Vinyl 

Pyrolidine (PVP, Sigma Aldrich 13,00,000 Mw.)  was used as a polymer for the electrospinning 

technique. Printex U soot from Orion Engineered Carbons was used for soot oxidation.  

3.2. SOLUTION COMBUSTION SYNTHESIS  

The catalyst for the present study was synthesized using Solution Combustion 

Synthesis (SCS) and is shown in Figure 3.1. As per the stoichiometric ratio, the metal ( Cr, 

Mn. Fe, Co, Cu, Ce, Pr) nitrates and fuel (Glycine) were dissolved well in distilled water. The 

Glycine to Nitrate mole ratio (G/N) was maintained at 0.35. For example, in the case of  

Cux(x=0.1) (Ce0.9Pr0.1)1-x O2-δ (10 Cu-CP ); 55.70 g of Ce(NO3)3.6H2O; 6.2 g of Pr(NO3)3.6H2O; 

3.44 g of Cu(NO3)2.9H2O were added to distilled water and well dissolved. Further, 11.98 g of 

Glycine was added to the same solution. 
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The solution will then be heated and stirred continuously at 70°C until it turns viscous gel. 

The gel is transferred to an oven-safe bowl and then kept in a preheated oven at 350°C, where 

the gel will auto-ignite automatically, and the voluminous product is formed. The obtained 

powder is calcined at 600 °C for 5 h to remove the impurities. The obtained catalysts were 

denoted by sample codes provided in Table A2.1 in Appendix II. 

 

 

 

Figure 3.1: Solution Combustion Synthesis method. 
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3.3. EDTA CITRATE METHOD 

  

CeO2, Ce0.9Pr0.1O2-δ was synthesized using the EDTA citrate method (Figure 3.2) 

(Prasad et al. 2012; Anantharaman et al. 2017). A stoichiometric amount of corresponding 

metal (Ce and Pr) nitrate was dissolved in distilled water. To this metal nitrate solution, the 

calculated amount of citric acid is added where the pH of the solution drops. Further, EDTA 

was added to the same above solution under stirring conditions. The pH of the final solution 

was maintained at ∼9 by adding NH4OH solution along with heating and stirring. The mole 

ratio 1:1:1.5 for total metal nitrate to EDTA to citric acid was maintained. 

Continuous heating of solution results in a thick gel, and further heating in an electric 

oven at 150 oC/24 h produces a black precursor. The obtained solid precursor was undergone 

two-stage calcination at 300 oC/12h and 600 oC/5h in a muffle furnace to obtain pure nano-

powder.  

 

3.4. DIRECT CALCINATION METHOD 

 

 Ammonium Niobate (V) oxalate hydrate (Sigma–Aldrich 99.99%) was used as a 

precursor to synthesize Niobium oxides by direct calcination method. The resulting samples 

were manually mixed for different concentrations with CeO2 using an agate mortar and pestle 

for 2h. The obtained samples were then calcined at 600°C/5h to get a pure catalyst.  
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Figure 3.2:  Preparation of Nb-doped Ceria by EDTA – Citrate complex and DNC 

method. 

 

3.5. ELECTROSPINNING TECHNIQUE   

Stoichiometric amounts of respective nitrates were used as precursors to synthesize the 

nanofibres via electrospinning (Figure 3.3) and are explained in three steps as follows.  

Step 1. Preparation of spinning solution 

Ethanol (15 ml) and distilled water (25 ml) were used to dissolve the metal nitrates. The 

solution was then stirred without heating to dissolve the nitrates. Poly Vinyl Pyrolidine (PVP, 

13,00,000 Mw.) was then transferred into the above solution and kept for stirring for 12 h. The 

solution was then carefully transferred into a 25 ml syringe with a 5 mm dia. needle. 

Step 2. Synthesis of nanofibers by electrospinning 

 The nanofibres were generated in an electrospinning unit (Holmarc-HO-NFES-043C, 

India ). For electrospinning, the voltage was maintained at ~12 kV, and the flow rate of the 

spinning solution was kept at 700 μl/h. The distance between the collecting drum and the needle 

tip was 8 cm.  
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Figure 3.3: Electrospinning technique to develop transition metal doped Ce-Pr catalysts 

 

 

A Study on the Effect of Transition Metal Dopants in Ceria Praseodymium Catalysts for Soot Oxidation Activity and its Kinetics 



 

 
 
 

  
38 

  

Materials and Methodology 

 

 

Step 3. Collection and calcination of the as-spun nanofibers 

The collecting drum speed was maintained at ~ 600 RPM. The obtained as spun 

nanofibers after ~9 h were then calcined in a muffle furnace at 600 °C/ 5h at a 1 °C/min heating 

rate.  

 

3.6. CHARACTERIZATION TECHNIQUES 

 

3.6.1. X-Ray Diffraction 

An incident X-ray beam meets the crystal lattice, the scattering occurs, and when the 

scattering of a specific direction is in phase with the scattered rays from other atomic planes, 

the diffraction occurs. The relation by which the diffraction occurs is known as Bragg's law. 

The XRD patterns were recorded in Malvern PAN analytical: Empyrean diffractometer (at 

CRF, NITK Surathkal) in the range of 10 to 80° 2θ values using Copper (Kα radiation; λ=1.54 

Å). The XRD analysis was carried out to identify the crystalline phase, structure, and average 

crystallite size using Scherrer's equation (Uslu et al. 2012).  

 

Figure 3.4: X-Ray Diffraction (XRD - Malvern PAN analytical: Empyrean) 
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3.6.2. FT-Raman Spectroscopy 

The Raman effect follows when light imposes upon a molecule and interacts with the 

electron cloud of the bonds of that molecule. The incident photon then excites one of the 

electrons into a virtual state. FT-Raman spectra were recorded in LabRAM HR Horiba France 

with a 532 nm laser beam (at CRF, NITK Surathkal).  

 

Figure 3.5: Compact Raman Spectrometer (Renishaw (UK)). 

 

3.6.3. BET-BJH analysis 

The most widely used technique for calculating the surface area of fine and porous 

materials is Brauner-Emmer Teller (BET) method. As per BET theory, N2 adsorption on the 

surface is used to determine the surface area. The knowledge about the surface area of 

macroporous, mesoporous, nonporous solids, and isotherm types can be predicted. Barrett, 

Joyner, and Halenda's (BJH) method determines the pore size distribution (Thommes et al. 

2015). 

 

A Study on the Effect of Transition Metal Dopants in Ceria Praseodymium Catalysts for Soot Oxidation 

Activity and its Kinetics 



 

 
 
 

  
40 

  

Materials and Methodology 

 

 

BET was used to compute specific surface area (SBET) and was determined by Anton 

Paar- Autosorb iQ-XR-XR 195364  Quantachrome instruments (at CRF, NITK Surathkal).  

 

Figure 3.6: BET and BJH analyser (Anton Paar- Autosorb iQ-XR-XR 195364 

Quantachrome instruments) 

 

3.6.4. Field Emission Scanning Electron Microscopy Analysis (FE-SEM) 

 

Field Emission Scanning Electron Microscopy (FE- SEM) was conducted in  Gemini 

SEM 300, Carl Zeiss AG (at CRF, NITK Surathkal). The scanning electron microscope analysis 

scans the image of the sample surface with a high-energy electron beam. The FE-SEM can obtain 

high-resolution / magnification images (up to ×300000). SEM coupled with Energy Dispersive X-ray 

(EDAX) reveals the compositional analysis of the sample. FE-SEM is also the best technique for 

obtaining the diameter of nanofibers synthesized by the electrospinning technique. 
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Figure 3.7:  Field Emission Scanning Electron Microscopy (FE-SEM) 

 (Carl Zeiss-Gemini SEM 300) 

 

3.6.5. X-Ray Photoelectron Spectroscopy 
 

X-ray photoelectron spectroscopy (Figure. 3.8.) is a chemical analysis technique to 

determine the elements' chemical oxidation, electronic states, and elemental composition on 

a material's surface (~up to 10 nm). Analysis was performed at room temperature, and the 

samples in the form of pellets were preserved under ultra-high vacuum conditions, typically 

less than 10−8 Pa. The binding energy of electrons from kinetic energy reflects surface 

elements' oxidation states. The intensity versus binding energy spectra is plotted, and the 

deconvoluted peaks are fit. Before the peak fit, the carbon peak correction (~284.3) is done, 

and the baseline is corrected. The area under the curves is utilized to obtain the reduced 

species and oxygen species ratios.  
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Figure 3.8: X-Ray Photoelectron Spectroscopy  

(Omicron ESCA+ - ultrahigh vacuum) 

 

 

3.6.6. TGA-FTIR  

 

 

Figure 3.9. TGA-FTIR (TGA 4000 and Spectrum 2 FT-IR Spectrometer, 

PerkinElmer, Singapore) 

 

TGA hyphenated system with FTIR (Figure 3.9) is used to detect functional groups in 

gas-phase, IR analysis allows better understanding of the processes observed in the TGA. 

For oxidation reactions, it is possible to detect the evolution of the functional groups released 

for gases such as CO2, CO, etc. 
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3.7.  SOOT OXIDATION AND KINETIC STUDIES 

 

Soot (Printex U, Orion) and catalyst are mixed using mortar and pestle for 30 min 

under tight contact conditions with a soot: catalyst weight ratio of 1:10. The oxidation 

reaction occurs in a TGA, and the air is used as a purge gas at a 100 ml/min flow rate. The 

heating rate for the oxidation reaction is maintained at 10 oC/min, and the heating rate is 

varied for kinetic studies at 5, 10, 15, and 20 oC/min. The reaction is carried out from room 

temperature to 600oC. Weight loss of soot with temperature difference is analyzed and 

converted in terms of conversion (%), and T50 is noted. 

 

 

Figure 3.10: Thermo gravimetric Analyser (Exstar TG/DTA 6300) 

The detailed kinetic analysis for soot combustion reactions is studied from the 

literature (López-Fonseca et al. 2007, Sharma et al. 2012, and Ganiger et al. 2022). The 

mathematical representation of data obtained from the reaction is usually the kinetic triplet 

(Ea, A, and the conversion reaction model). The list of equations used in the current study for 

estimating the kinetic parameters and plots is compiled in Table 3.1 and the expressions are 

discussed in Chapter 2.  
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Table 3.1. List of equations and methods used for kinetic studies.  

Sl No. Method /Model/Equation Equation Plots 

Y-axis X-axis 
1 FWO method  

 
Log β+0.4567  

𝐸𝑎

𝑅𝑇 
 = constant 

 

log β  (K min-1) 1/T (K-1) 

2 KAS Method 

  
ln

𝛽

T2  (K/ min × K2)   1/T (K-1) 

3 Master Plot method 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
g(α)=

𝐴𝐸𝑎

𝛽𝑅
 p(x)                                                                  

𝑔(α)

𝑔(0.5)
 = 

𝑝(𝑥)

𝑝(x0.5)
   

𝑝(𝑥) = 
exp(−𝑥)

𝑥
 

𝑥 =
𝐸𝑎

𝑅𝑇 
  

𝑝(𝑥)= 
exp (−𝑥)

𝑥
 .

(𝑥3+18𝑥2+86𝑥+96)

(𝑥4+20𝑥3+120𝑥2+240𝑥+120)
    

(4th Degree of approximation to the exponential integral function.) 

𝑔(α)

𝑔(0.5)
 

Conversion (α) 

4 Am Model ln 
𝛽𝑅

Ea
 – ln p(x) = ln A - 

1

𝑚
 ln [-ln (1- α)] ln 

𝛽𝑅

Ea
 – ln p(x)   ln [-ln(1- α)] 

5 CR Method ln
g(α)

T2  = ln ( 
AEa

Rβ
 [1- 

2RT

Ea
 ] ) - 

Ea

RT
    

g(α)=(-ln(1- α))1/m 

ln
g(α)

T2  1/T (K-1) 

6 Calculated conversion curves Conversion = 1-exp (−𝑔(α)𝑚) 

g(α)=
𝐴𝐸𝑎

𝛽𝑅
 p(x)                                                                 

Conversion (α) Temperature (℃) 

7 Arrhenius and Rate Equation  
k= A  e

−Ea

RT  
dα

dT
 = k f(α) 

f(α) =  m(1- α)(-ln(1- α))1/m 

dα

dT
 

Temperature (℃) 

ln(k) 1/T (K-1) 
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The Ea value is obtained by isoconversional model-free methods such as Ozawa and 

KAS method (Ozawa, 1992, López-Fonseca et al. 2007). This method involves measuring the 

temperature (T), corresponding to the fixed conversion value, at different heating rates (β = 5, 

10. 15, and 20 K min-1). The Ea value is obtained from the slope of the plots. If the Ea value 

shows no variation at different heating rates, a single-step reaction arises; otherwise, it leads to 

complex or multiple reactions (Ozawa, 1992).   

The pre-Exponential Factor is determined by Am method, wherein by assuming the Am 

model and considering Ea value calculated by the Ozawa method, A set of linear lines is 

obtained in Am plots, which A and m values can be attained from the intercept and slope 

respectively. 

The reaction model for solid–gas reactions can be obtained using the master plot 

method.  Master plots are referenced to the theoretical curves, dependent on the kinetic model 

but independent of kinetic parameters. From the master plot method, choosing a single model 

for solid–gas reactions is impossible; hence, the model-fitting method is used to select 

appropriate models. The reaction model with the best linear fit comparing the experimental 

with the calculated will provide the best suitable and ultimatesolid–gas reaction mechanism 

(López-Fonseca et al., 2007). The Coats–Redfern (CR) integral method has been applied to 

several solid-state models to calculate the kinetic behavior. CR method for evaluating Ea and 

A values has been used in the kinetic study of thermal decomposition.  

Comparing the experimental and calculated thermoanalytical curves at constant heating 

rates measures the adequate consistency of the kinetic triplets evaluated. The curves are 

reconstructed to confirm that the most suitable reaction model was selected at different heating 

rates. 
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CHAPTER 4 

EFFECT OF NIOBIUM - DOPED CERIA ON SOOT OXIDATION 

ACTIVITY 

 

Most metal-doped with CeO2 reported in various works enhanced the catalytic activity 

significantly (Anantharaman et al. 2018a; Anantharaman 2018b; Devaiah et al. 2015; Patil and 

Dasari 2019a; Patil et al. 2019a; Reddy et al. 2008a; Shuang et al. 2015a; Vinodkumar et al. 

2015). On the other hand, a few metal oxides doped with CeO2 did not considerably reduce the 

temperature required for soot combustion compared to pure CeO2 catalyst (Atribak 2009; 

Neelapala and Dasari 2018a). 

In the case of CO oxidation activity conducted by Kim et al. 2017 on various metal 

oxide catalysts involving CeO2 and rare earth metals doped CeO2, pure CeO2 performed better 

than the doped samples. They also interpreted that the ionic radius of the dopant used also plays 

a critical descriptor in enhancing the catalytic activity (Kim et al. 2017). CeO2 doped with RE 

metals with different ionic radii results in differences in structure and properties.  

Niobium (Nb) is known for its hydrophilic properties and high acid strength on the 

surface (Okuhara 2002). Niobium is used as a catalyst for various hydrolysis 

reactions(Pengpanich et al. 2005), NOx reduction (Okuhara 2002), and soot oxidation in diesel 

exhaust (Braga et al. 2007; Pengpanich et al. 2005). The present chapter focuses on synthesizing 

and characterizing Niobium-doped Ceria oxides prepared by EDTA-DNC method and their 

effect on soot oxidation activity (Ce1-xNbxO2-δ: x = 0 to 0.30). 
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4.1. XRD ANALYSIS 

 

XRD patterns for pure Ce and Nb-Ce series are displayed in Figure 4.1 (a). The diffraction 

peaks correspond to the planes (111), (200), (220), (311), (222), (400), (331), and (422) of 

fluorite structure of CeO2  for all Nb-doped Ce, and pure Ce samples (Salavati et al. 2009). The 

dominant diffraction peaks for planes [(001), (100), (101), (002), (110), (102), (201), and (112)] 

correspond to pure Nb samples. The peaks obtained match well with the orthorhombic structure 

of NbO, wherein oxygen surrounds Nb atoms in an octahedral form (Raba et al. 2016). It was 

noticed that the peaks related to Nb were not observed in the Nb-doped Ce samples. It can also 

be observed from Figure 4.1 (b) that the 2θ value slightly shifts towards a lower range with the 

increase of Nb content as the ionic radius of Nb (0.64Å) is lesser than that of Ce (1.01Å) 

(Shannon 1976).  

 

 

 

Figure 4.1: (a) XRD patterns (b) Enlarged (111) planes of Ce1-xNbxO2-δ (x = 0,0.03,0.05,0.1,0.2, 

0.3) samples. 
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The physicochemical parameters are calculated from the XRD data and tabulated in Table 

4.1. The average crystallite size obtained for Nb-Ce nanoparticles is calculated using the Debye 

Scherrer equation and is 24 to 42 nm. The crystallite size for pure Ce and pure Nb samples was 

11nm and 16 nm, respectively.  

The intensity ratio of reactive planes {110}/{111} was calculated for Ce and Nb-Ce 

samples and are tabulated in Table 4.1, along with lattice strain and BET surface area. The pure 

Ce sample had the highest facet ratio (1.30) and high lattice strain ( ~ 0.0108) compared to all 

Nb-doped samples. The pure Ce sample also attained the highest BET surface area (67m2/g) 

compared to other samples. 

 

Table 4.1: Physicochemical properties and T50 of Ce1-xNbxO2-δ (x = 0,0.03,0.05,0.1,0.2, 0.3 and 1). 

 

Sample 

code 

Crystallite size 

DXRD (nm) 

Lattice 

strain (ε) 

Facet ratio 

{110/111} 

BET Surface 

area SA  (m2/g) 

T50 (°C) 

   Ce 11 0.0108 1.30 67 388 

3Nb-Ce 42 0.003 0.98 51 557 

5Nb-Ce 24 0.0052 1.07 45 545 

10Nb-Ce 30 0.004 1.02 44 554 

20Nb-Ce 32 0.003 1.07 36 552 

30Nb-Ce 37 0.003 1.03 40 541 

100Nb 16 0.009 - 31 543 
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4.2. RAMAN SPECTROSCOPY ANALYSIS 

 

 
 

Figure 4.2:  Raman Spectra of Ce1-xNbxO2-δ(x = 0,0.03,0.05,0.1,0.2, 0.3 and 1) 

 

Figure 4.2 demonstrates the Raman spectra for Ce and Nb-Ce series. The most intense 

peak, the F2g peak, is located at about 460 cm−1 and ascribed to the symmetric stretch mode of 

the O-Ce-O and is a typical characteristic of the fluorite lattice structure of CeO2 (Durgasri et 

al. 2014a; Shajahan et al. 2018).  
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All the Ce samples doped with Nb displayed the presence of the characteristic F2g peak. 

No additional peaks or peaks corresponding to oxygen vacancies in the samples were noticed 

(Shajahan et al. 2018). It is challenging to detect O2 Vacancy peaks when the high-intensity 

laser wavelength is used. The peak shift is evident towards the lower wavenumber on 

introducing Nb into the CeO2 lattice (Bhabu et al. 2016).  

The additional peak can be seen between 200 and 400 cm−1 for the 30 Nb and pure Nb 

samples; hence, a solid solution is formed. Cao et al. 2013 (Cao et al. 2013a) reported that NbO 

does not have any Raman-active modes (Cao et al. 2013a), and NbO bending modes intensities 

were observed between 600-700 cm−1(Cao et al. 2013a). Kreissl et al. 2017 (Kreissl et al. 2017) 

also reported peaks between 200 cm−1 and 400 cm−1, 400 cm−1, and 760 cm−1, corresponding to 

stretching modes of intermediate bonds corresponding to Nb−O.  

 

4.3.  SEM ANALYSIS 

 

SEM analysis is performed to recognize the structural morphology of the synthesized 

samples. The SEM images of pure Ce and Nb-doped models are displayed in Figure 4.3.  From 

the SEM images, it can be observed that the particles are agglomerated. The Nb-doped samples' 

morphology looks similar, slightly different from the pure Ce sample. It can also be witnessed 

from the SEM micrographs that the particle size of pure Ce and Nb samples is lesser than that 

of doped samples.       
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Figure 4.3: SEM micrographs of Ce1-xNbxO2-δ (x = 0,0.03,0.05,0.1,0.2, 0.3 and 1) 
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4.4.  SOOT OXIDATION ACTIVITY 

 

 Soot conversion to temperature increase is plotted and presented in Figure 4.4. It can 

be noticed that the addition of Nb did not significantly impact the catalytic activity. A 

significant drop in T50 temperature was observed for the pure Ce sample (388°C), and then 

there was a difference of 153 °C for the next T50 value, which was obtained for 30 Nb (541°C), 

followed by the pure Nb sample (543°C).  3Nb showed the highest T50 of 557°C, which has a 

ΔT of 30-38°C when compared with uncatalyzed sample /soot (̴ 600°C) ( Anantharaman et al. 

2017; Rajvanshi et al. 2020; Shenoy et al. 2019).  

 

 

Figure 4.4: Soot Oxidation Activity of Ce1-xNbxO2-δ (x = 0,0.03,0.05,0.1,0.2, 0.3 and 1) 
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  To further obtain the activation energy (Ea) for the synthesized samples, Ozawa and 

KAS plots were plotted for pure Ce and pure Nb along with 10 and 30 Nb-doped Ceria samples 

at various soot conversions (α = 0.1 to 0.9). The conversion v/s temperature plot of 10 Nb-Ce at 

different heating rates (β=5,10,15,20 K min-1) is provided in Appendix III for reference. The Ozawa 

and KAS plots are depicted in Appendix IV (Figure A4.1 and A4.2), respectively. Ozawa and 

KAS plots demonstrate straight and parallel lines at the same degree of soot conversion, and 

the Ea is obtained from the slope at each conversion. The mean Ea value is considered for the 

comparison and tabulated in Table 4.2. The Ea values (Table 4.2) obtained by both Ozawa and 

KAS methods were also noted to be low for pure Ce samples, which may be one of the reasons 

for better catalytic activity. 

Table.4.2: Activation energies obtained for (Ce1-xNbxO2-δ: x = 0,0.1,0.3,1) by both 

Ozawa and KAS methods. 

 

Sample Name 

 

T50  (°C) 

 

Ozawa Method 

Activation Energy 

 Ea (kJ/mol) 

 

KAS Method 

Activation Energy 

Ea (kJ/mol) 

Ce 388 125 120 

10 Nb-Ce 554 151 145 

30 Nb-Ce 543 145 140 

100Nb 541 138 130 

Soot 595 149-168    (Shenoy et al. 2019) 

  

  The substitution of metal ions with higher valency is generally used as a sintering aid 

to encourage densification (Keck and Wilcox, 1980). Hence, Nb possessing higher valency 

than CeO2 affects its properties and morphology and aids in sintering. SEM analysis shows that 

the particle size varies when Nb is doped and involves rapid sintering (Keck and Wilcox, 1980).  
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The sintering process usually supports the deactivation of catalysts as it strongly affects 

the active sites and surface area. Thus SA of the doped samples is also decreased compared to 

undoped samples even though it has a lower ionic radius than Ce. Ramírez-Cabrera et al. 2003 

also reported the inhibitory effect of Nb-doped Ce on direct reaction with methane and steam 

reforming.  

Based on their XPS results, it was reported that the segregation of Nb to the CeO2 

surface inhibits the reaction with methane. Catalysts can be altered by lowering crystallite size, 

high lattice strain, higher SA values, and less Ea to enhance catalytic activity (Ahn et al. 2012; 

Reddy et al. 2008b). Here, Nb-doped samples possess a larger crystallite size, lower lattice 

strain value, lower SA values, and higher Ea than pure Ce samples. The pure Cesample exhibits 

a lower Ea value than all the doped Nb samples. It can be clearly understood from the present 

study that doping Nb into Ce is not beneficial as the catalyst material for soot oxidation activity.  

Further, the conversion v/s temperature plot of Ce0.9Pr0.1O2-δ synthesized by the EDTA 

citrate and SCS methods is displayed in Figure A3.2 in Appendix III. It was noticed that 

Ce0.9Pr0.1O2-δ synthesized by the EDTA citrate method showed higher T50 of 423 ℃ than that 

of Ce0.9Pr0.1O2-δ synthesized by the SCS method (T50 of 408 ℃). Hence, the SCS method was 

adopted for further studies to study the effect of transition metals on the Ce-Pr catalyst system. 

 

 

 

 

 

 

A Study on the Effect of Transition Metal Dopants in Ceria Praseodymium Catalysts for Soot Oxidation Activity 

and its Kinetics    



 

 
 
 

  
55 

  

Effect of Niobium-Doped Ceria on Soot Oxidation Activity 

 

4.5. CONCLUSIONS 

Pure Ce and Nb-doped Ce series were successfully synthesized and characterized to study 

soot oxidation activity. From the XRD patterns, the fluorite structure of CeO2 was retained for 

all the doped samples, confirming the solid solutions' formation. Nb peaks were noticed only 

in the pure Nb sample, ensuring no impurities were present. The T50 temperature of the pure 

Ce sample was 388°C which was 153°C lesser than the T50 temperature of the doped samples. 

Nb did not help improve catalytic activity compared to the pure Ce sample. Hence, fine-tuning 

of the catalyst can be altered by descriptors such as lowering crystallite size, high lattice strain, 

and higher surface area.  

It can be observed from the results that the Niobium doped Ceria showed a negative 

effect on soot oxidation activity, and Praseodymium doped Ceria showed a positive impact on 

soot oxidation activity. In Nb-doped Ce, Nb acts as sintering aid that increases the crystallite 

size and decreases the surface area, lattice strain, and facet ratio. Catalysts acquiring a smaller 

crystallite size, high lattice strain, and high surface area may enhance the soot oxidation 

activity, as in the Praseodymium-doped Ceria catalyst system. In the following chapters, 

Praseodymium doped Ceria is taken as the base catalyst system, and transitional metal doping 

is done using the solution combustion synthesis method.  

The next chapter explores Copper doping in Ceria-Praseodymium catalysts obtained by 

solution combustion synthesis and tested for soot oxidation activity and the kinetics thereof 

apart from the characterization using X-Ray Diffraction, Raman spectroscopy, BET and BJH 

analysis, FE-SEM, X-ray Photoelectron Spectroscopy. The results obtained are discussed in 

detail and are outlined in the next chapter. 
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CHAPTER 5 

EFFECT OF COPPER - DOPED CERIA - PRASEODYMIUM 

CATALYSTS FOR SOOT OXIDATION ACTIVITY AND ITS KINETICS 

 

 Metals with multivalent cations have increased Oxygen Storage Capacity (OSC) and 

tremendous redox potential due to the high movement of an anion vacancy (Anantharaman et 

al. 2017; Lykaki et al. 2017; Piumetti et al. 2016). Multivalent cations also have immense 

potential to lower the temperature required for the combustion of soot (Dulgheru and Sullivan 

2013; Patil and Dasari 2019; Wang et al. 2004). It is also known that the transfer of Oxygen 

(O2) onto the solid-solid contact plays a vital role in soot oxidation (Deng et al. 2017; Krishna 

et al. 2007; Shuang et al. 2015).  

 Rare-earth-dopants such as Lanthanum (La) (Katta et al. 2010a), Praseodymium (Pr) 

(Andana et al. 2016; Krishna et al. 2007; Reddy et al. 2009), Gadolinium (Gd) (Anantharaman 

et al. 2018; Durgasri et al. 2014), Samarium (Sm) (Anantharaman et al. 2018; Sudarsanam et 

al. 2014), Neodymium (Nd) (Patil et al. 2019), have shown excellent performance for soot 

oxidation activity. The reports show an evident reduction in temperature for soot oxidation 

compared to uncatalyzed, undoped/pure CeO2 (Mukherjee et al. 2016). 

 Ce-Pr has also demonstrated tremendous catalytic activity among the rare-earth 

materials reported in most works (Andana et al. 2016; Krishna et al. 2007b; Reddy et al. 2009b). 

The multivalent Pr cation (Pr3+/Pr4+) increases the redox potential of Pr6O11 due to the high 

mobility of anion vacancy (Andana et al. 2016; Krishna et al. 2007b). Developing catalysts that 

enhance the contact between soot and catalyst and possess active O2 Species becomes 

necessary. Oxygen vacancies facilitate the diffusion of lattice oxygen from the bulk to the 

surface by adsorption-desorption reactions (Deng et al. 2017; Katta et al. 2010; Krishna et al. 

2007b; Reddy et al. 2008b). 

 

 
A Study on the Effect of Transition Metal Dopants in Ceria Praseodymium Catalysts for Soot Oxidation Activity 

and its Kinetics 



 

 
 
 

  
57 

  

Effect of Copper-Doped Ceria-Praseodymium Catalysts for Soot Oxidation Activity and its Kinetics 

 

Ternary metal oxides also increase the catalytic activity further. Transition metals 

/Lanthanides, when doped or loaded onto Ce-based binary metal oxides, successfully reduced 

the soot combustion temperatures to a greater extent (Lin et al. 2011a; Patil et al. 2019; Reddy 

and Rao 2009b; Wu et al. 2010). The bimetallic CuO–CoO/CeZr catalyst developed by Reddy 

and Rao 2009a  displayed the best catalytic activity with T50 = 363 °C. The high activity of the 

CuO–CoO/CeZr solid solution-catalyst was due to the formation of oxygen vacancies, 

crystallite size, and specific surface area. Barium (Ba)-Cu-Ce catalysts developed by the 

impregnation method also displayed better catalytic activity for soot oxidation (Lin et al. 

2011b). The CuO-CeO2 catalysts were also prepared using co-precipitation and citric acid 

combustion synthesis methods. It was reported that Cu enhanced NOx consumption by 

increasing the oxidation ability of CeO2 (Lin et al. 2011b). 

Mathematical description of particulates' combustion focused on describing kinetic 

triplets. Arrhenius parameters such as Pre-exponential factor (A), Activation energy (Ea), and 

the reaction models are combinedly known as kinetic triplets (Chrissafis 2009; López-Fonseca 

et al. 2007). Kinetic evaluations are carried out via Thermo Gravimetric Analysis (TGA) for 

heterogeneous solid-gas reactions (Chrissafis 2009). Model-free methods such as Flynn-Wall-

Ozawa (FWO) approach and Kissinger Akahira Sunose (KAS) method are considered to be the 

most reliable for calculating Ea values (Li et al. 2019; Vyazovkin 2020). The most appropriate 

reaction model is estimated by the master plot method (Tighe et al. 2016). This method fits the 

obtained experimental data to the kinetic theoretic models. The other most popular non-

isothermal model-fitting method is the Coats–Redfern (CR) method (Ebrahimi-Kahrizsangi 

and Abbasi 2008; López-Fonseca et al. 2007; Saikia et al. 2017), which gives the best linear 

fitting to determine Arrhenius Factor (A) and Ea. 

 The present chapter focuses on studying the effect of Cu on Ce-Pr catalysts synthesized 

by the SCS method for soot oxidation activity. Solid-state reaction kinetic analysis is performed 

to obtain the kinetic triplets (Ea, A, and the Reaction model). 
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5.1. X-RAY DIFFRACTION (XRD) ANALYSIS 

Figure.5.1a displays the X-Ray diffractograms for all the samples synthesized by SCS 

calcined at 600 °C/5h. Ce, Pr, and all other doped samples showed a similar trend for cubic 

fluorite structure with the presence of the (111), (200), (220), (311), and (222) planes (Patil et 

al. 2019; Prasad et al. 2008; Shajahan et al. 2018). CuO displayed a monoclinic structure with 

prominent peaks at 2θ ̴ 35.6 and 38.8 (Meghana and Kabra 2015). From Figure.5.1b, it can 

also be observed that the minor shift towards the lower 2θ value from the peak position of (111) 

is probably due to Pr3+(1.12 Å), whose ionic radius is more prominent than that of Ce4+ (0.97 

Å).  

From Figure. 5.1c, it can be illustrated that the characteristic Cu peaks were visible 

only for 15 Cu-CP and 20 Cu-CP samples indicating secondary phase formation as the 

concentration of Cu increased. Table 5.1 demonstrates the physicochemical properties obtained 

by XRD analysis for all the samples. The crystallite size calculated from the Scherer equation 

is in the range of 12 to 21 nm. Pure Pr displayed a smaller crystallite size, and Pure Ce had the 

largest. The 20 Cu-CP sample acquired the highest lattice strain (0.0121), whereas Pure Ce 

showed the strain (0.0071). The interplanar distance and lattice constant were similar for Pure 

Pr, Pure Ce, and other doped samples. Pure Cu had a lattice constant of 5.05 and an interplanar 

distance of 2.526 Å. 

 Facet ratios {100}/{111} and {110}/{111} for the reactive planes are calculated for all 

the samples (except pure Cu) and are tabulated in Table 5.1. A higher intensity ratio for reactive 

planes was obtained for the 5 Cu-CP samples. The reactive planes are primarily responsible for 

enhancing the energy required for oxygen vacancy formation (Aneggi et al. 2012).  
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Figure 5.1: (a) XRD spectra   (b) Enlarged view of the (111) plane (c) Enlarged view 

of the (-111) and (111) of CuO planes in Pure Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1) O2-δ. 

Catalysts 
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Table 5.1:  Physicochemical properties of Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1) O2-δ obtained from XRD, Raman spectroscopy, 

and BET analysis. 

 

Catalyst Crystallite 

Size (nm) 

Lattice 

strain (ε) 

Interplanar 

distance (Å) 

Lattice 

Constant 

Facet Ratio IF2g/IOv BET SA 

m2/g 

Avg. Pore 

Size 

(nm) 

Pore 

volume 

(cc/g) 

{110}/{111} {100}/{111} 

Ce 21 0.0071 3.146 5.44 0.27 0.48 - 27 07.61 0.102 

Pr 12 0.0132 3.139 5.44 - - - 61 19.03 0.575 

Cu 26 0.0046 2.526 5.05 - - - 25 10.00 0.012 

CP 14 0.0107 3.128 5.41 0.24 0.38 0.77 31 11.46 0.091 

5 Cu-CP 15 0.0094 3.127 5.41 0.30 0.50 0.77 23 05.89 0.067 

10 Cu-CP 15 0.0101 3.124 5.41 0.24 0.44 0.75 21 06.05 0.063 

15 Cu-CP 13 0.0113 3.123 5.41 0.25 0.40 0.80 17 04.87 0.041 

20 Cu-CP 13 0.0121 3.122 5.40 0.24 0.43 0.51 21 05.77 0.064 
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5.2. RAMAN SPECTROSCOPY ANALYSIS 

 

Figure 5.2: Raman Spectra of Pure Ce, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts. 

Raman Spectra of Pure Ce, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ samples are depicted in 

Figure 5.2. The frequency band at  ̴ 462 cm-1 is associated with the "F2g" Raman active mode 

for fluorite type lattice with symmetric breathing mode of O2 around the Ce ions (O-Ce-O) 

(Prasad et al. 2008; Shajahan et al. 2018). The characteristic Ce peak position shift can be 

observed towards a lower wavenumber for doped samples. This may be due to a change in the 

chemical bond length of molecules with larger dopant sizes than that of the host ion (Vinod 

Kumar et al. 2018).  
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 The band obtained at 560 cm-1 is attributed to the oxygen vacancies (Shajahan et al. 2018) 

created absent in the pure Ce and Cu. Pure Cu peaked at ~ 298cm-1, which may be allocated to 

the "Ag" mode  (Chrzanowski et al. 1989). CuO peaks corresponding to the "Bg" modes were 

observed at ~ 330 and 617 cm−1 (Chrzanowski et al. 1989). No additional peaks related to Cu 

were noticed in the Raman spectra for the doped samples. The ratio of the intensity of Oxygen 

vacancy to that of the characteristic F2g peak (IOv/IF2g ) was calculated and reported in Table 5.1. 

It was observed that the ratio was almost similar for CP and Cu-doped CP catalysts except for 20 

Cu-CP, where the intensity ratio decreased. 

5.3. BET-BJH ANALYSIS 

Figure 5.3a shows the N2 adsorption and desorption isotherms (at 77K )  of Pure Ce, Cu, 

and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ samples. Figure. 5.3b shows the pore size distribution of the 

respective catalysts. The effect of catalyst modification with the same preparation method on the 

surface area, the average pore diameter, and total pore volume are shown in Table 5.1. From 

Figure. 5.3a, as per the classification of IUPAC, the N2 adsorption and desorption isotherms in 

the samples displayed irreversible type IV adsorption isotherms (characteristic of capillary 

condensation in mesopores (Mandal et al. 2015), indicating the presence of mesopores which 

might be originated from the inner aggregation of nanoparticles (Venkataswamy et al. 2016a). The 

non-limiting adsorption at high P/Po is the characteristic feature of the H3 hysteresis loop, which 

implies split-like pore structures of all the samples except in the pure Cu sample (which followed 

the H4 hysteresis loop).  

From Figure.5.3a, it can also be noted that the isotherms indicate the presence of 

interparticle mesopores (Mandal et al. 2015) as adsorption (and hysteresis formation) occurs up 

to very high P/Po (>0.9) and the pore size distribution (Figure. 5.3b) reflects the same.  
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Figure. 5.3: (a)  N2adsorption-desorption isotherm (b) Pore size distribution of Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ 

Catalysts 
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The pore size distribution during adsorption is provided in Figure. 5.3b. As can also be 

seen from Table 5.1, the average pore size distribution is in the range of 4 to 19 nm, and total 

pore volume is in the range of 0.012 to 0.217 cc/g, and the BET surface area is in the range of 17 

to 61 m2/g. With the addition of Pr in Ce (CP system), there is an increase in average pore size, 

total pore volume, and BET surface area. With the further addition of Cu to CP (Cu-CP system), 

there is a decrease in average pore size, total pore volume, and BET surface area.  

 

5.4. FE-SEM analysis  

Figure. 5.4 reveals the FE-SEM images of pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1) (1-x) 

O2-δ. From the images, it can be noticed that the samples are porous. Nanomaterials synthesized 

using SCS generally result in the formation of nanopowder with porous nature. It may be due to 

the evolution of gases during combustion synthesis (Varma and Mukasyan 2004). It can also be 

seen that the samples tend to sinter when Cu concentration increases in the doped samples as Cu 

aids as a sintering agent (Vu et al. 2013). 

According to the studies reported by Vu et al., Cu promoted the reduction of step-free 

energy leading to abnormal grain growth (Vu et al. 2013). The sintering mechanism is generally 

not beneficial as its essential for the loss of catalyst activity, especially in high-temperature 

catalytic processes (Hansen et al. 2013).  
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Fig. 5.4: FE-SEM images of Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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5.5. XPS ANALYSIS 

 

The XPS analysis is carried out for Cux(x=0-0.2)(Ce0.9Pr0.1)(1-x)O2-δ samples to obtain 

information about the multiple oxidation states of the elements present on the surface. The 

presence of Oxygen species, Ce, Pr, and Cu peaks confirms the presence of Cu in all the Ce-Pr 

doped samples. The relative peaks corresponding to oxidation states for Ce, Pr, Cu, and Oxygen 

were compared from the literature reported (Anantharaman et al. 2017; Holgado et al. 2000; 

Marbán et al. 2009; Poggio-Fraccari et al. 2018; Shenoy et al. 2019). Based on the earlier literature 

reported, the Ce 3d spectrum is assigned into two sets (Holgado et al. 2000; Poggio-Fraccari et al. 

2018), corresponding to 3d3/2 and 3d5/2 orbitals.  

The peaks u assigned to Ce4+ and  Ce3+ states are noted (Anantharaman et al. 2017; Holgado 

et al. 2000; Marbán et al. 2009), and the area under the curve is utilized to calculate the reducibility 

and species ratios. Similarly, 3d3/2 and 3d5/2 spin orbitals for Pr at  ̴ 935 and 945,  950 , 969 eV 

represent the Pr4+, and the peaks at  ̴ 930, 933, 955, eV represent the Pr3+ species (Govardhan et 

al. 2022; Poggio-Fraccari et al. 2018). The peak at ̴ 975eV corresponds to the oxygen Auger peak 

(OKLL) (Govardhan et al. 2022; Poggio-Fraccari et al. 2018). 

For Cu 2p3/2 region, peaks at ∼929 - 933 eV are associated with Cu+ species and peaks at 

933.6–934.3 eV are attributed to Cu2+  oxidation states (Marbán et al. 2009). The peaks ∼952eV 

were credited to the 2p1/2 region (Poulose et al. 2016) and are assigned mainly to Cu2+.   

Figure. 5.5 depicts deconvoluted peaks for Ce, Pr, Cu, and Oxygen species. The reducibility 

ratio [Ce3+/(Ce3++Ce4+), Pr3+/(Pr3++Pr4+) and Cu+/(Cu++Cu2+)] for all the elements and oxygen 

vacancy ratios are calculated and depicted in Table 5.2. The area under the curve is used to detect 

the reducibility ratios. The table shows that the Ce3+ concentration is slightly high for the 15 Cu-

CP sample, whereas 20 Cu-CP had high Pr3+, and 15 Cu-CP had better Cu+ concentrations than all 

doped samples.  

The O1s spectra reveal the information corresponding to the lattice oxygen species (O2−) 

and the chemisorbed oxygen species (O− and 𝑂2
2−).   
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Figure. 5.5: (a) Ce 3d (b) Pr 3d (c) O1s (d) Cu 2p XPS spectra for 

 Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalyts. 
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Table 5.2: Reducibility ratio and Surface Oxygen species of Cux(x=0-0.2)(Ce0.9Pr0.1)(1-x)O2-δ  

 

 

 

Catalyst 

 

Reducibility Ratio 

  

Lattice Oxygen 

ratio 

𝑂2−

𝑂2−  + 𝑂− + 𝑂2
2−

 

 

 

Adsorbed Oxygen ratio 

𝐶𝑒3+

𝐶𝑒3+  + 𝐶𝑒4+ 

𝑃𝑟3+

𝑃𝑟3+  + 𝑃𝑟4+
 

𝐶𝑢+

𝐶𝑢3+  + 𝐶𝑢2+
 

𝐶𝑢2+

𝐶𝑢3+  + 𝐶𝑢2+
 

𝑂−

𝑂2−  + 𝑂− + 𝑂2
2−

 

 

𝑂2
2−

𝑂2−  + 𝑂− + 𝑂2
2−

 

 

CP 0.42 0.15 - - 0.26 

 

0.49 

 

0.24 

 

5 Cu-CP 0.48 0.25 0.42 

 

0.85 

 

0.22 

 

0.54 

 

0.26 

 

10 Cu-CP 0.48 0.27 0.44 

 

0.93 

 

0.22 

 

0.51 

 

0.27 

 

15 Cu-CP 0.50 0.31 0.42 

 

0.86 0.09 

 

0.22 

 

0.61 

 

20 Cu-CP 0.28 0.40 0.16 

 

0.43 0.72 

 

0.49 

 

0.25 
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It can be noticed from Table 5.2 that the presence of lattice oxygen species (O2−) was 

high for 20 Cu-CP, whereas 15 Cu-CP had the highest 𝑪𝒆𝟑+ and 𝑶𝟐
𝟐−species. The surface 

chemisorbed oxygen species (O− ) presence was high for the 5 Cu-CP samples, which may 

favor better catalytic activity. It can also be deduced that incorporating 5 mol % Cu into the 

Ce-Pr catalyst enhanced surface oxygen formation compared to other samples and, hence, took 

part in the oxidation reaction efficiently. Surface-active oxygen species (O−) are also critical in 

improving catalytic activity at high temperatures  (Wei et al. 2011). Hence it is evident that 5 

Cu-CP has a better capability to enhance the creation of Ov. 

 

5.6. SOOT OXIDATION ACTIVITY  

Figure. 5.6 demonstrates the soot conversion plots for pure Ce, Pr, Cu, and Cux(x=0-0.2) 

(Ce0.9Pr0.1)1-x O2-δ samples, and the corresponding T50 temperatures are given in Table 5.3. The 

obtained results from TGA show that the catalytic activity is in the order of 5Cu-CP (402 °C) 

> CP (408 °C)> Pr (410 °C) > Ce (413 °C) = 10Cu-CP (413 °C) = 15Cu-CP (413 °C) = 20Cu-

CP (413 °C)> Cu (440 °C). 5 Cu-CP displayed better catalytic activity with T50 = 402 °C. The 

pure Cu sample showed a higher T50 = 440 °C. Catalytic activity tests were carried out thrice 

to ensure reproducibility, and the T50 obtained from the three trials is nearly similar, with an 

error range of less than ± four-degree Celsius (Table 5.3).  

 The enhanced catalytic activity of the 5 Cu-CP sample can be credited due to the 

presence of high reactive planes and high chemisorbed oxygen species (O− ). The oxygen 

vacancies formation energy at the {111} facet is more significant than {110} and {100}. 

Hence, there may be an additional number of oxygen vacancies on the {110} and {100} 

reactive facets than the {111} facet. 
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Figure. 5.6: Soot Oxidation Plot of Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ 

Catalysts. 

 

The nanoparticles generally comprise octahedral sites exposed to mainly the {111} 

facet to retain minimum surface energy (Younis et al. 2016). High oxygen vacancies and the 

transfer of oxygen atoms favor redox reactions on the surface, improving the catalytic activity 

(Younis et al. 2016). From the literature (Chi et al. 2023 and Wei et al. 2020), it is noticed that 

the facet ratios ({110}/{111} and {100}/{111}) of Ceria plays a critical role in the catalytic 

activity of oxidation reactions. Wei et al. 2020 improvised the soot oxidation activity 

controlling the optimally exposed facets ({110}, {100}, and {111}) of Ceria in Au/CeO2 

catalysts. The order of the optimally exposed facets which control the soot oxidation activity 

is {110} > {100} > {111}, and the addition of Au to Ceria further enhanced the soot oxidation 

activity. 
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Similarly, Chi et al. 2023, studied facet-dependent soot oxidation activity over single-

crystalline MnO2. They demonstrated that {310} facet exhibited higher catalytic activity than 

low-indexed facets. As per the DFT calculations of Chi et al. 2023, {310}, the facet of MnO2 

induces the formation of coordinative unsaturated atoms and surface defect sites, enhancing 

the adsorption-activation ability of oxygen, which further enhances the soot oxidation activity.  

Similarly, in the present study, the addition of 5Cu in the CP system increased the facet 

ratios ({110}/ {111} and {100}/ {111}) from 0.24 to 0.30 and from 0.38 to 0.50 (Table 5.1). 

With the further addition of Cu (10, 15, 20) in the CP system, there is a decrease in the facet 

ratio. The facet ratio is one of the factors influencing the soot oxidation activity, and the 5 Cu-

CP catalyst showed slightly better performance than the other Cu-CP catalysts. 

As per the literature (Table 2.3) on incorporating Cu / Pr into Ce-based catalysts, the 

soot oxidation catalytic performance was significantly enhanced. Reddy and Rao 2009b 

reported CuO-Ceria-Zirconia (Cu-Ce-Zr) prepared via co-precipitation and impregnation 

methods for catalytic soot oxidation activity. The better T50 (363 °C) of Cu-Ce-Zr was 

attributed to the catalyst's high oxygen vacancies, smaller crystallite size, and high specific 

surface area (Reddy and Rao 2009a). Doping Pr into Ce improves OSC and enhances catalytic 

activity at high temperatures (Andana et al. 2016; Reddy et al. 2009b). 
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5.7. SOOT OXIDATION KINETIC ANALYSIS: 

5.7.1. Ozawa and KAS method to evaluate activation energy 

Ozawa and KAS iso-conversational methods determined all catalysts' activation energy 

Ea value. It involves measuring “T” at a constant conversion (α) and varying heating rates (β). 

The "α" values 0.2 to 0.8 were considered as there may be deviance of experimental data from 

theoretical values at the extremes (López-Fonseca et al. 2007). Graph of log 𝛽 vs  
1

T
 for the 

same degree of conversion plotted for the Ozawa method and exhibited in Figure. A 5.1 

(Appendix I).   

Graph of ln (
𝛽

𝑇2
) vs  

1

T
 for the same degree of conversion has been plotted for the KAS 

method and is depicted in Figure. A 5.2. The slope of the graph (- 
Ea

R
 ) is used to find the Ea 

value; nearly a series of parallel lines were obtained. The average activation energy is calculated 

from the graph's slope and tabulated in Table 5.3. The table shows that the pure Ce sample 

displayed the lowest Ea value of 77 and 70 kJ mol-1, while pure Cu showed the highest Ea value 

of 225 and 238 kJ mol-1 by Ozawa and KAS methods. 

The Cu-Ce-Pr catalysts in the present work displayed an Ea value ranging from 150-

160 kJ mol-1 in both methods. Table 5.4 demonstrates T50 temperature, Ea, and A values for 

various Ceria-based Catalysts from earlier pieces of literature reported. Among the Ce-Pr-based 

catalysts, Ni-loaded Ce-Pr catalysts displayed Ea values ranging from 133 - 137 kJ mol-1 

(Rajvanshi et al. 2020), whereas Ag-loaded Ce-Pr catalysts showed Ea values ranging from  140 

- 150 kJ mol-1 (Govardhan et al. 2022) obtained by Ozawa method.   
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The Average Ea value of  ̴ 130 kJ mol-1 to 200 kJ mol-1was reported for uncatalyzed soot 

oxidation (Christensen et al. 2016; Nascimento et al. 2015; Neeft et al. 1997; Suárez-Vázquez 

et al. 2018); on the other hand, Suárez-Vázquez et al. 2018 reported an Ea value of 133 kJ mol-

1 for uncatalyzed soot oxidation. Christensen et al. 2016 said that the non-catalytic oxidation of 

soot occurs with an Ea value of 198.5 kJ mol-1.  It can be perceived that even if the T50 of bare 

soot or uncatalyzed is way higher than that of catalysts, the Ea values of soot and catalysts don’t 

vary considerably. Hence, the other kinetic parameters, such as the pre-exponential factor (A), 

which may influence the catalytic activity, must be assessed further. 

5.7.2. Determination of Pre-Exponential Factor (A) 

The Am function with non-integer kinetic exponent (m) was the most suitable 

conversion model (López-Fonseca et al. 2007). The lines corresponding to [ln(βR/E) – ln 

(p(x))] versus [ln (−ln (1 − α))] for different heating rates nearly superimposed each other, as 

seen in Figure. A 5.3. Obtained “A” and m values are listed in Table 5.3. It was observed that 

the values of A and “m” did not change significantly when the heating rate was changed, which 

showed consistency. As a result, it was possible to infer that random nucleation and subsequent 

growth were possible mechanisms for the chosen material. The obtained “A” value (1.59×1016 

min-1) was high for the pure Cu sample and low for the pure Ce sample (1.40×105 min-1). The 

significant pre-exponential factor corresponds to an effective reactive collision between soot 

and O2.  In the present study, 5 Cu-CP showed better catalytic activity, with an “A” value of 

5.23×1011 min-1
.  “A” value, along with T50 and activation energy for various Ce-based catalysts 

reported from the literature, is listed in Table 2.5 and compared with the obtained values in the 

present study. 
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From the literature (Table 2.5), it can be observed that the pre-exponential factor “A” 

value is in the range of 1×1002 to 4.5 × 1014 min-1 for soot oxidation activity with and without 

the presence of a catalyst. It can be noticed that there is no direct correlation or tendency 

between the pre-exponential factor, the activation energy, and the T50 temperature. 

Zouaoui et al. 2012, noticed that with the addition of NO apart from oxygen, the pre-

exponential factor has been increased from 3.24 ×1002 to 4.92 ×1002 min-1, and the activation 

energy is decreased from 135 to 59 kJ mol-1. In studies conducted by Nascimento et al. 2015, 

pure Printex-U soot oxidation activity showed a pre-exponential factor of 4.5 ×1014 with an 

activation energy of 175 kJ mol-1, and T50 temperature is around 610 ºC. Catalysts like CeO2-

ZnO displayed lower pre-exponential factor (up to 1.14 ×1008 min-1), and T50 temperature 

decreased from 610 to 420 ºC. There is no direct correlation between the pre-exponential factor, 

activation energy, and T50 temperature. Similarly, in the present study, for Cu-CP catalysts, the 

pre-exponential factor ranges from 1.40×1005 to1.59×1016 with an activation energy of 140~160 

kJ mol-1  and T50 temperature in the range of 400~415 ºC.  

 

5.7.3. Coats-Redfern (CR) Method 

The CR plots were plotted using the model-free approach to compare the obtained Ea 

and A values (Ganiger et al., 2022). The CR plot for all the synthesized samples is generated 

and shown in Figure A 5.4. The best linear fit, reaction models, and Ea values calculated from 

the other models were utilized to predict the exact reaction model. The A and Ea values attained 

via the CR method are also tabulated in Table 5.3. The Ea and A values reported from the CR 

method were, to a certain extent, in the range of previously obtained model-free and Am 

methods.  
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5.7.4. Master plot method to evaluate the conversion models 

Figure. A5.5 reveals the master plots of the samples with g (α) values calculated for 

different reaction models(Table 2.4) by varying conversion (α). The plots coordinated each 

other irrespective of the β values. The p(x) values are also calculated for different temperatures 

for different β values. The reaction models coinciding for each catalyst were noted and are 

provided in Table 5.3. Comparing the theoretical and experimental data revealed that the 

kinetic process for the combustion of carbon was defined by the Am (Nucleation and Growth 

/ Avrami-Erofeev) model. In such a case, the g(α) = [−ln(1−α)]1/ m value is close to the unity.  

The occurrence of a conversion model for each catalyst sample was different. Ce and 

CP samples followed the Nucleation and growth model (A1.5) along with phase boundary-

controlled reaction (contracting linear) (P1). CP followed a Phase boundary-controlled reaction 

(contracting area) (P2). All other Cu-doped samples followed the Nucleation and growth model 

(A1.5), a second-order chemical reaction (R2), and Power-law IV (L4) in common except 20 Cu-

CP and pure Cu samples. Apart from that, 5 Cu-CP followed a phase boundary-controlled 

reaction (contracting - linear, area, and volume - P1-3) for lower conversion, and 1–3-

Dimensional Diffusion (D1-3) was followed at a higher conversion value. The results for solid-

state reaction models show a linear trend, and the Ea value obtained from the CR method can 

also be used to compare the reaction model; hence, the coinciding models from the master plots 

were selected.  
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Table 5.3: Kinetic triplets and “m” value for Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 

 

Catalysts T50 

°C 

Ea (kJ mol-1)  

Reaction Model 

A (min-1) m 

Ozawa 

method 

KAS 

method 

CR 

method 

Am 

method 

CR 

method 

Ce 413±3 77 70 76 A1.5, P1 1.40×1005 2.43×1005 1.43 

Pr 410±2 166 173 207 A1,A1.5, L4, R2 3.70×1012 5.27×1012 0.45 

Cu 440±3 225 238 251 L4, R2 1.59×1016 4.66×1016 1.01 

CP 408±4 96 111 94 A1.5, ,P1,P2 5.42×1006 3.83×1006 1.35 

5 Cu-CP 402±2 158 156 159 A1,A1.5, P1,P2,P3,L4,R2, D1-4 5.23×1011 4.26×1011 0.77 

10 Cu-CP 413±3 152 160 168 A1, L4, R2 1.04×1011 1.50×1011 0.70 

15 Cu-CP 413±3 156 145 155 A1, L4, R2 2.03×1011 1.59×1011 0.76 

20 Cu-CP 413±4 162 159 160 L4, R2 5.96×1011 4.40×1011 0.80 
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For solid-state reaction kinetics, the probable reaction models are listed by (López-

Fonseca et al. 2007). Suppose the reaction follows first-order kinetics (A1). In that case, the 

nucleation and growth (A1.5, A2-4) process is the rate-determining step, and there may be a 

probability of nucleation occurring at every active site (Diefallah et al. 1987). In phase-

boundary reactions, the nucleation step may occur instantly, and the surface of each particle is 

enclosed with a product layer. In solid-state reactions, diffusion is critical and occurs between 

the crystal lattices. A thick product layer formation may be observed, wherein the reactants’ 

movement to or products from the interface controls the reaction rate. The D1 diffusion model 

is based on the rate equation for an infinite flat plate that does not involve a shape factor. D2 

assumes cylindrical solid particles; here, diffusion occurs radially, and D3 assumes solid 

particles are spherical. L1 - L4 are power law models, in which the nucleation rate is assumed 

to follow a power law and nuclei growth is assumed constant (Hofman and Bayon 2019). 

 

5.7.5. Experimental and theoretical kinetic curves construction and comparison 

 Thermo-analytical curves were constructed again to verify that each heating rate's 

composite kinetic analysis method selected the most accurate kinetic triplet parameter (A, Ea, 

and kinetic model). The experimental data was extracted directly from the TGA data, and α 

was plotted against temperature. For theoretical data, the g(α)= (AEa/Rβ) ×p(x) equation was 

used to calculate g(α). For varying temperatures, p(x) was calculated and then used to calculate 

g(α). So using g(α) =  [−ln(1−α)]1/m, α values can be calculated, and these α values were plotted 

against temperatures for the calculated plot. From Figure. 5.7, it can be noticed that most of 

the catalysts had a relatively good consistency compared to all other samples. It also indicates 

that the proposed kinetic analysis was appropriate for modeling soot combustion. 
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Figure 5.7: Conversion v/s Temperature plots of pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts. 
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 It also signifies that the nucleation and growth model plays a significant role in 

describing the reaction mechanism. The plots obtained show that the pure Pr and Cu showed 

minor variation. Substantial deviation in the plots indicates that it does not follow the 

Nucleation and Growth model for all α values. 

 

 

 

 

 

 

 

Figure. 5.8. (a) Rate vs. Temperature plot (b) Arrhenius plot for pure Ce and Cux(x=0-

0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts. 

 

The dα/dT v/s  1/T is plotted and is shown in Figure. 5.8 (a) for Ce, CP, and Cux(x=0-

20)(Ce0.9Pr0.1) doped samples. It can be noticed that the temperature where the maximum rate is 

attained is high for the 5 Cu-CP samples. It can also be perceived that the rate increases with 

an increase in α value. Hence, 5 Cu-CP has a higher rate compared to all the samples. The 

kinetic activity is deduced via the Arrhenius plot (ln (k) v/s. 1/T) and plotted in Figure. 5.8 (b). 

It can be seen that the activity of 5 Cu-CP is higher compared to other doped samples where 

Cu is present.  
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5.8. CONCLUSIONS   

Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ doped samples were synthesized using 

the SCS method calcined at 600/5h. Ce, Pr, and the doped samples showed a cubic fluorite 

structure, and Cu displayed a monoclinic structure. Raman spectra analysis confirmed the 

presence of peaks related to Oxygen vacancies for the doped samples. The T50 temperature 

obtained for the soot oxidation activity is in the order of 5Cu-CP (402 °C) > CP (408 °C)> Pr 

(410 °C) > Ce (413 °C) = 10Cu-CP (413 °C) = 15Cu-CP (413 °C) = 20Cu-CP (413 °C)> Cu 

(440 °C). The better catalytic activity of 5 Cu-CP (T50 =402 °C) may be attributed to high 

reactive planes and the presence of high chemisorbed oxygen species (O−) than all other 

catalysts. Even though the obtained T50 value would be too high to allow the complete passive 

regeneration of a DPF, the developed catalyst would help to improve the fuel efficiency and 

CO2 emissions of the vehicle by reducing the quantity of fuel injection into the exhaust during 

active regeneration. The kinetic triplets (activation energy, pre-exponential factor, and reaction 

model) were evaluated for all the samples. Pure Ce and Cu displayed the lowest and highest Ea 

and A values, respectively, with all the methods employed.  Most doped catalysts followed the 

nucleation and growth model except Pure Pr and Cu catalysts. 5 Cu-CP also followed the phase 

boundary-controlled reaction (P1-3) for lower conversion, and 1-3 dimensional diffusion (D1-3) 

was observed at a higher conversion value.  5 Cu-CP also had a higher rate of reaction compared 

to other catalysts. 

It can be noted that the 5Cu-CP catalyst system showed better soot oxidation activity 

which is attributed to the better reactive planes and chemisorbed oxygen species than compared 

to other Cu-CP and CP catalyst systems. In the next chapter, Cobalt-doped Ceria-

Praseodymium catalysts were synthesized, characterized, and obtained soot oxidation activity 

and kinetic behavior. The descriptors controlling the soot oxidation activity of the Cobalt-doped 

Ceria-Praseodymium catalysts system are further explored in the next chapter.    
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CHAPTER 6 

INVESTIGATION OF COBALT - DOPED CERIA - PRASEODYMIUM 

CATALYSTS FOR SOOT OXIDATION ACTIVITY AND ITS KINETICS 

 

    CeO2 doped with cobalt oxides influences the distribution of active oxygen species in 

CeO2-based catalysts and effectively promotes soot oxidation activity (Mahofa et al. 2018). 

The interfaces between high-redox ability materials such as Co3O4 and CeO2 show enhanced 

active sites for catalytic soot oxidation (Xing et al. 2020). The selectivity, activity, and 

reactivity of Ce-Co catalysts reported were related to the strong redox ability of cobalt oxide 

(Bratan et al. 2022). 

 Song et al. 2021 reported that Co-La catalysts possessed weak Co-O bonds, abundant 

Co³⁺species, and active O2 species on the surface, and hence better reducibility, which 

improves oxygen mobility and redox ability. Therefore, The present chapter investigates the 

catalytic effect of Cobalt-doped Ce-Pr for soot oxidation activity and its kinetics. 

 
6.1. X-RAY DIFFRACTION (XRD) ANALYSIS: 

The XRD spectra for Cox(x=0 - 0.2) (Ce0.9Pr0.1)1-x O2-δ and Pure Co catalysts developed by 

the SCS method are displayed in Figure. 6.1. It can be noticed in Figure. 6.1 that all the 

catalysts ensured the fluorite structure of CeO2. The planes (111), (200), (220), (311), (222), 

(400), (331), (422) correspond to characteristic fluorite CeO2 (Reddy et al. 2011; Shajahan et 

al. 2018). The slight shift in peaks towards lower 2θ was observed in all Co- CP catalysts 

compared to CP, which may be due to variation in the ionic size of Co (0.75 Å) from Ce (0.97 

Å) and Pr (1.101 Å).  
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 The planes ((111, (220), (311), (222), (400), (511), (440)) of pure Co matched well 

with the Co3O4 nanoparticles belonging to the typical cubic spinel structure (Garces et al. 

2015; Prabaharan et al. 2017). Co3O4 generally possesses a spinel structure where Co3+ and 

Co2+ are located on tetrahedral and octahedral sites (Xing et al. 2020). Further, no secondary 

diffraction peaks attributed to pure Co were noticed in Cox (x=0-0.20) (Ce0.9Pr0.1)(1-x) O2-δ 

catalysts. 

 

 

Figure. 6.1. XRD spectra of Cox (x=0-0.20) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts. 
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The crystallite size, lattice strain, and facet ratios [{100}/{111} and {110}/{111}] were 

calculated for all the catalysts and are provided in Table 6.1. It can be seen that the crystallite 

size reduced from 14nm to ~9 nm on the introduction of Co to the CP catalyst system. A 

substantial increase in lattice strain was observed can also be noticed from CP to all Co-CP 

catalysts. The crystallite size and lattice strain were more or less the same for all the catalysts, 

whereas pure Co had a high crystallite size (28.11 nm) and lowest lattice strain (0.0041). 

There was also an improvement in facet ratios from CP to other Co-CP catalysts. It can be 

observed that 20 Co-CP had a high facet ratio (0.41) for {110}/{111} and 15 Co-CP had a 

high facet ratio (0.44) for {100}/{111}. Reactive facets are one of the most critical parameters 

to determine the ability to enhance catalytic activity. Hence, loading Co into CP may 

significantly impact the catalytic activity.  

 

 

6.2. RAMAN SPECTROSCOPY ANALYSIS 

Figure. 6.2. portrays Raman spectra for Cox (x=0- 0.2) (Ce0.9Pr0.1)1-x O2-δ and pure Co. The 

characteristic peak observed at ~465 cm-1 in all the catalysts can be allotted to the active F2g 

Raman modes of CeO2 (Mukherjee et al. 2016; Patil et al. 2019; Shajahan et al. 2018). This 

peak demonstrates the bending modes of symmetric breathing of O2 around Ce atoms (O-Ce-

O). Another significant peak present at ~560 cm-1 in all the catalysts is assigned to oxygen 

vacancies (Mukherjee et al. 2016a; Shajahan et al. 2018). 
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 No significant shift in the F2g peak was detected in all the catalysts in the Raman 

spectra. Pure Co showed two F2g, A1g, and Eg Raman modes comprising pure crystalline Co3O4 

(Farhadi et al. 2016). The strong band at ~675 cm–1 (A1g) is ascribed to the characteristic peak 

of the octahedral sites for Co3O4. The band at ~467 cm-1 is attributed to Eg modes, whereas the 

band at 508 cm–1 and the weak band at ~610 cm–1 correspond to ~F2g symmetry. 15 Co-CP and 

20 Co-CP catalysts exhibited secondary peaks of A1g Raman mode at ~675 cm–1 and F2g Raman 

mode at ~508 cm–1.  

 

Figure. 6.2. Raman Spectra of Cox (x=0-0.2) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts 
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The intensity ratios (IOv/IF2g) of oxygen vacancy peaks to characteristic F2g mode of Ce 

were calculated for all the catalysts and tabulated in Table 6.1. The presence of Ov tends to 

improve the catalytic performance of soot oxidation. The table shows that IOv/IF2g  of 5 Co-

CP was the highest (0.83) compared to all the catalysts. The increase in the intensity of the 

ratio has been assigned to the creation of extrinsic oxygen vacancies in CeO2 to retain charge 

neutrality (Ming et al. 2011). Paunovi et al. 2012 also reported the intensity ratio of vacancy 

to F2g mode. It was concluded that the concentrations of intrinsic and extrinsic defects created 

by Pr doping increase and, at a definite point, exceed the Ce3+–Vo complexes (Paunovi et al. 

2012). Liu et al. 2016 reported that catalyst stability is closely related to the concentration of 

surface oxygen vacancies created after doping. 

 

Table 6.1. Physicochemical properties of Cox(x=0-0.2) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts from 

XRD and Raman spectroscopy Analysis 

 

Catalyst Crystallite 

Size (nm) 

Lattice 

strain (ε) 

Facet Ratio IOv/IF2g Secondary 

Phase (Raman 

Spectroscopy 

Analysis) 

{110}/{111} {100}/{111} 

CP 14 0.0107 0.24 0.38 0.77 - 

5 Co-CP 09 0.0162 0.36 0.41 0.83 - 

10-Co-CP 09 0.0166 0.37 0.43 0.77 - 

15 Co-CP 09 0.0165 0.40 0.44 0.78 Co3O4 

20 Co-CP 09 0.0166 0.38 0.43 0.73 Co3O4 

Co 28 0.0041 - - - - 
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6.3. FE-SEM ANALYSIS 

 

FE-SEM Micrographs of Cox (x=0- 0.2) (Ce0.9Pr0.1)1-x O2-δ and Pure Co catalysts at 500 nm 

scale are displayed in Figure. 6.3. All the catalysts revealed a highly porous nature as the SCS 

synthesized them.method (Aruna and Mukasyan 2008). Catalysts synthesized using SCS show 

porous agglomerates, possibly due to increased contained temperature during combustion 

(Valechha et al. 2011). From the FE-SEM images, CP revealed minimum pores than all other 

Co-doped catalysts. It can also be observed from the images that the agglomerate size tends to 

increase as the concentration of Co increases and the porosity decreases. To further understand 

the porous nature of the developed catalysts, BET- BJH analysis was performed.  

 

6.4. BET AND BJH PORE SIZE ANALYSIS  

BET Surface area analysis and BJH Pore volume analysis were performed for all the 

catalysts to determine the influence of the surface area and pore size on the catalytic activity. 

The parameters obtained from the analysis are summarized in Table 6.2. The table 

demonstrates that the surface area varied mainly from 13 to 34 m2/g, where 5 Co-CP had the 

highest surface area of 34 m2/g with a high average pore size diameter of ~20.64 nm. Pure Co 

had the smallest surface area of 13 m2/g and a minimum average pore size diameter of ~07.10 

nm. It was noticed that there was only a slight increase in the surface area upon adding Co to 

CP (Chapter 5). Additionally, the surface area tended to decrease due to the sintering behavior 

of Co (Fagg et al. 2003), which was also noticed with the pore volume of the catalysts. 
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Figure. 6.3. FE-SEM images of Cox (x=0-0.20) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts 
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The N2 adsorption-desorption isotherm and the pore size distribution of all the catalysts 

are represented in Figure. 6.5 (a) and (b), respectively. It can be seen that most of the Co-

CP catalysts showed Type IV isotherms with an H3 hysteresis loop, confirming the presence 

of mesopores. Mesopores in such type of isotherm are filled by capillary condensation, 

which opens up and continues to higher relative pressure (Thommes et al. 2015). 20 Co CP 

and pure Co catalysts showed minimum adsorbance with Type IV with an H4 hysteresis 

loop (Figure. 6.5 (a)). In this case, the N2 uptake at low P/P0 is generally associated with 

micropore filling (Thommes et al. 2015).  

The pore size distributions of the catalysts from the BJH method are shown in Figure. 

6.5(b). The catalysts expressed pore diameters ranging from ̴ 5 to 30 nm for all the developed 

catalysts with narrow pore size distribution around 2 to 10 nm. The porous nature improves 

the soot to catalyst contact points which helps to improvise the catalytic activity. According 

to Liu et al. 2016, the number of contact points plays a more vital role in enhancing the 

catalytic activity.  

Table 6.2: BET Analysis of Cox(x=0-0.2) (Ce0.9Pr0.1) (1-x) O2-δ Catalysts 

 

 

Catalyst 

BET SA  

(m2/g) 

Pore Volume  

(cc/g) 

Avg. Pore Size (dia) 

(nm) 

CP 31 0.217 11.46 

5 Co-CP 34 0.083 20.64 

10 Co-CP 28 0.049 06.47 

15 Co-CP 31 0.080 10.58 

20 Co-CP 22 0.030 07.40 

Co 13 0.023 07.10  
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Figure. 6.4. (a) N2 adsorption-desorption Isotherm (b) BJH pore size analysis of  

Cox (x=0-0.20) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts 
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6.5. XPS ANALYSIS 

           XPS analyses are performed to study the effect of the catalysts' redox ability and surface 

properties on the soot oxidation. Figure. 6.5 (a) denotes XPS spectra for Ce 3d, and based on 

the literature reported, the Ce 3d spectrum is assigned into two sets corresponding to 3d3/2 and 

3d5/2 orbitals (Fu et al. 2014; Mittal et al. 2018). After deconvolution, the peaks are split 

according to the valence states and assigned based on the binding energies (Fu et al. 2014; 

Holgado et al. 2000; Mittal et al. 2018).  

According to Li et al. 2015 the peaks  ~ 882.9 eV, 888.6 eV, 898.4 eV, 901.2 eV, 907.2 

eV, and  917.0eV can be assigned to Ce4+, and peaks ~880.7 eV, 885.7 eV, 899.3 eV, and  

904.3eV can be assigned to that of Ce3+ (Li et al. 2015). The area under the curves is noted for 

further calculating the redox ability concerning Ce3+; hence Ce3+ / (Ce3+ + Ce4+) is calculated 

and tabulated in Table 6.3. 

 It was observed that incorporating  5 mol% of Co in the CP concentration of Ce3+ ions 

improved. For CeO2-based catalysts, the oxygen vacancies are significant for catalytic 

performance (Yang et al. 2010). The presence of high Ce3+ is related to creating more oxygen 

vacancies. For soot oxidation, creating more vacancies indicates gaining active oxygen species 

during the reaction, which is vital for redox ability (Qin et al. 2019). 

  Figure. 6.5b demonstrates the XPS spectra for Pr 3d spectrum; the three-fold 

envelopes are noticed. The envelope, ~ 930 to 950eV and ~ 950 to 970eV, corresponds to Pr 

3d5/2 and  Pr 3d3/2 orbitals, respectively. The last envelope of Pr 3d is observed at ~ 975eV, and 

the Auger peak corresponds to the OKLL oxygen (Paunovi et al. 2012). The deconvoluted 

peaks corresponding to Pr3+ and  Pr4+ oxidation states confirm that Pr exists in multi-oxidation 

states in the developed catalysts. The peak positions ~ 927.6 eV and 932.9 eV are assigned to 

Pr3+, and the remaining corresponding to Pr4+oxidation states (Krishna et al. 2007; Paunovi et 

al. 2012). 
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Figure. 6.5 (a)Ce 3d (b)Pr 3d (c)Co 2p (d) O 1s XPS spectra for of Cox (x=0-0.20) 

(Ce0.9Pr0.1)(1-x) O2-δ Catalysts 
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The characteristic oxygen Auger peak-OKLL ~ 973.3 eV was noticed in all the 

catalysts. Pr3+ redox ratio (Pr3+/( Pr3++ Pr4+) was calculated and tabulated in Table 3. It can be 

seen that Pr3+ concentration was higher on 5 Co-CP catalysts than the other CP and other Co-

doped CP catalysts.  

Figure. 6.5c shows the Co2p spectra, which have two envelopes at ~ 780 eV and 795 

eV, attributed to Co2p3/2 and Co2p1/2, respectively (Xie et al. 2009; Guangjun et al. 2019; 

Stegmayer et al. 2022). The peak at ~ 785 eV is referred to as a satellite peak. The peaks 

corresponding to two valence states, Co3+ and Co2+
,
 were noticed as the deconvolution of Co2p 

spectra revealed the peak split at ~779eV (Co3+) and 781eV (Co2+) and 796 eV (Co3+) 

(Guangjun et al. 2019; Stegmayer et al. 2022). The concentration ratio of Co3+ and Co2+ was 

calculated and tabulated in Table 6.3. It can be seen that 5 Co-CP showed a high concentration 

(~0.89) of Co3+ ions, and 15 Co-CP had a high concentration of Co2+ ions. The literature study 

reported that Co3+
 plays a more vital role than Co2+ in an oxidation reaction (Xie et al. 2009; 

Guangjun et al. 2019). Co3+ is also known as the reactive site, and in most cases, Co2+ cations 

remain inactive (Guangjun et al. 2019).  

The O1s spectra (Figure. 6.5d) reveal the information corresponding to the lattice 

oxygen species (O2−) and the chemisorbed surface oxygen species (O−  and 𝑂2
2−) present. It can 

also be noticed from Table 6.3 that CP had the highest surface chemisorbed oxygen species O− 

and 𝑂2
2− (~0.82), and 20 Co-CP possessed high lattice oxygen species (O2−); both the species 

may contribute to enhancing the catalytic activity (Liang et al. 2007a). Surface-active oxygen 

species (O−) are also critical in improving catalytic activity at high temperatures (Wei et al. 

2011). The active oxygen species obtained near binding energies ~ 530 eV play a crucial role 

in oxidation reactions (Jones et al. 2015), which are generally assigned to O− species.  
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Table 6.3: Reducibility ratio and Surface Oxygen species ratio of Cox(x=0-0.2) (Ce0.9Pr0.1)(1-x)O2-δ Catalysts 

 

 

Catalyst 

 

Reducibility Ratio  

  

Lattice Oxygen ratio 

𝑶𝟐−

𝑶𝟐−  + 𝑶− + 𝑶𝟐
𝟐−

 

 

 

Adsorbed Oxygen ratio 

𝑪𝒆𝟑+

𝑪𝒆𝟑+  + 𝑪𝒆𝟒+ 

𝑷𝒓𝟑+

𝑷𝒓𝟑+  + 𝑷𝒓𝟒+
 

𝑪𝒐𝟑+

𝑪𝒐𝟑+  + 𝑪𝒐𝟐+
 

𝑪𝒐𝟐+

𝑪𝒐𝟑+  + 𝑪𝒐𝟐+
 

𝑶−

𝑶𝟐−  + 𝑶− + 𝑶𝟐
𝟐−

 

 

𝑶𝟐
𝟐−

𝑶𝟐−  + 𝑶− + 𝑶𝟐
𝟐−

 

 

CP 0.42 0.15 - - 0.26 

 

0.49 

 

0.24 

 

5 Co-CP 0.46 0.66 0.90 0.10 0.25 0.48 0.26 

10 Co-CP 0.27 0.26 0.43 0.56 0.21 0.47 0.23 

15 Co-CP 0.42 0.39 0.56 0.44 0.20 0.48 0.28 

20 Co-CP 0.42 0.46 0.59 0.43 0.26 0.48 0.25 
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The presence of lattice Oxygen species also plays a significant role in catalytic soot 

oxidation if the surface area is low (Liang et al. 2007b). The lattice oxygen species ratio presented 

in the table revealed that 20 Co-CP had the highest (~0.80) O2− species than other Co-doped CP 

catalysts. But the effect of secondary phases in 20 Co-CP may also demonstrate the catalytic 

behavior. 5 Co-CP confirmed solid solution formation with better reducible surface ions than all 

other catalysts with a high Ce3+, Pr3+, and Co3+ surface ions concentration ratio. Reddy et al. 

2009a and Krishna et al. 2007a demonstrated that surface enrichment of Ce3+ and  Pr3+ ions 

improves soot oxidation activity. 

 

6.6. SOOT OXIDATION ACTIVITY 

Figure.6.6 depicts soot conversion curves with an increase in temperature. The soot 

oxidation is carried out in triplicates to ensure the repeatability of the catalyst. The T50 

temperature is noted for all the catalysts and is listed in Table 6.4. From the table, it can be 

noticed that there was a significant reduction in T50 on loading Co to CP. CP showed a T50 of 

408±4 °C, whereas the lowest T50 at 349±1°C was obtained by 5Co-CP catalyst. 

Further, no change was noticed in T50 for 15 Co-CP and 20 Co-CP. Pure Co also showed 

a low T50 of 402±2°C, and loading Co to the CP catalyst system influenced catalytic activity 

significantly. From XRD and Raman spectroscopy studies, the solid solution was formed by 5 

Co-CP without evidence of an impurity phase. The secondary phases of Co3O4 were detected by 

Raman spectroscopy for 15 Co-CP and 20 Co-CP.  Hence, adding small amounts (5 mol %) of 

Co into the CP catalyst system improves catalytic activity.  
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Figure. 6.6. Soot Oxidation curves for Cox (x=0-0.20) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts 

 

 

The parameters and descriptors that may enhance catalytic activity were analyzed from 

the characterization studies of the developed catalysts. The XRD studies showed that the 

crystallite size for Cox (x=0.05-0.20) (Ce0.9Pr0.1)(1-x) O2-δ catalysts were below 10 nm. Raman analysis 

confirmed the presence of Oxygen vacancy peaks for all the catalysts. 5 Co-CP had the highest 

Oxygen vacancy ratio (IOv/IF2g) of ~0.82. The SA of 34 m2/g was highest for 5 Co-CP, and the 

surface area decreased on further Co addition to CP. From BJH analysis, the catalysts showed 

mesopores with average pore size diameters ranging from 1.50 nm (20 Co-CP) to 9.8 nm (5Co-

CP).  
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The porous nature of the catalysts also helps improve contact points between soot and 

catalyst, and FE-SEM analysis also revealed the catalysts prepared are porous. The XPS analysis 

showed that the surface ion concentration did not vary significantly for Ce3+ concentration. 5 Co-

CP had better reducibility than all other catalysts with a high Ce3+, Pr3+, and Co3+ surface ions 

concentration ratio. On the other hand, CP had better active surface adsorbed species of ~0.82. 

20 Cr-CP had a better-lattice oxygen species ratio (O2-= 0.28). 

Reddy et al. 2009a observations revealed an increase of Ce3+ species and enrichment of 

Pr3+, indicating enhanced reducibility of the CeO2 upon Pr doping. Krishna et al. 2007a reported 

improvement of Pr3+/4+ reducible ions on the surface on doping with CeO2 improves soot 

oxidation activity. The XPS results of Zhang et al. 2016 demonstrated that Co is present as Co3+ 

on the surface of the catalysts, and more surface oxygen species were observed, which provided 

more catalytic active species for soot combustion. It was also revealed that adding Co3O4 

improved the interaction between Co and Ce. Hence, in the present study, 5 Co-CP showed better 

T50 of  348±1°C mainly due to better reducible Ce3+, Pr3+, and Co3+ ions on the surface. 

6.7. SOOT OXIDATION KINETICS  

 

For kinetic studies, the soot oxidation reaction on the catalysts was performed in TGA at 

different heating rates (5,10,15,20 °C/min). The current study determines the Ea value using 

model-free methods such as FWO, KAS, and CR methods(Chen et al. 1993; Ebrahimi-

Kahrizsangi and Abbasi 2008; Ganiger et al. 2022; López-Fonseca et al. 2007; Ozawa 1992; 

Starink 2003). FWO plots (Figure A6.1), KAS plots (Figure A6.2), CR plots (Figure A6.3), 

and Am plots (Figure A6.4) are plotted for all the catalysts and are provided in the appendix 

section. The Ea and A values obtained are represented in Table  6.4, along with the Avrami 

integer (m) values. 
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 The table shows that the Ea values obtained from all the methods show a slight difference, 

and the Ea values obtained from the FWO method varied from 92 to 127 kJ mol-1. Pure Co 

obtained the highest Ea and A values by all reported methods, and the change in Ea values wasn't 

significant when Co was introduced to the CP system. The Ea value reported from literature for 

soot combustion without a catalyst ranges from 130 to 160 kJ mol−1 (Neeft et al. 1997; Shenoy 

et al. 2019).   

The A values (Table 6.4) from Am method ranged from 23.25 min-1 (Co) to 15.50 min-1 

(CP). It was noticed that the A values increased on the incorporation of Co into the CP catalyst 

system. The computations of Ea and pre-exponential factor A were reported by Fonseca et al. 

(López-Fonseca et al. 2007) and Sbirrazzuoli et al. 2013 for the soot combustion reaction. The 

Ea and A values by CR method were reported to be 79.76 kJmol-1 and 18.84 min-1, respectively, 

for bare soot without any catalyst at 10 °C min-1 (Sbirrazzuoli 2013). When "m" is close to unity 

or "1" in the Am model, it agrees with the first-order chemical reaction, and 1.5 < m < 4 

corresponds to the Avrami- Erofeev model (Ganiger et al. 2022). In the present study, "m" values 

reported in Table 6.4 for the catalysts ranged from 0.70 to 1.35; hence the possibility of various 

reaction models can be predicted. The m value decreased below unity when Co was incorporated 

into CP, which might indicate the deviation in the catalyst's reaction models (Ganiger et al. 2022).  

The master plots with g(α) values calculated for different reaction models by varying 

conversion (α) are plotted and are shown in Figure S5. The reaction models coinciding for all 

the catalysts were noted and are provided in Table 6.4. CP followed the nucleation and growth 

model (A1.5) and phase boundary-controlled reaction (P1 and P2). In contrast, the Co-CP catalyst 

followed the Power law (L4), 2 and 4-dimensional diffusion model (D2 and D4), and First (A1) 

and second-order reactions (R2). The reaction models followed may vary at lower and higher "α" 

values and can be observed in the master plots (Figure S5). The Arrhenius parameters obtained 

depend mainly on the kinetic model and heating rates to some extent (López-Fonseca et al. 2007).  
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Figure 6.7. Experimental and calculated Curves for Cox(x=0.05-0.2) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts 
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Figure 6.7 illustrates the thermo-analytical curves constructed using the kinetic triplets 

obtained for experimental and calculated data. It can be noticed from the figure that catalysts had 

good consistency for the α value between 0.2 to 0.8. Hence, the nucleation and Growth model 

play a crucial role in the reaction for Co-doped CP catalysts.  

Figure 6.8 (a) and (b) demonstrate dα/dT vs. temperature and ln (k) vs. 1/T plots, 

respectively, for Co(x=0.05–0.2) (Ce0.9Pr0.1)1-x O2-δ samples. From Figure 6.8 (a), it can be noticed 

that the 5 Co-CP catalyst showed a better reaction rate than compared to other catalysts. From 

Figure 6.8 (b), the kinetic activity is high for 5 Co-CP and the least for the Pure Co sample. 

Hence it can be concluded that on the incorporation of Co to CP catalyst system, there's 

a slight variation in Ea value, A values increased, and the "m" value decreased. Co-CP catalysts 

followed A1, D2, D4, L4, and R2 irrespective of CP concentration, whereas CP followed A1.5, P1, 

and P2 reaction models. 5 Co-CP performed as a better soot oxidation catalyst mainly due to the 

presence of redox surface ions and high oxygen vacancy ratio. 
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Figure 6.8. (a) Rate vs. Temperature plot (b) Arrhenius plot 

for Cox(x=0.05–0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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Table 6.4: T50 and Kinetic parameters of Cox(x=0-0.2) (Ce0.9Pr0.1)(1-x)O2-δ Catalysts 
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Catalysts T50   

(°C) 

Ea (kJ mol-1)  

Reaction Model 

A × 1010 (min-1) m 

Ozawa 

method 

KAS 

method 

CR method Am  

method 

CR  

method 

CP 408±4 111 96 94 A1.5 ,P1,P2 0.13  0.11 1.35 

5 Co-CP 349±1 104 101 105 A1,L4,D2,D4,R2 0.12 0.05 0.76 

10 Co-CP 351±2 105 103 104 A1,L4,D2,D4,R2 0.07 0.06 0.82 

15 Co-CP 358±2 115 110 116 A1,L4,D2,D4,R2 0.008 0.006 0.81 

20 Co-CP 359±3 92 97 101 A1,L4,D2,D4,R2 1.51 1.25 0.70 

Co 402±2 127 125 123 A1,L4,D2,D4,R2 0.13 0.11 0.68 
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6.8. CONCLUSION 

Cox (x=0 - 0.20) (Ce0.9Pr0.1)(1-x) O2-δ and Pure Co catalysts were successfully synthesized 

by solution combustion synthesis. From XRD studies, catalysts revealed the fluorite structure 

of CeO2, and the crystallite size was in the range of ~9 nm. Pure Co and CP had a crystallite 

size of ~28nm and 14 nm, respectively. Facet ratios for {110}/{111} and {100}/{111} was 

obtained high (~ 0.40 and 0.44 respectively ) for 15 Co-CP . The Raman analysis of increasing 

Co-loading concentration (15 Co-CP and 20 Co-CP) showed the presence of a secondary 

phase of Co3O4. 5 Co-CP had the highest Oxygen vacancy ratio (IOv/IF2g) of 0.83. FE-SEM 

micrographs showed the porous nature of the catalyst. Further, BET surface area and BJH 

pore size analysis determined that all the catalysts were micro and mesoporous. The SA of the 

catalysts was 34 to 13 m2/g, with 5 Co-CP possessing the highest SA of 34 m2/g. 5 Co-CP 

had better reducibility than all other Co- CP catalysts with high concentrations of Ce3+, Pr3+, 

and Co3+ ions. On the other hand, CP and 20 Co-CP, respectively, had better active surface 

adsorbed species (O- & 𝑂2
2−) and the lattice oxygen species (O2-). From TGA analysis for soot 

oxidation, a better T50 of 349±1 °C was achieved by 5 Co-CP catalysts. From the descriptors 

controlling oxidation reaction, the better T50 may be attributed to solid solution formation and 

better redox properties of 5 Co-CP. 

It can be noted that the 5Co-CP catalyst system showed better soot oxidation activity, 

and the descriptors controlling the catalytic activity are phase cooperation (solid-solution 

formation) and better redox properties compared to Co-CP and CP catalyst systems. In the next 

chapter, Iron-doped Ceria-Praseodymium catalysts were synthesized, characterized, and 

obtained soot oxidation activity and kinetic behavior. The descriptors controlling the soot 

oxidation activity of the Iron-doped Ceria-Praseodymium catalysts system are further explored 

in the next chapter.    
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CHAPTER 7  

EFFECT OF IRON-DOPED CERIA-PRASEODYMIUM CATALYST ON 

SOOT OXIDATION ACTIVITY 

 

Several catalytic materials consisting of transition metals such as Mn, Fe, Co, Ni, and 

Cu were developed in the past decade. The redox ability of such transition metals can efficiently 

enhance soot oxidation activity as the mechanism mainly depends on forming active oxygen 

species, which aids soot oxidation. Fe-oxide is one of the essential transition metal oxides, 

exhibiting different phases such as FeO, Fe2O3, and Fe3O4. Fe-oxide is also cost-effective and 

environment-friendly (Mallick and Dash 2013). Fe oxide is a mixture of Fe and O ions, where 

the ionic size of oxygen is more prominent than Fe, and Fe exists in Fe2+ or Fe3+ states, 

providing tetrahedral or octahedral linkages. Hence, the spatial displacement of O completes 

the crystal structure (Maggi et al. 2017).  

Zhang et al. 2010 investigated Fe-doped Ce catalysts and reported that the redox cycle 

of Fe plays a vital role in catalytic reactions. Fe3+ provides active oxygen species to oxidize 

soot and reduce it to Fe2+. Fe2+ can then convert back to Fe3+ on interaction with Ce (Zhang et 

al. 2010). Based on different ratios of Fe-doping, the number of active sites can vary, as Fe-

doping can alter the fluorite structure and create more oxygen vacancies. Hence, the doping 

ratio also affects the catalyst activity and needs to be optimized with reaction conditions ( Li et 

al. 2019). 
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7.1. X-RAY DIFFRACTION (XRD) ANALYSIS 

The XRD spectra for Fex(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts developed by the 

SCS method are displayed in Figure 7.1. From the figure, it can be noticed that all the doped 

samples ensured the fluorite structure of Ce. The planes (111), (200), (220), (311), (222), (400), 

(331), (422) correspond to the characteristic fluorite CeO2 (Reddy et al. 2011; Shajahan et al. 

2018). The slight shift in peaks towards lower 2θ was observed due to variation in the ionic size 

of Fe from Ce and Pr ions. The planes of pure Fe viz. (220), (311), (222), (400), (511), and 

(440) were relevant to the crystalline structure of Fe2O3 (Aliahmad and Nasiri Moghaddam 

2013; Arumugam et al. 2020). 

 

 

Figure 7.1: XRD Spectra of Fex(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts. 
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The physicochemical properties obtained from the XRD analysis are displayed in Table 

7.1. The crystallite size calculated ranges from 6-31 nm. It can be seen that the crystallite size 

decreased for Fe-doped CP catalysts than for pure CP catalyst systems. 5 Fe-CP displayed the 

smallest crystallite size and highest lattice strain of 6 nm and 0.0222, respectively. In contrast, 

Pure Fe had a large crystallite size of 31.36 nm and a lower lattice strain of 0.0035. It can be 

observed from the Table that after the incorporation of Fe into the CP catalyst system, there 

was an increase in {110}/{111} facet ratio when compared to CP but no significant variation 

in {100}/{111} facet ratio. The physicochemical parameters deduced from XRD analysis, such 

as smaller crystallite size, increased lattice stain, and improved facets, significantly enhance 

the catalytic soot oxidation activity. It was noticed that there was a significant variation in 

physicochemical properties after the incorporation of Fe into the CP catalyst system, which 

may further influence catalytic performance.  

7.2. RAMAN SPECTROSCOPY ANALYSIS 

Figure 7.2. portrays Raman spectra for Fex(x=0-0.2)(Ce0.9Pr0.1)(1-x)O2-δ catalysts. The 

characteristic peak observed in the spectra at ~465 cm-1 for all Fe-doped samples can be allotted 

to the active F2g Raman modes of CeO2 (Mukherjee et al. 2016; Patil et al. 2019; Shajahan et 

al. 2018). This peak demonstrates the bending modes of symmetric breathing of O2 around Ce 

atoms (Mukherjee et al. 2016; Patil et al. 2019; Shajahan et al. 2018).  

Another significant peak at ~560 cm-1 in all the doped samples is assigned to Oxygen 

Vacancies (Ov). No significant shift in the F2g peak was detected in all the doped samples. For 

pure Fe, the Raman modes corresponding to Fe2O3 were observed with "A1g" and "Eg" modes. 

A1g  modes were noticed at ~225 and 498 cm−1, whereas Eg modes were present at ~247, 293, 

299, 412, and 613 cm−1 (Qayoom et al. 2020; Santillán et al. 2017).  
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Figure 7.2: Raman spectra of Fex(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 

 

All Fe-doped CP displayed Eg mode at ~247, indicating the presence of a secondary phase. 

The intensity ratios (IOv/IF2g) of Oxygen vacancy peaks to characteristic F2g of Ce were 

calculated for all the doped samples and tabulated in Table 7.1. The IOv/IF2g  of 10 Fe-CP was 

the highest (0.89) compared to all other samples. Ov and secondary phase (Fe2O3) existence 

may benefit the soot oxidation (Shenoy et al. 2019). 
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Table 7.1. Physicochemical properties of Fex(x=0-0.2) (Ce0.9Pr0.1)(1-x)O2-δ from XRD and 

Raman spectroscopy Analysis. 

 

Sample  Crystallite 

Size (nm) 

Lattice 

strain (ε) 

Facet Ratio IOv/IF2g Secondary 

Phase {110}/{111} {100}/{111} 

CP 14 0.0107 0.24 0.38 0.77 - 

5 Fe-CP 06 0.0222 0.38 0.35 0.77 Fe2O3 

10 Fe-CP 07 0.0205 0.34 0.28 0.89 Fe2O3 

15 Fe-CP 07 0.0222 0.34 0.40 0.85 Fe2O3 

20 Fe-CP 09 0.0162 0.41 0.42 0.81 Fe2O3 

Fe 31 0.0035 - - - - 

 

7.3. FE-SEM ANALYSIS 

FE-SEM images (500 nm scale) for Fex(x=0-0.2) (Ce0.9Pr0.1)(1-x)O2-δ catalysts are displayed 

in Figure 7.3. The images reveal the porous nature of the catalysts. It can be observed that the 

Fe-doped CP catalyst is highly porous, and as the concentration increases, the porous nature of 

the catalysts tends to decrease. It can also be observed that the pure Fe catalysts showed a 

network of rod-like structures. Porous catalysts generally improve the contact points of soot 

and catalysts, improving the catalytic behavior. BET-BJH analysis further confirms the porous 

nature of all the samples. 
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Figure 7.3. FE-SEM analysis of Fe x(x=0-0.2) (Ce0.9Pr0.1)(1-x)O2-δ Catalysts (500nm) 
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7.4. BET AND BJH PORE SIZE ANALYSIS  

BET Surface area analysis and BJH Pore volume analysis were performed for all the 

catalysts to determine their influence on the catalytic activity summarized in Table 7.2. From 

the Table, it can be noticed that the surface area ranged from 15 -43 m2/g. CP catalyst had the 

highest surface area of 43 m2/g, while 20 Fe-CP and Pure Fe had the smallest surface area of 

15 m2/g. CP catalyst also possessed a higher pore volume (0.217 cc/g), while 20 Fe-CP gained 

a high avg—pore size diameter of 5.33 nm. 

Figure 7.4 (a) reveals the N2 adsorption-desorption isotherms for all Fe-doped CP 

catalysts. All Fe-doped CP catalysts illustrated Type IV isotherms with an H3 hysteresis loop. 

Pure Fe showed minimum adsorbance with Type IV with an H4 hysteresis loop. The pore size 

distributions of the catalysts were calculated by the BJH method from the adsorption isotherm 

curves and are shown in Figure 7.4 (b). The samples expressed narrow pore size distribution 

ranging from ̴ 5 to 25 nm for all the developed catalysts confirming their mesoporous nature.

  

Table 7.2 BET-BJH Analysis of Fe x(x=0-0.2) (Ce0.9Pr0.1)(1-x)O2-δ Catalysts 

 

 

 

Sample  

BET SA  

(m2/g) 

Pore Volume  

(cc/g) 

Avg. Pore Size 

(nm) 

CP 31 0.217 11.46 

5 Fe-CP 33 0.082 4.95 

10 Fe-CP 32 0.074 4.70 

15 Fe-CP 33 0.074 4.54 

20 Fe-CP 15 0.071 5.33 

Fe 15 0.023 3.00 
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Figure 7.4 (a): Adsorption-Desorption isotherm (b): BJH Pore Size Distribution of 

 Fe x(x=0.05-0.2) (Ce0.9Pr0.1)(1-x)O2-δ Catalysts 
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7.5. XPS ANALYSIS 

 

XPS analysis is performed to study the effect of the catalysts' redox ability and surface 

properties. Figure 7.5 denotes XPS spectra for Ce 3d, Pr 3d, O1s and Fe 2p of Fex(x=0.05-0.2) 

(Ce0.9Pr0.1)1-x catalysts. Based on the earlier works of literature reported, the Ce 3d spectrum is 

assigned into two sets corresponding to 3d3/2 and 3d5/2 orbitals (Fu et al. 2014; Mittal et al. 

2018). The peak position assigned to the oxidation states Ce4+ and Ce3+ was noted in the 

literature reported (Fu et al. 2014; Holgado et al. 2000; Mittal et al. 2018).  

The area under the curve was utilized to compute the reducibility ratio, 

Ce3+/(Ce3++Ce4+) ratio, and surface oxygen species ratio listed in Table 7.3. Similarly, the 

peaks for Pr3+, Fe2+, and Fe3+ were also assigned (Govardhan et al. 2022; Shenoy et al. 2019), 

and the reducibility ratio was calculated to check the presence of reducible ions in the catalysts 

presented in Table 7.3. From the Table, it can be seen that CP showed a slightly high 

reducibility ratio (0.42) for Ce3+. 5 Fe-CP catalyst had higher Pr3+ ions (0.37) than all Fe-doped 

catalysts. 5 Fe-CP and 15 Fe-CP showed higher Fe3+ and Fe2+ ions concentrations, respectively. 

The presence of Fe2+ ions promotes catalytic activity by lowering soot oxidation temperatures 

(Shenoy et al. 2019). 

The O1s spectra reveal the information corresponding to the lattice oxygen species (O2−) 

and the chemisorbed oxygen species (O− and 𝑂2
2−). It was noticed that 5 Fe-CP and CP had a 

high concentration of O2− (0.26) and O− (0.46), respectively, whereas 20 Fe-CP had a high 

concentration of 𝑂2
2− ions (0.58). 5 Fe-CP showed high Pr3+, O2−, and O− ions and may improve 

catalytic performance better than other Fe-doped CP catalysts. Zhang et al. 2016 reported that 

a higher Ce3+ reducibility ratio infers the reduction of the metal oxide catalysts and, thus, higher 

oxygen vacancy. Similarly, Anantharaman et al. 2018 also reported that GDC samples 

synthesized by the EDTA Citrate method showed superior soot oxidation activity due to high 

Ce3+ and surface oxygen species. 
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Figure 7.5 XPS (a) Ce3d (b) Pr3d (c) Co 2p (d) O1s spectra  

 of Fex (x=0-0.20) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts. 
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Table 7.3: Reducibility ratio and Surface Oxygen species of Fex(x=0-0.2)x(Ce0.9Pr0.1)(1-x)O2-δ Catalysts. 

 

  

Reducibility Ratio  

  

Lattice Oxygen ratio 

𝑶𝟐− 

𝑶𝟐−   + 𝑶− +  𝑶𝟐
𝟐−

 

 

Adsorbed Oxygen ratio 

Catalyst 𝑪𝒆𝟑+

𝑪𝒆𝟑+  + 𝑪𝒆𝟒+ 

𝑷𝒓𝟑+

𝑷𝒓𝟑+  + 𝑷𝒓𝟒+
 

𝑭𝒆𝟑+

𝑭𝒆𝟑+  + 𝑭𝒆𝟐+
 

𝑭𝒆𝟐+

𝑭𝒆𝟑+  + 𝑭𝒆𝟐+
 

𝑶− 

𝑶𝟐−   + 𝑶− + 𝑶𝟐
𝟐−

  
𝑶𝟐

𝟐− 

𝑶𝟐−   + 𝑶− + 𝑶𝟐
𝟐−

 

CP 0.42 0.15 - - 0.17 0.46 0.24 

5 Fe-CP 0.35 0.37 0.77 0.23 0.26 0.35 0.39 

10 Fe-CP 0.32 0.08 0.39 0.60 0.17 0.25 0.57 

15 Fe-CP 0.32 0.09 0.27 0.72 0.23 0.28 0.48 

20 Fe-CP 0.32 0.06 0.50 0.49 0.18 0.23 0.58 
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7.6. SOOT OXIDATION ACTIVITY 

Figure 7.6 depicts soot conversion curves to increase in temperature. The soot oxidation 

is carried out in triplicates to ensure the repeatability of the catalyst. The T50 temperature is 

noted for all the catalysts and is listed in Table 7.4. From the Table, it can be noticed that there 

was a significant reduction in T50 on loading TM 5 Fe-CP displayed better T50 at 367±2°C, and 

Pure Fe showed high T50 among all the pure TM at 498±1°C. The parameters which may 

enhance catalytic activity were analyzed from the characterization of the developed catalysts. 

The XRD studies showed that the crystallite size for all the Fe- CP catalysts was below 10nm. 

{110}/{111} facet ratio was found to be high (0.41) for 20 Fe-CP; also, 10 Fe-CP had the 

highest Oxygen vacancy ratio (IOv/IF2g) of 0.89. 

 

Figure 7.6. Soot Oxidation activity of Fex (x=0-0.2) (Ce0.9Pr0.1)(1-x) O2-δ  

Catalysts. 
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The secondary phase (Fe3O4) formation in the BSCF sample positively affected soot 

oxidation activity due to lattice/bulk oxygen vacancy (Shenoy et al. 2019). Also, high surface 

oxygen species and reducible ions greatly influence catalytic activity, as discussed previously 

in Chapter 6. 

 

7.7. KINETIC ANALYSIS 

7.7.1. Determination of Activation Energy (Ea) and Pre-Exponential Factor (A) 

 

The soot oxidation activity was performed using TGA at different heating rates, namely 

5,10,15,20 °C/min, and is employed to perform kinetic studies on the developed catalysts. 

The current chapter also determines the Ea value by model-free methods such as Ozawa, KAS, 

and CR (Ganiger et al. 2022; Gotor et al. 2000; Landa et al. 2007). The "Am" method is 

employed to obtain the A value and exponential integer "m" value which is further utilized in 

the CR method to obtain both Ea and A values for the catalysts.  

Ozawa, KAS, CR, and Am plots are plotted for all the samples and are provided in the 

Appendix section from Figure A7.1 (a-d) to A7.4 (a-d), respectively. The Ea value by all 

three methods was low for the 5 Fe-CP catalyst, whereas the pure Fe Catalyst displayed a 

higher Ea value; pure Fe catalyst obtained a high pre-exponential factor. The discussion on 

the ranges of both Ea and A values for catalytic soot oxidation activity was provided in Chapter 

5. The master plots with g(α) values calculated for different reaction models by varying 

conversion (α) are plotted and are shown in Figure A7.5 (a-d). The reaction models 

coinciding for all the catalysts were noted and are provided in Table 7.4.  
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Table 7.4. Kinetic triplets and "m" value for Fex (x=0-0.20) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts. 
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Catalyst  T50   

(°C) 

Ea (kJ mol-1)  

Reaction Model 

A ×1010 (min-1)  m 

Ozawa 

method 

KAS 

method 

CR 

method 

Am  

method 

CR  

method 

5 Fe-CP 367±2 102 98 103 A1,L4,D2,D3,D4,P3,R2 0.048 0.0012 0.87 

10 Fe-CP 376±2 118 113 118 A1,L4,D2,D3,D4,P3,R2 0.8 0.9 0.93 

15 Fe-CP 381±1 122 117 121 A1,L4,P2,P3,R2 0.14 0.12 0.90 

20 Fe-CP 390±2 116 111 123 A1,L4,D2,D3,D4,P3,R2 0.04 0.13 0.81 

Fe 498±1 160 156 160 A1,A1.5,L4,D2,P1,P2,P3,R2 2.13 1.85 1.02 
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Figure 7.7. Experimental and calculated Curves for Fex(x=0.5-0.2) (Ce0.9Pr0.1) (1-x) O2-δ Catalysts 
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It can be seen that most of the Fe-doped CP catalysts followed the nucleation and 

growth model, power law, phase boundary-controlled reaction, 2-4D diffusion model, and 

first and second-order reaction. A catalyst's reaction model follows as the reaction 

proceeds may vary at lower conversion and higher conversion values.  

 

7.7.2. Experimental and Calculated Data Comparison 

 

  The thermoanalytical curves were reconstructed, the experimental data 

obtained from TGA, and α was plotted against temperature. Comparing the experimental 

and calculated thermoanalytical curves (Figure 7.7) at a constant heating rate measures the 

adequate consistency of the kinetic triplets evaluated. From the plots obtained in Figure 

7.7, it can also be noticed 20 Fe-CP and pure Fe showed minor variation in the experimental 

and calculated curves. A certain deviation of theoretical values from experimental data at 

the extremities of reaction at both low and high conversion values can be noticed due to the 

oxidation of adsorbed hydrocarbons (Lopez-Fonseca et al. 2007). The excellent consistency 

of theoretical and experimental curves confirms that the nucleation and growth model with 

a non-integer “m” value was more suitable to define the actual soot combustion. 

Figure 7.8 (a) and (b) display dα/dT vs. Temperature and ln (k) vs. 1/T plots, 

respectively, for Fex(x=0.05–0.2) (Ce0.9Pr0.1)1-x O2-δ samples. From Figure 7.8 (a), it can be 

noticed that the 5 Fe-CP catalyst showed a better reaction rate than compared to other 

catalysts. The temperature at which the maximum reaction rate is achieved was low for 5 

Fe-doped CP catalysts. Figure 7.8 (b) also reflects that the 5 Fe-CP catalyst showed better 

kinetic activity than the other catalysts. 
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Figure. 7.8. (a) Rate vs. Temperature plot (b) Arrhenius plot for Fex(x=0-0.2) 

(Ce0.9Pr0.1)1-x O2-δ  Catalysts. 

 

 
A Study on the Effect of Transition Metal Dopants in Ceria Praseodymium Catalysts for Soot Oxidation 

Activity and its Kinetics   

0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018 0.0019 0.0020
-8

-6

-4

-2

0

2

ln
(K

)

1/T (K-1)

 5 Fe-CP

 10 Fe-CP

 15 Fe-CP

 20 Fe-CP

 Fe

(b)

200 250 300 350 400 450 500 550 600

0.0

0.1

0.2

0.3
d

(a
)/

d
t

 5 Fe-CP

 10 Fe-CP

 15 Fe-CP

 20 Fe-CP

 Fe

Temperature (oC)

(a)
d

(α
)/

d
T 



 

120 
 

Effect of Iron-doped Ceria-Praseodymium Catalysts for Soot Oxidation Activity and its Kinetics 

 

7.8. CONCLUSION 

Fe x(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts were synthesized using solution combustion 

synthesis and further characterized and tested for soot oxidation activity using TGA. From 

XRD analysis, all the doped samples ensured the fluorite structure of CeO2, whereas pure 

Fe displayed the crystalline structure of Fe2O3. 5 Fe-CP had the smallest Crystallite size 

and highest lattice strain of 6 nm and 0.0222, respectively. Raman spectroscopy revealed 

that all the doped samples possessed F2g Raman modes of CeO2 and the presence of oxygen 

vacancy peaks. The secondary phase for Eg Raman modes corresponding to Fe2O3 ~300 cm-

1 was noticed for all the Fe-doped samples.  

10 Fe-CP had the highest Oxygen vacancy ratio (IOv/IF2g) of 0.89. FE-SEM analysis 

revealed the porous nature of the catalysts, and pure Fe also resembles a network of rods. 

5 Fe-CP showed high Ce3+, O2−, and O− ions and may improve catalytic performance better 

than other Fe-doped CP catalysts. 5 Fe-CP displayed better catalytic activity with the lowest 

T50 of 367 ±2 °C, and it can be attributed to smaller crystallite size, higher lattice strain and 

lower activation energy (102 kJ mol-1).  

The descriptors controlling the soot oxidation activity of the Fe-CP catalyst system 

are (secondary phase formation and redox properties). The 5Fe-CP catalyst system showed 

better soot oxidation activity, and as the Fe content increased in the Fe-CP system, the 

catalytic activity decreased. In the next chapter, Manganese-doped Ceria-Praseodymium 

catalysts were synthesized, characterized, and obtained soot oxidation activity and kinetic 

behavior. The descriptors controlling the soot oxidation activity of the Manganese-doped 

Ceria-Praseodymium catalysts system are further explored in the next chapter.    
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CHAPTER 8  

EFFECT OF MANGANESE - DOPED CERIA - PRASEODYMIUM 

CATALYST ON SOOT OXIDATION ACTIVITY AND ITS KINETICS 

Manganese is one of the most abundant transition metals widely used in various 

applications (Khaskheli et al. 2022). Manganese gains its popularity in the field of catalysis 

mainly due to its multi-oxidation states (Ghosh 2020). Manganese oxide-based catalysts 

were reported by various researchers for soot oxidation activity (Fu et al. 2014; Ghosh 

2020; Khaskheli et al. 2022; Kuwahara et al. 2020; Neelapala et al. 2018). Catalytic soot 

oxidation relies on contact efficiency between the active sites and soot (Gao et al. 2022). 

Mn possesses a much smaller ionic size than Ce. It is easily reducible as it exists in multiple 

valance states, thereby passing on the extrinsic and intrinsic oxygen vacancies 

(Venkataswamy et al. 2016b). Pr exhibits higher ionic radii than Ce and is also easily 

reducible. Pr also exhibits a multi-oxidation state, which may further enhance the 

properties and help lower the temperature required for soot combustion (Mukherjee et al. 

2016). The current chapter describes the effect of Mn-doped CP on catalytic soot oxidation 

and its kinetics.  

 

8.1. X-RAY DIFFRACTION (XRD) ANALYSIS: 

The XRD spectra for Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ and pure Mn catalysts (Figure 

8.1) reveal that the planes observed correspond to characteristic fluorite CeO2 (Reddy et 

al. 2011; Shajahan et al. 2018). No secondary diffraction peaks attributed to pure Mn2O3 

were noticed in any doped catalyst samples.  
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The planes (200), (211), (222),(321) (400),(332), (431), (440), and (622) observed 

for pure Mn corresponded well with the bixbyite crystal structure of Mn2O3. The 

crystallite size was calculated by the Scherrer equation for all the samples and is provided 

in Table 8.1, along with the lattice strain and facet ratios {100}/{111} and {110}/{111}. 

It was noticed that 20 Mn-CP had the smallest crystallite size and highest lattice strain of 

5.67 nm and 0.0262, respectively. Pure Mn had a larger crystallite size and low lattice 

strain of 30.04 nm and 0.0043, respectively. Reactive facets are one of the most critical 

parameters to determine the ability to enhance catalytic activity.  

 

 

Figure 8.1: XRD spectra of Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ  Catalysts 
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It can be seen that the crystallite size reduced from 14.25 nm to below ~10 nm when 

Mn is added to the CP catalyst system. A substantial increase in lattice strain and facet 

ratios ({110/111}) can also be noticed from CP to Mn-CP catalysts. From the descriptors 

discussed in previous chapters, smaller crystallite sizes, high lattice strain, and high reactive 

facets may improve catalytic activity (Anantharaman et al., 2018). However, a single 

descriptor cannot be termed for catalytic activity of ceria-based materials; the multiple 

descriptors exist depending upon various reaction conditions (Capdevila et al. 2016). 

 

8.2. RAMAN SPECTROSCOPY ANALYSIS 

Figure 8.2 portrays Raman spectra for Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. The 

characteristic peak observed at ~465 cm-1 in all the doped samples can be allotted to the 

active F2g Raman modes of CeO2 which indicate a symmetric arrangement of O-Ce-O 

(Mukherjee et al. 2016; Patil et al. 2019; Shajahan et al. 2018). The significant peak of 

~560 cm-1 is attributed to Oxygen Vacancies (Ov) (Patil et al. 2019; Shajahan et al. 2018). 

Similar to XRD analysis, no significant shift in the F2g peak was detected in all the Mn-

doped samples. 

 In the case of pure Mn, the two intense peaks were noticed at 306 cm−1 (υ5 mode) 

and 643 cm−1(υ1 mode)  attributed to Mn2O3, which corresponds to the modes of Mn-O-Mn 

asymmetric and symmetric stretching (Naeem et al. 2016; Xin et al. 2022). The secondary 

phase was evident as the concentration of Mn-doping increased. Mn-CP catalysts showed 

secondary peaks of υ1 mode merged with the existing Ov peaks for 15 and 20 Mn-CP 

catalysts, and it is difficult to differentiate for 5 and 10 Mn-CP catalysts.  

The intensity ratios (IOv/IF2g) of Oxygen vacancy peaks to characteristic F2g of Ce 

were calculated for all the doped samples and tabulated in Table 8.1. It was noticed that 10 

Mn-CP displayed the highest IOv/IF2g of 0.78.  
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Figure 8.2: Raman spectra of  Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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Table 8.1. Physicochemical properties of Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 

 from XRD and Raman spectroscopy Analysis. 

 

Sample  Crystallite 

Size (nm) 

Lattice strain 

(ε) 

Facet Ratio IOv/IF2g 

{110}/{111} {100}/{111} 

CP 14 0.0107 0.24 0.38 0.77 

5 Mn-CP 7 0.0218 0.35 0.37 0.75 

10 Mn-CP 7 0.0220 0.37 0.38 0.78 

15 Mn-CP 6 0.0234 0.39 0.36 0.57 

20 Mn-CP 6 0.0262 0.40 0.38 0.60 

Mn 30 0.0043 - - - 

 

8.3.  FE-SEM ANALYSIS 

FE-SEM images of Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ and Pure Mn metal oxides at 500 

nm magnification scale are displayed in Figure 8.3 (a). Similarly to all other transition 

metals doped CP catalysts discussed in the previous chapters, Mn-doped CP catalysts 

revealed porous nature as they were synthesized by the SCS method (Aruna and Mukasyan 

2008). The particle size tends to increase as the concentration of Mn doping and the porosity 

decreases. It can be observed that pure Mn resembles a network of particles which is seen 

in the images provided at a 200 nm scale  (Figure 8.3 (b)). The porous nature of the sample 

improves the active contact points for soot and the catalyst (Drake et al. 2018). 
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Figure 8.3 (a). FE-SEM images of Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts (500nm) 
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Figure 8.3 (b). FE-SEM images of Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts (200nm) 
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8.4.  BET AND BJH ANALYSIS  

BET Surface area analysis and BJH Pore volume analysis were performed for all 

the Mn-doped Ce catalysts. The BET surface area, average Pore size distribution, and pore 

volume are summarized in Table 8.2. From the table, it can be noticed that the surface area 

varied mainly from 20 to 45 m2/g. 5 Mn-CP showed the highest SA of 45 m2/g among Mn-

CP catalysts. 20 Mn-CP had the highest average pore size of 6.94 nm, and 15 Mn-CP had 

a high total pore volume of 0.333 cc/g. The N2 adsorption-desorption isotherm and the pore 

size distribution of all the catalysts are represented in Figures 8.4(a) and (b), respectively.  

Figure 8.4(a) shows that 5 Mn-CP and 20 Mn-CP showed similar Type IV 

isotherms with H4 hysteresis with minimum adsorption for Mn-doped CP catalysts. Pure 

Mn and 10 Mn-CP also expressed Type IV isotherms with H3 hysteresis with high N2 

adsorption. 15 Mn CP Type IV isotherms showed multiple loops leading to a step-wise 

isotherm related to non-existing pores filled by sub-step to actual pores (Groen et al.2003). 

The pore size distributions of the Mn-doped catalysts were calculated by the BJH method 

from the adsorption isotherm curves and are shown in Figure 8.4 (b). The samples 

expressed narrow pore size distribution ranging from  ̴ 5 to 20nm for all the developed 

catalysts. In their studies, Yang et al. 2019 reported that the developed Mn2O3 resembled 

spongy nature and was highly porous, with a high surface area, giving better catalytic 

performances. 
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Figure 8.4 (a) : N2 Adsorption-Desorption isotherm  (b) : BJH Pore Size Distribution 

of Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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Table 8.2 BET and BJH Analysis for Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 

 

Sample  BET SA  

(m2/g) 

Pore Volume  

(cc/g) 

Avg. Pore Size 

(nm) 

CP 31 0.217 11.46 

5 Mn-CP 45 0.110 4.92 

10 Mn-CP 36 0.109 6.39 

15 Mn-CP 33 0.333 5.92 

20 Mn-CP 35 0.118 6.94 

Mn 20 0.039 4.08 

 

8.5.  XPS ANALYSIS 

           Figure 8.5 (a-d) denotes Ce 3d, Pr 3d, O1s, and Mn 2p XPS spectra for Mnx(x=0-0.2) 

(Ce0.9Pr0.1)1-x O2-δ catalysts. The Ce 3d spectrum is assigned into two sets corresponding to 

3d3/2 and 3d5/2 orbitals (Fu et al. 2014; Mittal et al. 2018). The peak position assigned to the 

oxidation states Ce4+ and Ce3+ was noted in the literature reported (Fu et al. 2014; Holgado 

et al. 2000; Mittal et al. 2018). Similarly, based on the literature reported, the deconvoluted 

XPS peaks for Pr (Pr3+ and Pr2+) and Mn (Mn2+, Mn3+, and Mn4+) were also assigned 

(Govardhan et al. 2022; Naeem et al. 2016; Niu et al. 2016; Poggio-Fraccari et al. 2018). 

The area under the curve was utilized to compute the reducibility ratio, Ce3+/(Ce3++Ce4+) 

ratio, and surface oxygen species ratio listed in Table 8.3. 

          The table shows that CP showed a high reducibility ratio for Ce3+ (0.42) and Pr3+ 

(0.55) compared to all the Mn-doped catalysts. The O1s spectra reveal the information 

corresponding to the lattice oxygen species (O2−) and the chemisorbed oxygen species (O− 

𝑂2
2−and H-O-H) (Jones et al. 2015). From  Figure 8.5, it can be seen that 5 Mn-CP and 10 

Mn-CP showed additional Oxygen species at ~534 eV, and the binding energy at 534 eV 

is assigned to the adsorbed H2O or adsorbed molecular water (Yafarova et al. 2021). 
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It can also be noticed from Table 8.3 that the presence of surface chemisorbed 

oxygen species 𝑂2
2−was found to be highest for the 5 Mn-CP catalysts, which may favor 

better catalytic activity. It can also be deduced that incorporating 5 mol % Mn into the CP 

catalyst system enhanced surface oxygen formation compared to other samples. Hence, it 

took part in the oxidation reaction efficiently. Surface-active oxygen species (O−) are also 

critical in improving catalytic activity at high temperatures  (Wei et al. 2011). CP had a 

high O− species of 0.58. 

This peak observed ~529 eV to 530 eV generally assigned to O− species. and it was 

seen that O− was absent in 5 Mn–CP. Generally, Ce-based catalysts express more than a 

single form of oxygen ion species (Sudarsanam et al. 2014a), and the active oxygen species 

obtained near binding energies near 530 eV play a critical role in oxidation reactions (Jones 

et al. 2015), which are generally assigned to O− species. The presence of lattice Oxygen 

species also plays a significant role in catalytic soot oxidation if the surface area is low 

(Liang et al. 2007b). Hence, the lattice oxygen species ratio presented in the table revealed 

that CP had the highest (0.49) O2− species, whereas chemisorbed oxygen species (O−) and 

(𝑂2
2−) species were high for 15 Mn-CP and 5 Mn-CP, respectively. Additional H-O-H peak 

was observed in the case of 5 Mn-CP and 10 Mn-CP. 

Mn consists of peaks assigned to Mn2+, Mn3+, and Mn4+ (Naeem et al. 2016; Niu et 

al. 2016). Table 8.3 shows that 15 Mn-CP had high concentrations of Mn2+ ions (0.64). 

Mn3+ ion concentrations were high (0.55) in 5 Mn-CP and 15 Mn-CP, while Mn4+ ions 

were high (0.32) in 5 Mn-CP. According to Wu et al. 2011, it has been reported that Mn is 

mainly in the Mn3+ state due to its better size compatibility with Ce4+ compared to Mn4+ 

(Murugan and Ramaswamy 2005). Mn3+ .The presence of an Mn4+ ion on the surface of a 

Ce-based catalyst is considered due to better oxygen mobility in Ce (Casapu et al. 2010).  
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Figure 8.5 (a) : (a) Ce 3d (b)Pr 3d (c)  O1s (d) Mn 2p XPS spectra  

for Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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Table 8.3: Reducibility ratio and Surface Oxygen species ratio of Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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Reducibility Ratio 

 

Lattice Oxygen 

 

Adsorbed Oxygen species 

Catalyst 
𝑪𝒆𝟑+

𝑪𝒆𝟑+  + 𝑪𝒆𝟒+ 

𝑷𝒓𝟑+

𝑷𝒓𝟑+  + 𝑷𝒓𝟒+
 

𝑴𝒏𝟐+

𝑴𝒏𝟑+  + 𝑴𝒏𝟐+
 𝑴𝒏𝟑+

𝑴𝒏𝟑+  + 𝑴𝒏𝟐+
 

𝑴𝒏𝟒+

𝑴𝒏𝟒+  + 𝑴𝒏𝟒+
 

𝑶𝟐−

𝑶𝟐−  + 𝑶− + 𝑶𝟐
𝟐− 

𝑶−

𝑶𝟐−  + 𝑶− + 𝑶𝟐
𝟐− 

𝑶𝟐
𝟐−

𝑶𝟐−  + 𝑶− + 𝑶𝟐
𝟐− 𝑯 − 𝑶 − 𝑯 

CP 
0.42 0.15 - - 0.26 

 

0.49 

 

0.24 

 

0.42 - 

5 Mn-CP 0.25 0.43 0.01 0.55 0.32 0.17 - 0.72 0.10 

10 Mn-CP 0.39 0.43 0.30 0.55 0.09 0.37 0.17 0.4 0.04 

15 Mn-CP 0.33 0.32 0.64 0.24 0.04 0.27 0.42 0.31 - 

20 Mn-CP 0.32 0.30 0.52 0.23 0.09 0.20 0.36 0.44 - 
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8.6.  SOOT OXIDATION ACTIVITY 

Figure 8.6 depicts soot conversion curves with the increase in temperature. The T50 

temperature is noted for all the catalysts and is listed in Table 8.4. From the table, it can be 

noticed that there was a significant reduction in T50 on loading Mn to the CP catalyst 

system. Mn- CP catalysts showed a comparatively high surface area and better T50 ranging 

from 365 to 395 °C. Bare CP catalyst showed T50 of 408±4 °C, whereas the lowest T50 at 

365±1°C was obtained by 5Mn-CP catalyst; Mn displayed 433±1°C. The secondary phases 

were detected by Raman spectroscopy on increasing Mn-doped CP concentration, which 

may also influence the catalytic activity.  

5-Mn CP possessed the highest SA of 45 m2/g. The replacement of higher ionic radii 

"Ce" by a smaller ionic radius "Mn" in the fluorite structure would decrease the lattice 

constant owing to improving catalytic activity (Wu et al. 2011). 5 Mn-CP had high 

concentrations of Mn3+ and Mn4+ ions along with high 𝑂2
2−  ions which may be the probable 

reason for better catalytic activity due to the redox stability of Mn and the presence of 

surface-adsorbed oxygen species.  

8.7. KINETIC ANALYSIS 

8.7.1. Determination of Activation Energy (Ea) and Pre-Exponential Factor (A) 

Ozawa, KAS, CR, and Am plots are plotted for all the samples and are provided in 

the Appendix section from Figure A8.1(a-d) to A8.4(a-d), respectively. The Ea and A 

values obtained from all three methods are represented in Table 8.4, along with the "m" 

values. The table shows that the Ea values obtained from all the methods show a slight 

difference, and the activation energy varied from 94 to 151 kJ mol-1 for the Mn-doped Ce 

catalysts.  
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Figure 8.6. Soot Oxidation activity of Mnx(x=0.05-0.2) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts 

 

     

   Pure Mn (151±3 kJmol-1) displayed an Ea value slightly higher than that of Mn-

doped catalysts. 5 Mn-CP showed the lowest Ea value of 94±1 kJ mol-1 among all the 

Mn-doped catalysts. The "m" values for the catalysts ranged from 0.78 to 1.35, almost 

close to unity. The present study also observed that the Ea is directly proportional to the 

A value. The highest A value (Am method) of 9.57× 1010 min-1 was obtained by 15 Mn-

CP.  
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The master plots with g(α) values calculated for different reaction models by 

varying conversion (α) are plotted and are shown in Figure A 8.5 (a-d). The reaction 

models coinciding for all the catalysts were noted and are provided in Table 8.4. Mn-

doped CP catalyst followed the nucleation and growth model, power law, phase boundary-

controlled reaction, 2-4D diffusion model, and first and second-order reaction. A catalyst's 

reaction model follows as the reaction proceeds may vary at lower conversion and higher 

conversion values. The discussions on literature and ranges of kinetic triplets are discussed 

previously in Chapter 5.            

8.7.2. Experimental and Calculated Data Comparison 

 

 Figure 8.7 shows the experimental and theoretical curves, and it can be seen that 

most of the catalysts had relatively good consistency in experimental and theoretical curves. 

As discussed earlier in the chapters, it also indicates that the acquired kinetic parameters 

had adequate consistency.  

Figure 8.8 (a ) and (b) portray the Rate vs. Temperature and Arrhenius plot for 

pure Mnx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts, respectively. It can be observed from Figure 

8.8 (a) that 5 Mn-CP had a maximum reaction rate, and Figure 8.8 (b) reveals that the 

kinetic activity is high for 5 Mn-CP.  
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Table 8.4. Kinetic triplets and "m" value for Mnx(x=0-0.2) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts 
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Catalysts T50   

(°C) 

Ea (kJ mol-1)  

Reaction Model 

A ×1010 (min-1)  m 

Ozawa 

method 

KAS 

method 

CR method Am  

method 

CR.  

method 

CP 408±4 111 96 94 A1.5 ,P1,P2 0.000055 0.000039 1.35 

5 Mn-CP 365±1 94 89 91 A1,A1.5,P1,P2,P3,L4 0.0013 0.0021 1.03 

10 Mn-CP 372±2 138 135 138 A1, L4, R2 4.40 1.80 0.81 

15 Mn-CP 377±2 143 140 143 A1,L4,D2,R2 9.57 7.68 0.78 

20 Mn-CP 395±3 139 148 138 A1,L4,D2,R2 2.10 2.36 0.83 

Mn 433±1 151 155 141 A1,L4,D2,D3,D4,R2 8.22 9.8 0.91 
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 Figure 8.7. Experimental and calculated Curves for Mnx(x=0.05-0.2) (Ce0.9Pr0.1)(1-x) O2-δ Catalysts. 
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Figure. 8.8: (a) Rate vs. Temperature plot (b) Arrhenius plot for Mnx(x=0,05-0.2) 

(Ce0.9Pr0.1)1-x O2-δ Catalysts. 
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8.8. CONCLUSION 

From XRD and Raman studies, the Mn-doped CP catalysts revealed the fluorite 

structure of Ceria, and the crystallite size was in the range of ~5 to 10 nm. 10 Mn-CP had 

the highest Oxygen vacancy ratio (IOv/IF2g) of 0.78. The SA was 45 to 15 m2/g. 5 Mn CP 

possessed the highest SA of 45 m2/g. CP had better reducibility compared to all Mn-

doped CP catalysts. On the other hand, 5 Mn-CP had better active surface adsorbed  

O2
− species. A better T50 (349±1 °C) may be attributed to active surface adsorbed.  

O2
− species and Mn3+ and Mn4+ ions. Kinetic analysis was conducted for all the Mn-CP 

catalysts and pure Mn oxides. Kinetic triplets, namely Activation energy, Pre-

Exponential Factor, and Reaction model, were obtained by model-free methods and the 

master plot method. The Pre-Exponential factor was high for 15 Mn-CP (9.6×1010) and 

Pure Mn (9.8×1010) by Am and CR methods, respectively. Mn-doped CP catalyst 

followed the nucleation and growth model, power law, phase boundary-controlled 

reaction, 2-4D diffusion model, and first and second-order reaction. Experimental and 

calculated curve consistency confirmed that the developed catalysts followed the Avrami-

Erofeev equation (Am) or the Nucleation and Growth model. 

In Mn-CP catalytic system, the 5Mn-CP catalyst showed better catalytic activity for 

the soot oxidation reaction. The descriptors controlling the soot oxidation activity are 

surface area, crystallite size, active surface adsorbed oxygen species, and Mn3+/Mn4+ 

surface concentration. With the increase of Mn content in the Mn-CP catalytic system, a 

secondary phase is formed, resulting in a decrease in soot oxidation activity. In the next 

chapter, Chromium-doped Ceria-Praseodymium catalysts were synthesized, characterized, 

and obtained soot oxidation activity and kinetic behavior. The descriptors controlling the 

soot oxidation activity of the Chromium-doped Ceria-Praseodymium catalysts system are 

further explored in the next chapter.    
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CHAPTER 9  

THE CATALYTIC EFFECT OF CHROMIUM - DOPED CERIA - 

PRASEODYMIUM ON SOOT OXIDATION ACTIVITY AND ITS 

KINETICS 

Chromium (Cr) is reported to be an efficient catalyst for oxidation reactions 

(Pradier et al. 2000; Stein et al. 1960). The most prominent property of Cr is it exists in 

multi-oxidation (+2 to +6) (Shupack 1991). It was also reported that Cr-based perovskites 

exhibit the best catalytic activity toward soot oxidation, mainly due to the high 

concentration of chemisorbed oxygen (Stein et al. 1960). The interaction of Cr with Ce 

improved the catalytic soot oxidation activity (Li et al. 2011). On the other hand, pure 

CeO2 performed better than Cr-Ce mixed oxides prepared by the sol-gel method via 

glucose and fructose additives (Neelapala and Dasari 2018b). In the studies conducted by 

Neelapala and Dasari 2018, the Cr incorporation into the Ce lattice reduced crystal size 

and lattice parameter; the surface area was lesser than that of pure Ce (Neelapala and 

Dasari 2018b). The present chapter deals with the catalytic investigation of Cr-doped Ce-

Pr catalysts for soot oxidation activity and its kinetics. 

 

9.1. X-RAY DIFFRACTION (XRD) ANALYSIS 

The XRD spectra for Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts are displayed in Figure 

9.1. The XRD peaks obtained in the spectra corresponded well to the characteristic 

fluorite CeO2  (Reddy et al. 2011; Vinodkumar et al. 2013). A slight shift in peaks towards 

lower 2θ was observed as the concentration of Cr increased due to variation in the ionic 

size of Cr from Ce and Pr. The shift returns to the standard 2θ value; hence, it can be 

understood that the Cr is well settled in the CP system and is saturated.   
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No secondary diffraction peaks attributed to pure Cr were noticed in doped catalyst 

samples. Pure Cr obtained the planes [(012), (104), (110), (113), (023), (116), (212), and 

(300)], which correspond to rhombohedra Cr2O3 (Awadiet al. 2020).  

The physicochemical properties obtained from XRD analysis are provided in Table 

9.1. The crystallite size obtained for all the samples ranged from 5 nm to 25 nm. Among 

the Cr- CP catalysts, 20 Cr-CP had the smallest crystallite size of 5 nm, and Pure Cr had 

the largest crystallite size of 25nm. The lattice strain was also significantly considerable 

(0.0268) for 20 Cr-CP. The facet ratios [{100}/{111} and {110}/{111}] were also 

estimated and tabulated in Table 9.1. A substantial increase in lattice strain and facet 

ratios can also be noticed from CP to Cr-CP catalysts. Hence, doping Cr into CP may 

significantly impact the catalytic activity. 

 

 

Figure 9.1: XRD spectra of Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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9.2. RAMAN SPECTROSCOPY ANALYSIS 

Figure 9.2 portrays Raman spectra for Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ.  The peak 

observed at ~465 cm-1 is allotted to the active F2g Raman modes of CeO2(Mukherjee et al. 

2016; Patil et al. 2019; Shajahan et al. 2018). Another significant peak at ~560 cm-1 

obtained is assigned to Oxygen Vacancies (Ov) peak. It was also noticed that as the 

concentration of Cr increases, the intensity of O2 decreases. 

No significant shift in the F2g peak was detected in all the doped samples. The peaks 

obtained from both "A1g" and "Eg" modes observed at ~ 303 cm-1, 348 cm−1,548 cm−1,607 

cm−1, and 648 cm−1 assigned to the Raman modes of Cr2O3 (Bhardwaj et al. 2022; Guillén 

and Herrero 2021). No secondary peaks were observed for Cr-doped CP catalysts. The 

intensity ratios (IOv/IF2g) of the Ov  F2g peak are calculated and tabulated in Table 9.1. 10 

Cr-CP displayed the highest IOv/IF2g of 0.78.  

 

Table 9.1. Physicochemical properties of Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts from 

XRD and Raman spectroscopy Analysis 

 

Sample  Crystallite 

Size (nm) 

Lattice strain 

(ε) 

Facet Ratio IOv/IF2g 

{110}/{111} {100}/{111} 

CP 14 0.0107 0.24 0.38 0.77 

5 Cr-CP 8 0.0183 0.34 0.40 0.75 

10 Cr-CP 7 0.0226 0.35 0.36 0.78 

15 Cr-CP 6 0.0261 0.40 0.39 0.68 

20 Cr-CP 5 0.0268 0.36 0.34 0.57 

Cr 25 0.0050 - - - 
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Figure 9.2: Raman spectra of Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 

 

9.3.  FE-SEM ANALYSIS 

FE-SEM Micrographs of Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ. catalysts at 500 nm 

and 200 nm magnification are displayed in Figure 9.3 (a) and (b), respectively. Similar to 

all the catalysts discussed in the previous chapters, the Cr-doped CP catalysts also revealed 

porous nature mainly due to the evolution of gases during the synthesis process (Aruna and 

Mukasyan 2008). It was also noticed that the particle size tends to increase as the 

concentration of Cr increases and the porosity decreases. Cr-CP catalysts displayed porous 

agglomerates, whereas Cr2O3 displayed a rod-like structure which can be observed in Figure 

9.3 (b).  
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Figure 9.3 (a). FE-SEM analysis of Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts (500nm) 
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Figure 9.3 (b). FE-SEM analysis of Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts (200nm) 
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9.4.  BET AND BJH PORE SIZE ANALYSIS  

BET Surface area analysis and BJH Pore volume analysis were performed for all 

the catalysts to determine their influence on the catalytic activity summarized in Table 

9.2. From the table, it can be noticed that the surface area varied mainly from 36 to 96 

m2/g. Among the Cr-CP catalysts, 20 Cr-CP showed a high SA of 96 m2/g with Avg. 

pore size and volume of 5.10 nm and 0.11 cc/g, respectively. The adsorption-desorption 

isotherm and the pore size distribution of all the catalysts are represented in Figures 9.4 

(a) and (b), respectively. 

From Figure 9.4(a), for Cr-CP catalysts, it can be noticed that the catalysts 

followed Type IV isotherms with H3 hysteresis. 20 Cr-CP catalysts showed maximum 

N2 adsorbed. Hence, mesoporous agglomerates can be confirmed for all the samples (Fu 

et al. 2021). The pore size distributions of the catalysts were calculated by the BJH 

method from the adsorption isotherm curves and are shown in Figure 9.4 (b). The 

samples expressed pore diameters ranging from  ̴ 5 to 25 nm for all the developed 

catalysts. 

 

Table 9.2. BET Analysis of Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 

 

 

Sample  

BET SA  

(m2/g) 

Pore Volume  

(cc/g) 

Avg. Pore Size 

(nm) 

CP 31 0.217 11.46 

5 Cr-CP 36 0.076 4.33 

10 Cr-CP 42 0.109 5.28 

15 Cr-CP 44 0.111 5.12 

20 Cr-CP 96 0.245 5.10 

Cr 43 0.165 3.53 
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Figure 9.4 (a) Adsorption-Desorption isotherm (b) BJH Pore Size Distribution of 

Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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9.5. XPS ANALYSIS 

XPS spectra of Ce 3d, Pr 3d, O1s, and Cr 2p were depicted in Figure 9.5 (a-d), 

respectively. The peak positions assigned to Ce (Ce4+ and Ce3+ ), Pr (Pr4+ and Pr3+ ) were 

noted in the literature reported (Fu et al. 2014; Holgado et al. 2000; Mittal et al. 2018; 

Poggio-Fraccari et al. 2018). The O1s spectra consist of lattice oxygen species (O2−) and 

the chemisorbed oxygen species (O− 𝑂2
2− and H-O-H) (Jones et al. 2015; Patil et al. 2019). 

The Cr 2p spectra provide information on surface Cr ions and show that Cr generally has a 

multi-oxidation state (Cr2+ to Cr6+) (Shupack 1991). It was noticed in Figure 9.5c that the 

spectra consist of Cr 3+ and Cr 4+ ions on the surface. Table 9.3 reveals the information on 

the reducibility ratio of reducible ions (Ce3+, Pr4+  Cr 3+, and Cr 4+) and surface oxygen ion 

ratio for Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. It can be seen from the table that the CP 

showed a high reducibility ratio of 0.43 for Ce3+ and 5 Cr-CP  had high Pr 3+ ions (0.40 ) 

compared to all the Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts.  

It can also be noticed from Table 9.3 that the presence of surface chemisorbed 

oxygen species O− and 𝑂2
2− was found to be highest for the 15 Cr-CP and 10 Cr-CP 

catalysts, respectively. 5 Cr-CP catalysts comprised additional oxygen species at ~534 eV, 

assigned to adsorbed molecular water (Yafarova et al. 2021). Generally, Ceria-based 

catalysts express more than a single form of oxygen ion species (Sudarsanam et al. 2014a), 

which may influence catalytic activity. The presence of O2−species also plays a significant 

role in catalytic soot oxidation if the surface area is low (Liang et al. 2007b). Hence, the 

O2−species ratio presented in the table revealed that 20 Cr-CP had the highest (0.79) O2− 
 

species than other Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. When considering Cr 2p spectra, 

Cr3+ surface ions were high (0.40) for 5 Cr-CP ions, and Cr4+ concentration was high (0.53) 

for 10 Cr-CP ions. Cr3+ is the most stable oxidation state than Cr2+, Cr4+, Cr5+, and Cr6+ ( 

Mangaiyarkarasi et al. 2011). The surface ionic species' concentration and interactions may 

boost the adsorption capacity (Cai et al. 2015).  
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Figure 9.5 (a) Ce 3d (b)Pr 3d (c)  O1s (d) Cr 2p XPS spectra 

for Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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Table 9.3: Reducibility ratio and Surface Oxygen species ratio of Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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Reducibility Ratio 
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 𝑯 − 𝑶 − 𝑯 

CP 0.42 0.15 - - 0.17 0.46 0.24 - 

5 Cr-CP 0.18 0.40 0.40 0.40 0.14 0.23 0.30 0.31 

10 Cr-CP 0.18 0.35 0.18 0.53 0.12 0.23 0.64 - 

15 Cr-CP 0.31 0.20 0.27 0.33 0.22 0.48 0.28 - 

20 Cr-CP 0.31 0.30 0.25 0.33 0.79 0.20 - - 
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9.6.  SOOT OXIDATION ACTIVITY 

Figure 9.6 depicts soot conversion curves with an increase in temperature. The T50 

temperature is noted for all the catalysts and is listed in Table 9.4. From the table, it can be 

noticed that there was a significant reduction in T50 on loading Cr and the CP system. CP 

showed T50 of 408±4 °C. 5 Cr-CP exhibited T50 of 393±2°C, and T50 remained constant 

~413°C on further addition of Cr; Pure Cr displayed T50 of 422±1°C.  

The descriptors and catalyst properties, which may probably enhance catalytic 

activity, were analyzed from the characterization of the developed catalysts. The XRD 

studies showed that the crystallite size for all the Cr-doped CP was reduced and increased 

in lattice strain and Facet ratios. Raman analysis confirmed the presence of Ov peaks for all 

Cr-doped CP catalysts. 20 Cr CP possessed the highest SA of 96 m2/g. CP had a better 

reducibility ratio for Ce3+ and Pr3+ ions. On the other hand, 5 Cr-CP had high concentrations 

of Cr3+ ions. 20 Cr-CP had better lattice oxygen species (O2-), whereas the surface 

chemisorbed oxygen species O− and 𝑂2
2− was found to be highest for the 15 Cr-CP and 10 

Cr-CP catalysts, respectively. Additionally, adsorbed H2O or adsorbed molecular water 

peak in O1s spectra was observed for 5 Cr-CP catalyst alone. Hence, 5 Cr-CP showed better 

T50 of  393±2°C mainly due to the presence of Cr3+ ions species from XPS analysis. 
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Figure 4.7. Soot Oxidation activity of Crx(x=0,05-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 

 

9.7. KINETIC ANALYSIS 

9.7.1. Determination of Kinetic Triplets (Activation Energy (Ea) and Pre-Exponential 

Factor (A) and Reaction Model). 

 

As described in previous chapters, the Ea value was determined by model-

free methods such as Ozawa, KAS, and CR (Ganiger et al. 2022; Gotor et al. 2000; Landa 

et al. 2007). The "Am" method is employed to obtain the A value and exponential integer 

"m" value which is further utilized in the CR method to obtain both Ea and A values for 

the catalysts.  
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Ozawa, KAS, CR, and Am plots are plotted for all the samples and are provided in 

the Appendix section from Figure A9.1(a-d) to A9.4(a-d), respectively. The Ea and A 

values obtained from all three methods are represented in Table  9.4, along with the "m" 

values. The activation energy varied from 87 to 143 kJmol-1 for the Cr-doped CP catalysts. 

15 Cr-CP displayed lower Ea values of 87 kJmol-1, while 5 Cr-CP showed a higher Ea value 

of 143 kJmol-1 among all the Cr-doped CP catalysts. In the present study, "m" values for the 

catalysts ranged from 0.5 to 1.5; hence the possibility of various reaction models can be 

predicted. The highest A value (Am method) of 7.39 × 1010 min-1 was obtained by 5 Cr-CP, 

and the lowest 15 Cr-CP obtained a value of 0.00014× 1010 min-1 among the Cr-doped CP 

catalysts. 

The master plots with g(α) values calculated for different reaction models by 

varying conversion (α) are plotted and are shown in Figure A9.5 (a-d). The reaction models 

coinciding for all the catalysts were noted and are provided in Table 9.4. It can be seen that 

most of the catalysts followed the nucleation and growth model. Cr-doped CP catalyst 

followed a power law; phase boundary controlled reaction, nucleation, and growth model.  

9.7.2. Experimental and Calculated Data Comparison 

 

 Figure 9.8 shows thermoanalytical curves for experimental and calculated 

data for Crx(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. It revealed that most catalysts had a 

relatively good consistency compared to all other samples. It also indicates that the 

proposed kinetic analysis was suitable for modeling soot combustion. It also signifies that 

the nucleation and growth model plays a significant role in describing the reaction 

mechanism. Substantial deviation in the plots indicates that it does not follow the 

Nucleation and Growth model for all α values. It can be seen that as the concentration of 

Cr increased, the deviation was evident. 
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Table 9.4. Kinetic triplets and "m" value for Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts. 
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Catalyst  T50   

(°C) 

Ea (kJ mol-1)  

Reaction Model 

A ×1010 (min-1)  m 

Ozawa 

method 

KAS 

method 

CR method Am  

method 

CR  

method 

CP 408±4 111 96 94 A1.5 ,P1,P2 0.000055 0.000039 1.35 

5 Cr-CP 393±2 143 145 144 A1, P3, L4 7.39 5.36 0.93 

10 Cr-CP 413±1 138 141 138 A1, L4 3.44 2.39 0.79 

15 Cr-CP 413±2 87 90 85 A1,A1.5,A2,P1,P2,P3,L4 0.00014 0.00016 1.36 

20 Cr-CP 413±3 103 108 105 A1,A1.5, P1,P2, L4,R2 0.0050 0.012 1.08 

Cr 422±1 106 103 105 A1.5, P1 0.0017 0.0013 1.43 



 

156 
 

The catalytic effect of Chromium-Doped Ceria-Praseodymium Catalysts on Soot Oxidation Activity and its Kinetics 

 

Figure 9.8. Experimental and calculated curves for Crx(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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Figure 9.7. (a) Rate vs. Temperature plot (b) Arrhenius plot 

for Crx(x=0.05–0.2) (Ce0.9Pr0.1)1-x O2-δ Catalysts 
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Figure 9.9 (a) and (b) demonstrate dα/dT vs. temperature and ln (k) vs. 1/T plots, 

respectively, for Crx(x=0.05–0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. From Figure 9.9 (a), it can be noticed 

that 5 Cr-CP had a higher rate compared to the other catalyst.  From Figure 9.9 (b), the kinetic 

activity is high for 5 Cr-CP and the least for the Pure Cr catalyst. 

 

 

9.8. CONCLUSION 

Crx(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts were successfully developed by the SCS method. 

The XRD studies showed reduced crystallite size for all the Cr-doped CP and increased lattice 

strain and Facet ratios. Raman analysis confirmed the presence of Ov peaks for all Cr-doped CP 

catalysts. 20 Cr CP possessed the highest SA of 96 m2/g. CP had a better reducibility ratio for 

Ce3+ and Pr3+ ions. On the other hand, 5 Cr-CP had high concentrations of Cr3+ ions. 20 Cr-CP 

had better lattice oxygen species (O2-), whereas the surface chemisorbed oxygen species O− and 

𝑂2
2− was found to be highest for the 15 Cr-CP and 10 Cr-CP catalysts, respectively. 

Additionally, adsorbed H2O or adsorbed molecular water peak in O1s spectra was observed for 

5 Cr-CP catalyst alone. From TGA analysis for soot oxidation, 5 Cr-CP showed better T50 of  

393±2°C mainly due to the presence of Cr3+ ions species from XPS analysis. 

Kinetic analysis was conducted for all the Cr-doped CP catalysts to evaluate kinetic 

triplets, namely the Activation energy, Pre-Exponential Factor, and Reaction model. The 

activation energy was lowest (87 kJmol-1, Ozawa method) for 15 Cr-CP, and the Pre-

Exponential factor was high for 5-Cr-CP (7.39 × 1010 min-1).  
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The catalysts followed a power law; phase boundary controlled reaction, nucleation, 

and growth model. Experimental and calculated curve consistency confirmed that the 

developed catalysts followed the Avrami-Erofeev equation (Am) or the Nucleation and 

Growth model.  

The surface concentration of Cr3+ and Pr3+ played a significant descriptor role, and 5Cr-

CP catalytic system showed better soot oxidation activity than other Cr-CP catalytic systems. 

As the Cr concentration increased, there was a decrease in the Cr3+ and Pr3+ concentrations in 

the Cr-CP catalyst system. Compared to other transitional metal-doped CP catalytic systems 

with increased Cr content, there is only a slight decrease in soot oxidation activity. From 

Chapters 5 to 9, it is observed that irrespective of the transitional metal, 5 mol% transitional 

metal doping in the Ceria- Praseodymium catalytic system showed better soot oxidation activity 

even though various descriptors controlled the activity. In the next chapter, 5 mol% transitional 

metal doped Ceria-Praseodymium catalyst nanofibers were obtained using an electrospinning 

technique, characterized, and tested for soot oxidation activity.      
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CHAPTER 10 

ELECTROSPUN TRANSITION METAL (T.M(X=0.05) = Cr, Mn, Fe, Co, Cu) - DOPED 

Ce0.9Pr0.1O2-δ (CP) NANOFIBERS AND ITS SOOT OXIDATION ACTIVITY 

 

10.1. BACKGROUND 

 

Electrospinning is a widely used technology for nanofiber fabrication with controllable 

diameter and structure (Bhardwaj and Kundu 2010). The electrospinning technique gained 

significant attention as it can fabricate nanofibers on a nanometer scale with high quality (CUI 

et al. 2008; Stegmayer et al. 2022). Unique electrospinning methods can produce nanofibers 

with porous core-shell or hollow nanofiber structures (Thavasi et al. 2008). Nanofibers are used 

in several catalytic applications, such as photocatalysis and oxidation reactions (Stegmayer et 

al. 2022). Nanofibers in the past decade indicated a favorable impact and represented a key 

technology for environmental applications (Thavasi et al. 2008). 

 Nanofibers as soot oxidation catalysts are preferred due to increased surface area, 

eventually leading to enhanced soot and nanofiber contact points (Stegmayer et al. 2022). Ce-

based nanofibres for soot oxidation have been studied and are reported to improve the catalytic 

performance (Bensaid et al. 2013b; Stegmayer et al. 2022; Zhu et al. 2022). Miceli et al. 2014 

reported that Ce-based nanofibers enhance soot-catalyst contact and contact morphology. The 

number of soot-catalyst contact points plays a significant role in solid-solid catalysis (Stegmayer 

et al. 2022; Zhu et al. 2022). 
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 Similarly, Lee et al. (Lee et al. 2015) studied Ag-supported electrospun CeO2 nanofibers 

for diesel soot oxidation with nanofibers ranging from ~241–253 nm dia. The temperature at 

which 50% of soot converted (T50) was reported to be ~530-495°C under tight contact mode. 

Bensaid et al. (Bensaid et al. 2013a) worked on fibrous CeO2 catalysts for soot oxidation. It was 

reported that the morphology affects the nature of soot–catalyst contact. It was also concluded 

that the nanofibers are one of the perfect morphologies for soot combustion due to soot particles 

being entrapped in a network of fibers, augmenting the sum of contact points. Aneggi et 

al.(Aneggi et al. 2014b) reported that morphologically controlled catalysts could enhance 

catalytic performance due to increased active or contact points. 

Kumar et al. (Kumar et al. 2012a) produced CeO2 nanofibers and deposited them on a SiC 

lab scale and real DPFs to promote soot combustion. It was reported that the soot oxidation was 

better inside the DPF when coated with nanofibers than other morphologies. Kumar et al. 

(Kumar et al. 2012b) also performed studies on CeO2 and Co-CeO2 nanofibres for diesel soot 

oxidation activity; it was determined that the mobility of the oxygen species was enhanced due 

to cobalt loading. It was also inferred that the fibrous morphology could trap and convert soot 

to non-detrimental form at low temperatures. Stegmeyar et al. (Stegmayer et al. 2022) reported 

that the differences in surface area and crystallite sizes might only not influence the catalytic 

behavior as the soot oxidation reaction takes place on the external surface of the fibers. From 

the previous chapters, it was noticed that doping 5 mol % in the Ceria- Praseodymium catalytic 

system showed better soot oxidation activity even though various descriptors controlled the 

activity. 

The present work is directed to develop efficient Transition Metal (T.Mx(X=0.05) = Cr, Mn, 

Fe, Co, Cu) doped (Ce0.9Pr0.1)0.95 O2-δ nanofibres using the electrospinning technique for 

catalytic soot oxidation.  
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10.2. XRD AND RAMAN SPECTROSCOPY ANALYSIS 

 

Fig. 10.1 (a) displays the XRD spectra of electrospun nanofibers. From the Figure, it 

can be seen that all the nanofibers show evidence of planes corresponding to the cubic fluorite 

structure of CeO2 (Mukherjee et al. 2016; Prasad et al. 2012b). No impurity phase was noticed in 

the nanofiber's spectra, indicating that all the transition metals were incorporated well into the 

CP catalyst system. Hence solid solution formation can be confirmed from the XRD analysis. 

The physicochemical parameters obtained from XRD and Raman spectroscopy analysis 

are tabulated in Table 10.1. The crystallite size obtained for all the nanofibers is in the range of 

8 to 14 nm. The crystallite size decreased from 14 nm with the addition of transition metals. 5 

Fe-CP and 5 Mn-CP obtained a smaller crystallite size of ~8 nm. In contrast, CP had a crystallite 

size of ~14 nm, which indicates a slight decrease in crystallite size with the addition of transition 

metals into the CP catalyst system due to solid solution formation. It can be noticed that the 

lattice strain increased to some extent from 0.0107 to 0.0193 with the addition of T.M. into CP. 

The facet ratios for exposed reactive planes (200) and (220) were calculated and reported in 

Table 10.1. Remarkably there was no significant change in the facet ratio {100}/{111}, and the 

ratio ranged with a narrow range from 0.32 to 0.35. Whereas the facet ratio of {110}/{111} 

ranged from 0.30 to 0.43. The above analysis indicates that the physicochemical properties of 

the nanofibers showed no significant difference with the transition metals doping. The facets 

for the reactive planes (200) and (220) are generally where the oxygen vacancy formation is 

less than that on the (111) plane (Cordatos et al. 1996). Hence the increase in the ratio signifies 

the improved oxygen vacancies, which may play a vital role in influencing catalytic soot 

oxidation activity. 
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Figure 10.1: XRD analysis for T.M(x=0.05) doped (Ce0.9Pr0.1) O2-δ nanofibers 

 

Figure 10.2 represents the Raman spectra of electrospun nanofibers. It can be observed 

from the figure that all the nanofibers exhibited the F2g mode of CeO2, which is attributed to the 

symmetric breathing of O-Ce-O atoms (Anantharaman et al. 2018d; Shajahan et al. 2018). All 

the nanofibers also exhibited a peak of ~560 cm-1, corresponding to oxygen vacancies. As 

observed from XRD analysis, Raman spectra show no evidence of impurity or secondary 

phases.  
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The intensity ratio (Iov/IF2g) was calculated to evaluate the Ov concentration in the 

nanofibers and is shown in Table 10.1. From the intensity ratios calculated, it can be seen that 

the values ranged from 0.26 to 0.40, where 5 Cr-CP had the lowest Iov/IF2g of 0.26.  

 

Figure 10.2: Raman spectroscopy analysis for T.M(x=0.05) doped (Ce0.9Pr0.1)O2-δ 

nanofibers 
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10.3.  BET-BJH ANALYSIS 

 

BET and BJH analysis was performed for all the electrospun nanofibers. The surface 

area of the nanofibers varied from 59 to 128 m2/g.  Figure 10.3(a) demonstrates the N2 

adsorption-desorption isotherm, which indicates that all the catalysts followed Type 1V 

adsorption with H4 hysteresis, indicating the presence of mesoporous and microporous nature 

(Thommes et al. 2015).  

The obtained nanofibers' average pore size diameter and pore volume ranged from 

05.42 to 15.16 nm and 0.09 to 0.35 cc/g, respectively. 5 Cr-CP and 5 Cu-CP gained the largest 

and smallest pore size and volume, respectively. Figure 10.3(b) displays the pore size 

distribution of the obtained nanofibres. It can be noticed that the pore size was distributed 

between 5 to 15 nm, confirming the presence of mesopores (Thommes et al. 2015). 

10.4. FE-SEM ANALYSIS  

 

Figure 10.4 shows the FE-SEM images of T.M doped CP nanofiber catalysts obtained 

by electrospinning technique and calcined at 600℃ / 5 h in the air at atmospheric pressure. It 

can be observed in Figure 10.4a shows some morphological changes in the nanofiber structures 

by adding transitional metals (T.M= Cr, Mn, Fe, Co, and Cu) as dopants in the CP-based catalyst 

system. The cross-linked nanofiber webs are thin in CP catalyst, and adding transitional metals 

increases the number of cross-linked nanofiber webs. 5 Cr-CP and 5 Cu-CP nanofiber catalysts 

displayed similar nanofiber morphology with irregular cross-linked nano-finer webs. 5 Mn-CP 

and 5 Fe-CP catalysts showed similar cross-linked nanofiber webs.  
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Figure 10.3: (a) N2-adsorption-desorption isotherm (b) Pore size distribution curves 

for T.M(x=0.05) doped (Ce0.9Pr0.1) O2-δ nanofibers 
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Figure 10.4b shows that the diameter of a single nanofiber string of CP catalyst is 

around ~246 nm. With the addition of transitional metals (Cr, Mn, Fe, Co, and Cu) as dopants 

in the CP-based catalyst system, the diameter of the single nanofiber string is decreased, and it 

is in the range of 100 ~ 170 nm.  

Lee et al.2015, fabricated the three-dimensional arrangements of LSCF perovskite-

based oxide nanofibers and the 3D nanofiber web (with a thickness of ~ 55µm and nanofiber 

diameter of ~ 240 nm) the high-contact area by soot in the unique pore structure which enhanced 

the soot oxidation activity. The macropores developed in YSZ nanofiber were of bimodal 

distribution with a size range of 50 and 180 nm. Compared with the literature (Stegmayer et al. 

2022, Lee et al. 2015 and Liang et al. 2021) in the present study, the addition of transitional 

metals (Cr, Mn, Fe, Co, and Cu) as dopants in the CP-based catalyst system, the diameter of the 

single nanofiber string is decreased, and it is in the range of 100~170nm. The Cobalt 

incorporated into Ceria fibrous structure displayed a diameter in the range of 120~200 nm. The 

improvement in performance in solid-solid-gas reaction, i.e., soot oxidation, is owed to the Co-

Ce mixed oxide nanofiber diameter (Stegmayer et al. 2022).  
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Table 10.1: Physicochemical properties of T.M(x=0.05) (Ce0.9Pr0.1)1-x O2-δ nanofibers obtained from XRD, Raman Spectroscopy, 

and BET-BJH analysis along with String diameter and T50 temperature. 

 

Sample  Crystallite 

Size (nm) 

Lattice 

strain (ε) 

Facet Ratio  

Iov/IF2g 

BET  

SA 

m2/g 

Avg. Pore 

Size 

(nm) 

Pore 

volume 

(cc/g) 

String 

diameter 

(nm) 

T50 

(°C) 

{100}/ 

{111} 

{110}/ 

{111} 

CP 14 0.0107 0.35 0.42 0.40 128 08.06 0.25 246-256 412 

5 Cr-CP 10 0.0151 0.34 0.32 0.26 094 15.16 0.35 103-146 379 

5 Mn-CP 08 0.0182 0.35 0.35 0.40 071 14.74 0.26 130-336 394 

5 Fe-CP 08 0.0193 0.32 0.30 0.32 089 06.22 0.13 187-210 391 

5 Co-CP 10 0.0145 0.35 0.43 0.34 059 12.80 0.18 157-290 415 

5 Cu-CP 10 0.0147 0.35 0.43 0.28 067 05.42 0.09 141-365 388 
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Figure 10.4(a): FE-SEM images of T.M(x=0.05) (Ce0.9Pr0.1)1-x O2-δ nanofibers  (2µm) 
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Figure 10.4(b): FE-SEM images of T.M(x=0.05) (Ce0.9Pr0.1)1-x O2-δ nanofibers (200 nm) 
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10.5. SOOT OXIDATION ACTIVITY 

 

The soot oxidation activity of T.M doped CP nanofiber catalysts is depicted in Figure 

10.5. The T50 temperature (Table 10.1) is in the order of 5Cr-CP (379°C) < 5Cu-CP (388°C)< 

5Fe-CP (391°C) < 5Mn-CP (394°C) < CP (412°C) <5Co-CP (415°C). 5Cr-CP displayed better 

catalytic activity, possibly due to the high average pore size diameter (15.16 nm) and pore 

volume (0.35 cc/g) compared to other developed nanofibres. 5 Cr-CP nanofiber catalysts also 

possessed the lowest diameter of ~103 to 146 nm, whereas the diameter of nanofiber catalysts 

ranged from ~103 to 365 nm.  It was also noticed that the descriptors influencing nanopowder's 

catalytic activity showed no significant influence on the catalytic activity of nanofibers. Here, 

the morphology of the nanofibers played a critical role in influencing catalytic performance.  

 

 

Figure 10.5: Soot conversion curves of T.M(x=0.05) (Ce0.9Pr0.1)1-x O2-δ nanofibers 
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Stegmayer et al. (Stegmayer et al. 2022) fabricated Co-Ce mixed oxides nanofibers using 

an electrospinning technique and tested them for diesel soot reaction and reported that the 

contact points between the catalyst and soot particles were enhanced due to the nanofiber 

diameter. Hanying Liang et al.(Liang et al. 2021) developed highly reactive and thermally 

stable silver-loaded yttria (Ag/YSZ) macroporous fiber-like catalysts for soot oxidation activity 

and abundant defect sites on the surface of Ag-loaded macroporous YSZ resulted in silver re-

dispersion further resulting in enhancement of the reactive oxygen species and thus improved 

the activity. 

 

10.6. TGA-FTIR OF SOOT OXIDATION ACTIVITY 

 

When TGA is hyphenated with FTIR, information regarding evolved gas composition can 

be deduced. The absorbance bands provide information on the typical compounds present 

during the oxidation reaction. Figure 10.6 demonstrates three-dimensional (3D) TGA-FTIR 

plots for electrospun nanofibers mixed with soot.  

The carrier gas carries the gases evolved to the IR, and the absorbance bands and 

vibrational modes acquired in the IR region (450-4000 cm-1) are identified. The vibrational 

modes of functional groups present in the gases obtained at different temperatures are 

represented in the 3D spectra. The stretching bands below 500 cm-1 are related to Ce-O 

stretching vibration of the catalyst. The temperature range of the TG furnace is provided from 

200 to 600 °C at 10 °C min-1. From Figure 10.6, it can be observed that as the temperature 

increases, the intensity at a particular wavenumber also increases due to a rise in the gas 

evolved and wasn't observed at lower temperatures (<300 °C) and higher temperatures (>550 

°C). The sharp, intense peaks observed below 500 cm-1 are assigned to the cubic fluorite 

structure of CeO2 (Anantharaman et al. 2017).   
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Figure 10.6: TGA-FTIR Plots for T.M(x=0.05) (Ce0.9Pr0.1)1-x O2-δ nanofibers 
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It was noticed that the peaks reach a maximum at a temperature of around 400- 450 °C due 

to the evolution of CO2. As per Tan and Lebron 2012, the IR modes for CO are observed around 

~2144 cm–1, whereas bands for CO2 were obtained at ~ 669 and 2349 cm–1. Abdul Jameel et al. 

2017 also reported the IR bands ~ 2400–2224 and 2180–2108 for CO2 and CO, respectively. 

In the present study the peaks ~ 670-672 cm–1 and in the range of 2300-2360 cm–1, which may 

be assigned to CO2. The peaks observed at ~500 cm-1, which is generally assigned to CeO2 in 

FTIR spectra which represents Ce-O stretching vibration. 

5 Co-CP showed an intense peak at ~ 425 °C, whereas the intensity was low for 5 Cr-CP. 

From soot oxidation curves observed in Figure 10.5, 5 Co-CP had the highest T50 of 415 °C 

compared to other T.M doped nanofibers, and 5 Cr-CP had the lowest T50 of 379 °C. From the 

present chapter, it can be concluded that, for catalytic soot oxidation activity, 5Cr-CP 

performed better mainly due to low nanofiber diameter, high average pore size diameter, and 

high pore volume, improving the contact points.  

It was understood in the previous chapters that each transition metal had various properties 

responsible for better performance for catalytic activity. 5Co-CP, in nano-powder form 

performed better with lower T50 of 350 °C due to better reducibility and high oxygen vacancy 

ratio wheras T50 was high (415 °C) for 5 Co-CP in nanofibers form.  Hence it can be said that 

the nanostructured catalysts may not be the factor influencing catalytic activity but depend on 

various parameters, such as smaller crystallite size, high facet ratios, surface area, pore volume 

and diameter, presence of oxygen vacancies, ionic active oxygen species, morphology or 

structure, and reducible ions which ultimately improves the contact points between soot and 

the catalyst. 
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10.7. CONCLUSIONS 

 

The transition metal (TM (5 mol%) = Cr, Mn, Fe, Co, and Cu) -doped Ceria-Praseodymium 

catalysts nanofibers are synthesized using an electrospinning technique, characterized and 

tested for soot oxidation activity. Some of the key points are noted below: 

• XRD analysis revealed the solid-solution formation in all transitional metal-doped 

Ceria-Praseodymium catalysts nanofibers, and the crystallite size decreased, and 

lattice strain increased with the transition metal doping. 

• Raman spectroscopy analysis also showed the F2g mode of Ceria and the presence 

of oxygen vacancies, and no secondary phase peaks were identified, confirming the 

formation of solid-solution. 

• There is a decrease in surface area with the addition of transitional metal, and 5Cr-

CP nanofibers showed larger average pore size and pore volume. The nano string 

diameter is smaller than all other nanofiber catalysts resulting in better soot 

oxidation activity.  
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CHAPTER 11 

CONCLUSIONS  

11.1. SUMMARY 

 

The summary drawn from the research with respect to the transition metal-doped Ceria-

Praseodymium catalyst system for soot oxidation activity is discussed in this section. 

 

Transition metal-doped Ceria-Preseodymium catalysts were successfully synthesized, 

characterized by various characterization tools, and tested for soot oxidation activity, and their 

kinetic studies were explored. 

 

Copper-doped Ceria-Praseodymium catalysts system is synthesized, characterized, and tested 

for soot oxidation activity, and some of the key points are noted below: 

• Pure Ce, Pr, Cu, and Cu(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ doped samples were synthesized using 

the SCS method calcined at 600/5h. Ce, Pr, and the doped samples showed a cubic 

fluorite structure, and Cu displayed a monoclinic structure. 

• The T50 temperature obtained for the soot oxidation activity is in the order of 5Cu-CP 

(402 °C) > CP (408 °C)> Pr (410 °C) > Ce (413 °C) = 10Cu-CP (413 °C) = 15Cu-CP 

(413 °C) = 20Cu-CP (413 °C)> Cu (440 °C). 

• The better catalytic activity of 5 Cu-CP (T50 =402 °C) may be attributed to high reactive 

planes and the presence of high chemisorbed oxygen species (O− ) than all other 

catalysts. 
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• The kinetic triplets (activation energy, pre-exponential factor, and reaction model) were 

evaluated for all the samples. Pure Ce and Cu displayed the lowest and highest Ea and 

A values, respectively, with all the methods employed. Most doped catalysts followed 

the nucleation and growth model except Pure Pr and Cu catalysts. 

• 5 Cu-CP followed the phase boundary controlled reaction (P1-3) for lower conversion, 

and 1-3 dimensional diffusion (D1-3) was observed at a higher conversion value. 5 Cu-

CP also had a higher rate of reaction compared to other catalysts. 

Cobalt-doped Ceria-Praseodymium catalysts system is synthesized, characterized, and tested 

for soot oxidation activity, and some of the key points are noted below: 

• From XRD studies, Cox (x=0-0.20) (Ce0.9Pr0.1)(1-x) O2-δ catalysts revealed the fluorite 

structure of CeO2, and the crystallite size was in the range of ~9 nm. Pure Co and CP 

had a crystallite size of ~28nm and 14 nm, respectively. 

• Facet ratios for {110}/{111} and {100}/{111} was obtained high (~ 0.40 and 0.44, 

respectively ) for 15 Co-CP catalyst system. 

• F2g Raman active mode of fluorite structured Ce was visible in all Cox (x=0-0.20) 

(Ce0.9Pr0.1)(1-x) O2-δ catalysts. Bands ~560 cm-1 to 580 cm-1 are attributed to the oxygen 

vacancies added by Co and Pr. The Raman spectra analysis of increasing Co-loading 

concentration (15 Co-CP and 20 Co-CP) showed the presence of a secondary phase of 

Co3O4. 

• 5 Co-CP had better reducibility than all other Co-CP catalysts with high Ce3+, Pr3+, and 

Co3+ ions concentrations. On the other hand, CP and 20 Co-CP, respectively, had better 

active surface adsorbed species (O- & 𝑂2
2− ) and the lattice oxygen species (O2-). 

• From TGA analysis for soot oxidation, a better T50 of 349±1 °C was achieved by 5 Co-

CP catalysts. From the descriptors controlling oxidation reaction, the better T50 may be 

attributed to solid solution formation and better redox properties of 5Co-CP. 
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Iron-doped Ceria-Praseodymium catalysts system is synthesized, characterized, and tested for 

soot oxidation activity, and some of the key points are noted below: 

• From XRD analysis, all the doped samples ensured the fluorite structure of CeO2, 

whereas pure Fe displayed the crystalline structure of Fe2O3. 5 Fe-CP had the smallest 

Crystallite size and highest lattice strain of 6 nm and 0.0222, respectively. 

• Raman spectroscopy revealed that all the doped samples possessed F2g Raman modes 

of CeO2 and the presence of oxygen vacancy peaks. The secondary phase for Eg Raman 

modes corresponding to Fe2O3 ~300 cm-1 was noticed for all the Fe-doped samples. 

• 5 Fe-CP showed high Ce3+, O2−, and O− ions and may improve catalytic performance 

better than other Fe-doped CP catalysts. 5 Fe-CP displayed better catalytic activity with 

the lowest T50 of 367 ±2 °C, and it can be attributed to smaller crystallite size, higher 

lattice strain and lower activation energy (102 kJ mol-1).  

 

The Manganese-doped Ceria-Praseodymium catalysts system is synthesized, characterized, 

and tested for soot oxidation activity, and some of the key points are noted below: 

• From XRD and Raman studies, the Mn-doped CP catalysts revealed the fluorite 

structure of Ceria, and the crystallite size was in the range of ~5 to 10 nm. F2g 

Raman active mode of fluorite structured Ce was visible in all Mn-doped CP 

catalysts. Bands ~560 cm-1 to 580 cm-1 are attributed to the oxygen vacancies 

created by adding Mn and Pr. 

• Further, BET surface area and BJH pore size analysis determined that the Mn-doped 

CP catalysts were micro and mesoporous. 

• A better T50 (349±1 °C) for 5Mn-CP catalytic system may be attributed to active 

surface adsorbed O2
2- species and Mn3+ and Mn4+ ions.  
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• Mn-doped CP catalyst followed nucleation and growth model, power law, phase 

boundary controlled reaction, 2-4D diffusion model, and first and second order 

reaction. Experimental and calculated curve consistency confirmed that the 

developed catalysts followed the Avrami-Erofeev equation (Am) or the Nucleation 

and Growth model. 

The Chromium-doped Ceria-Praseodymium catalysts system is synthesized, characterized, 

and tested for soot oxidation activity, and some of the key points are noted below: 

• The XRD studies showed reduced crystallite size for all the Cr-doped CP and 

increased lattice strain and Facet ratios. Raman analysis confirmed the presence of 

Ov peaks for all Cr-doped CP catalysts. 

• Additionally, adsorbed H2O or adsorbed molecular water peak in O1s spectra was 

observed for 5 Cr-CP catalyst alone. From TGA analysis for soot oxidation, 5 Cr-

CP showed better T50 of  393±2°C mainly due to the presence of Cr3+ ions species 

from XPS analysis. 

• The Cr-CP catalyst system followed a power law; phase boundary controlled 

reaction, nucleation, and growth model. Experimental and calculated curve 

consistency confirmed that the developed catalysts followed the Avrami-Erofeev 

equation (Am) or the Nucleation and Growth model.  
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The transition metal (TM (5 mol%) = Cr, Mn, Fe, Co, and Cu) -doped Ceria-Praseodymium 

catalysts nanofibers are synthesized using an electrospinning technique, characterized and 

tested for soot oxidation activity. Some of the key points are noted below: 

• XRD analysis revealed the solid-solution formation in all transitional metal-doped 

Ceria-Praseodymium catalysts nanofibers, and the crystallite size decreased, and 

lattice strain increased with the transition metal doping. 

• Raman spectroscopy analysis also showed the F2g mode of Ceria and the presence 

of oxygen vacancies, and no secondary phase peaks were identified, confirming the 

formation of solid-solution. 

• There is a decrease in surface area with the addition of transitional metal, and 5Cr-

CP nanofibers showed larger average pore size and pore volume. The nano string 

diameter is smaller than all other nanofiber catalysts resulting in better soot 

oxidation activity.  

 

11.2.  CONCLUSIONS 

The thesis mainly explores the Transition metal doping in the Ceria-Praseodymium 

catalyst system synthesis, characterization, and testing for soot oxidation activity and its 

kinetics. It is noticed that the descriptors (lattice oxygen, metal-oxygen bond strength, host 

structure, redox capability, multi-functionality of active sites, site isolation, and phase 

cooperation) govern the soot oxidation catalysis and each transitional metal doping in Ceria-

Praseodymium catalysts system followed one or more descriptors and differed from one 

transition metal to the other. It can be noted that the 5 mol% Copper doped Ceria-

Praseodymium catalyst system showed better soot oxidation activity which is attributed to the 

better reactive planes and chemisorbed oxygen species compared to other Copper doped Ceria-

Praseodymium catalyst system and Ceria-Praseodymium catalyst systems.  
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Further, the 5 mol % Cobalt doped Ceria-Praseodymium catalyst system showed better 

soot oxidation activity, and the descriptors controlling the catalytic activity are phase 

cooperation (solid-solution formation) and better redox properties compared to Cobalt doped 

Ceria-Praseodymium catalyst system and Ceria-Praseodymium catalyst system.  

The descriptors controlling the soot oxidation activity of the Iron doped Ceria-

Praseodymium catalyst system are (secondary phase formation and redox properties). 5 mol % 

Iron doped Ceria-Praseodymium catalyst system showed better soot oxidation activity, and as 

the Fe content increased in the Iron doped Ceria-Praseodymium catalyst system, the catalytic 

activity decreased.  

In Manganese doped Ceria-Praseodymium catalyst system, the 5 mol% Manganese-

doped Ceria-Praseodymium catalyst system showed better catalytic activity for the soot 

oxidation reaction. The descriptors controlling the soot oxidation activity are surface area, 

crystallite size,  active surface adsorbed O- species, and Mn3+/Mn4+ surface concentration. The 

increase of Mn content in the Manganese-doped Ceria-Praseodymium catalyst system forms a 

secondary phase, decreasing soot oxidation activity.  

The surface concentration of Cr3+ and Pr3+ played a significant descriptor role, and 

Chromium doped Ceria-Praseodymium catalyst system showed better soot oxidation activity 

than other Ceria-Praseodymium catalyst systems. As the Cr concentration increased, there was 

a decrease in the Cr3+ and Pr3+ concentrations in the Chromium-doped Ceria-Praseodymium 

catalyst system. Compared to other transitional metal-doped Ceria-Praseodymium catalyst 

systems with increased Cr content, there is only a slight decrease in soot oxidation activity. 

Compared to all the transition metals doped Ceria-Praseodymium catalysts in the 

present study 5 mol % Cobalt doped Ceria-Praseodymium catalyst system showed better 

catalytic activity with lowest T50 of 349±1℃.  

In the transition metal (TM (5 mol%) = Cr, Mn, Fe, Co, and Cu) -doped Ceria-

Praseodymium nanofiber catalysts 5 mol% Chromium doped Ceria-Praseodymium nanofiber 

showed better soot oxidation activity and is attributed to larger average pore size and pore 

volume and also,  the nano string diameter is smaller than all other nanofiber catalysts. 
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11.3. FUTURE SCOPE OF THE WORK 

 

• Transitional metal-doped Ceria-Praseodymium catalysts with better soot oxidation 

activity can be further tested for real-time Diesel Particulate Filters and analyze the 

activity and understand the role of descriptors in controlling the activity. 

• Further, transitional metal-doped Ceria-Praseodymium catalysts can be explored for 

CO oxidation reactions. 

• Additionally, transitional metal-doped Ceria-Praseodymium catalysts can be explored 

for NOx and SOx reactions. 
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APPENDIX – I 
 

A 1.1 PRINTEX-U Carbon-Soot Characteristics (Ganiger, Patil et al. 2022) 

           Printex U Soot [Orion Engineered Carbons, (Particle size ~25 nm; SA ~ 100 m2/g)] was 

used for soot oxidation and kinetic studies. The commercial soot obtained was characterized 

by XRD, Raman Spectroscopy, and SEM analysis. 

 

                      Figure. A1.1. (a) XRD and Raman spectroscopy analysis of a 

Printex-U sample. 

The XRD pattern contains two peaks which are about 2θ= 25-26° and at 2θ= 44°. The 

peak around 2θ= 25-26° in Figure. A1.1 (a) has occurred due to the reflection of carbon and 

corresponds to the (002) plane. Amorphous carbon concentrations are indicated by the 

background intensity in the peak (Arnal et al., 2012). The crystallite size obtained was 0.3399 

nm, and the Lattice strain was 1.3773. The band (100), at 2θ = 44°, indicates graphite-like 

atomic order (Arnal et al., 2012). As a result of the comparison to chars of rice husk and 

eucalyptus and their diffraction patterns, Printex-U can be considered to have a less amorphous 

structure and less aliphatic carbon side chains due to lower background intensity (Guerrero et 

al., 2008). 
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The Raman spectra in Figure. A1.1(b) show two sharp peaks at 1350 cm-1 and 1585 

cm-1 with maximum intensity. The peak at 1585 cm-1 is called the G mode and is attributed to 

an ideal graphitic lattice vibration mode with E2g symmetry. The peak at 1350 cm-1, called D 

mode, corresponds to disordered graphitic lattice vibration mode with A1g symmetry (Liu et 

al., 2008) (Sadezky et al., 2005). The other bands at around 1800 cm-1 (D1) are assigned to 

non-zero-center phonons. The G band is arising around 1585 cm-1 instead of 1582 cm-1; this 

is because of the influence of the D1 on the G band confirming the disordered structure of 

Printex-U Soot. 

 

A 1.2.  SEM Analysis 

 

 

 

Fig. A1.2. SEM Images (10µm ) of Pure Soot sample 

 

 Figure A1.2. reveals the SEM images of pure soot sample, and it can be noticed from the 

image that the particles are porous agglomerates. 

 
A Study on the Effect of Transition Metal Dopants in Ceria Praseodymium Catalysts for Soot Oxidation Activity 

and its Kinetics 



 

186 
 

Appendix- II 

 

APPENDIX – II 

 

Table A2.1: Sample codes for the catalysts synthesized 
Catalyst Sample Code 

 CeO2 Ce/Pure Ce 

Ce0.97Nb0.03O2-δ 3 Nb-Ce 

Ce0.95Nb0.05O2-δ 5 Nb-Ce 

Ce0.9Nb0.1O2-δ 10 Nb-Ce 

Ce0.8Nb0.2O2-δ 20 Nb-Ce 

Ce0.7Nb0.3O2-δ 30 Nb-Ce 

NbO 100 Nb/ Pure Nb 

Pr6O11 Pr/Pure Pr 

CuO Cu/ Pure Cu 

Ce0.9Pr0.1O2-δ CP 

Cu(x=0.05) (Ce0.9Pr0.1)1-x O2-δ 5 Cu-CP 

Cu(x=0.1) (Ce0.9Pr0.1)1-x O2-δ 10 Cu-CP 

Cu(x=0.15) (Ce0.9Pr0.1)1-x O2-δ 15 Cu-CP 

Cu(x=0.2) (Ce0.9Pr0.1)1-x O2-δ 20 Cu-CP 

Co3O4 Co/ Pure Co 

Co(x=0.05) (Ce0.9Pr0.1)1-x O2-δ 5 Co-CP 

Co(x=0.1) (Ce0.9Pr0.1)1-x O2-δ 10 Co-CP 

Co(x=0.15) (Ce0.9Pr0.1)1-x O2-δ 15 Co-CP 

Co(x=0.2) (Ce0.9Pr0.1)1-x O2-δ 20 Co-CP 

Fe2O3 Fe/ Pure Fe 

Fe(x=0.05) (Ce0.9Pr0.1)1-x O2-δ 5 Fe-CP 

Fe(x=0.1) (Ce0.9Pr0.1)1-x O2-δ 10 Fe-CP 

Fe(x=0.15) (Ce0.9Pr0.1)1-x O2-δ 15 Fe-CP 

Fe(x=0.2) (Ce0.9Pr0.1)1-x O2-δ 20 Fe-CP 

Mn2O3 Mn/ Pure Mn 

Mn(x=0.05) (Ce0.9Pr0.1)1-x O2-δ 5 Mn-CP 

Mn(x=0.1) (Ce0.9Pr0.1)1-x O2-δ 10 Mn-CP 

Mn(x=0.15) (Ce0.9Pr0.1)1-x O2-δ 15 Mn-CP 

Mn(x=0.2) (Ce0.9Pr0.1)1-x O2-δ 20 Mn-CP 

Cr2O3 Cr/ Pure Cr 

Cr(x=0.05) (Ce0.9Pr0.1)1-x O2-δ 5 Cr-CP 

Cr(x=0.1) (Ce0.9Pr0.1)1-x O2-δ 10 Cr-CP 

Cr(x=0.15) (Ce0.9Pr0.1)1-x O2-δ 15 Cr-CP 

Cr(x=0.2) (Ce0.9Pr0.1)1-x O2-δ 20 Cr-CP 
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Figure A 3.1:  Conversion v/s temperature plot of 10 Nb-Ce Sample at different heating 

rates. 
 

 

 

Figure A 3.2: Conversion v/s temperature plot of Ce0.9Pr0.1O2-δ synthesised by EDTA 

citrate method and SCS method 

 
A Study on the Effect of Transition Metal Dopants in Ceria Praseodymium Catalysts for Soot Oxidation Activity 

and its Kinetics 

200 300 400 500 600

0

20

40

60

80

100
C

o
n

v
e
rs

io
n

 (
%

)

Temperature (oC)

  5 K min-1

 10 K min-1

 15 K min-1

  20 K min-1

Increasing Heating Rate

200 250 300 350 400 450 500 550 600

0

20

40

60

80

100

S
o

o
t 

C
o

n
v
e
rs

io
n

 (
%

)

Temperature (oC)

 PDC_SCS

 PDC_EDTA



 

188 
 

Appendix- IV 

APPENDIX – IV 

 

 

Figure A 4.1:  Ozawa Plots of Ce, 10 Nb-Ce,30 Nb-Ce, and 100Nb samples. 

 

 
Figure A 4.2:  KAS Plots of Ce, 10 Nb-Ce,30 Nb-Ce, and 100Nb samples. 
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APPENDIX - V 
 

 

Figure A5.1: Ozawa Plots of Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts 
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Figure A5.2: KAS Plots of Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts 
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Figure A 5.3: Am Plots of  Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A 5.4: CR  Plots of  Pure Ce, Pr, Cu, and Cux(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ  catalysts. 
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Figure A 5.5: Master Plots Pure Ce, Pr, Cu, and Cu x(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 

(contd.) 
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Figure A 5.5: Master Plots Pure Ce, Pr, Cu, and Cu x(x=0-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A 6.1:  Ozawa Plots of Co x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 

 

Figure A 6.2:  KAS Plots of Co x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A 6.3:  Am Plots of Co x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 

 

 

Figure A 6.4: CR Plots of Co x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A6.5 (d) Master Plots of Co x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A 7.1:  Ozawa Plots of Fe x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 

 

 

Figure A 7.2:  KAS Plots of Fe x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2- δ catalysts. 
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Figure A 7.3:  Am Plots of Fe x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2- δ catalysts. 

 

 

Figure A 7.4: CR Plots of Fe x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2- δ catalysts. 
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Figure A 7.5. Master Plots of Fe x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2- δ catalysts. 
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Figure A 8.1:  Ozawa Plots of Mnx(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 

 

 

Figure A 8.2:  KAS Plots of Mnx(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A 8.3:  Am Plots of Mnx(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 

 

 

Figure A 8.4: CR Plots of Mnx(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A 8.5. Master Plots of Mnx(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A 9.1:  Ozawa Plots of Cr x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 

 

Figure A 9.2:  KAS Plots of Cr x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A 9.3:  Am Plots of Cr x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 

 

 

Figure A 9.4: CR Plots of Cr x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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Figure A 9.5. Master Plots of Cr x(x=0.05-0.2) (Ce0.9Pr0.1)1-x O2-δ catalysts. 
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