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Tc -  Transition temperature 

DTA -  Differential thermal analysis 

TG -  Thermogravimetry 

DSC -  Differential scanning calorimetry 

KAS -  Kissinger- Akahira- Sunnose 
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DFT - Density functional theory  

VASP - Vienna ab initio simulation package 

DOS - Density of states 
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LDA - Local density approximation 

GGA -  Generalized gradient approximation 

U -  Hubbard correction 

TWC - Three way catalyst 
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CTAB - Cetyl trimethyl ammonium bromide 
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FT-IR -  Fourier transform infrared 

UV - Ultra violet 

XRD -  X-ray diffraction 

SEM - Scanning electron microscope 

TEM - Transmission electron microscope 



HRTEM  - High resolution transmission electron  

  microscope 

SAED -  Selected area electron diffraction 

FE-SEM - Field emission scanning electron microscope 

EDS - Energy dispersive spectra 

PL - Photo luminescence 

PBS -  Phosphate buffered saline 

CC1 - 100 m/m (%) cerium oxalate 

CC2 -  90 m/m (%) cerium oxalate   

CC3 - 70 m/m (%) cerium oxalate 

CC4 - 33.33 m/m (%) cerium oxalate 

CC5 - 100 m/m (%) calcium oxalate 
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Ea -  Activation energy 

A - Arrhenius pre exponential factor 

R -  Universal gas constant 

c -  Contribution 

K -  Kelvin 

Eg -  Optical band gap 
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Ce-Ox -  Cerium oxalate decahydrate 
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A1 -  Ce-Ox + Fe3O4 (2/5/10 m/m (%)) 

A2 -  Ce-Ox + Co3O4 (2/5/10  m/m (%)) 

A3 -  Ce-Ox + NiO (2/5/10  m/m (%)) 
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ROS  -  Reactive oxygen species 
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c3 -  10% copper doped cerium oxalate 

c4 -  20 % copper doped cerium oxalate 

c5 - 30% copper doped cerium oxalate 
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s2 -  Ceria prepared from c2 

s3 -  Ceria prepared from c3 

s4 -  Ceria prepared from c4 
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  method using PEG-800 as surfactant 

H3 -  Cerium oxalate prepared via simple precipitation  

  using CTAB as surfactant 

H4 -  Cerium oxalate prepared via hydrothermal  

  method using CTAB as surfactant 

P1 -  ceria synthesized from H1 

P2 -  ceria synthesized from H2 

P3 -  ceria synthesized from H3 

P4 -  ceria synthesized from H4 
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PREFACE 
 

Cerium oxalate is a pharmacologically important compound. It 

is an antiemetic drug, used for treating motion sickness, side effects of 

opioid analgesics, general anesthetics, antipsychotic medication and 

chemotherapy against cancer. In material synthesis field, it is an 

important precursor to synthesize ceria nano/micro structures. The 

thesis encompassed with elucidation of kinetics of thermal 

decomposition of cerium oxalate decahydrate up to the formation of 

ceria micro/nanostructures, significant influence of various additives 

such as CaC2O4, semiconducting nano metal oxides of Fe, Co and Ni, 

ferrites of Fe and Co, various reactant molar concentrations of Cu2+ -

dopant and effect of surface morphology and synthetic route of oxalate 

precursors on the kinetics and thermal decomposition behaviors were 

established. An important application drawn for the doped and surface 

modified ceria exposed enhanced anticancerous properties against 

Dalton’s Lymphoma ascite cells.  DFT studies for the band structure 

and density of states of single unit cell ceria and copper doped ceria 

were also incorporated. The thesis is divided into 9 chapters. 

 Chapter 1 deals with general introduction emphasizing important 

applications of ceria and ceria based nano materials, methods to study 

solid state decomposition kinetics, theories (in brief) of band structure 

and density of states and density functional theory (DFT). Recent 

studies regarding the thermal decomposition kinetics, the applications 

of ceria and ceria based materials in the medicinal field and in the field 

of theoretical investigations are also included in this chapter. Materials 



and various experimental techniques used for the investigations are 

briefly discussed in Chapter 2. Chapter 3 related with investigation 

regarding the kinetics of the thermal dehydration of solid state reaction 

between cerium oxalate micro rods and calcium oxalate, which was 

studied using non-isothermal TG/DTA technique. The effect of 

calcium oxalate in varying compositions upon the kinetics of 

dehydration of cerium oxalate decahydrate was discussed. As the 

extension of the above mentioned work, the kinetic and mechanistic 

features of the synthesis of micro structural rods of CeO2 via the 

oxidative thermal decomposition of cerium oxalate in air and the effect 

of dry mixing of 10 mass % calcium oxalate with cerium oxalate upon 

the reaction pathway and mechanism were incorporated in chapter 4. 

Chapter 5 provides the significant effects of semiconducting nano 

metal oxides of Fe, Co and Ni and ferrites of Co and Ni on the thermal 

events and thermal decomposition kinetics of cerium oxalate 

decahydrate up to the production of ceria material. The synthesis of 

cerium oxalate discs/flowers and the establishment of Ea for producing 

ceria (discs/flower) and various copper ceria solid solutions were 

discussed in Chapter 6. Photo physical properties and cytotoxic studies 

of synthesized solid solutions were also drawn in this chapter. As the 

last section of the kinetic study of decomposition, effect of synthetic 

route (simple precipitation and hydrothermal) and surface 

characteristics of the oxalate precursors (nano flower petals, plates, 

discs/ flower and array of nano hexagonal Ce-Ox) on the kinetic 

behavior of formation of ceria nano structures were elucidated in 

Chapter 7. Optical and luminescent properties and cytotoxicity studies 

for the synthesized ceria nano structures were also described in this 



chapter. On moving into the last section of the thesis (Chapter 8), the 

computation of electronic structure (DOS and band structure) of bulk 

ceria (1×1×1) and copper doped ceria were performed by the plane 

wave based DFT method using VASP 5.4.1 version. Besides, the 

charge density distribution of ceria and copper introduced ceria in 

different crystallographic directions were also brought with this 

chapter. The thesis concludes with a summary of results (Chapter 9) 

obtained in the present work and brief mention on the future prospects. 
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1.1. General Introduction 

 Solid state materials have pivotal role in the progress of human 

kind since the ancient time. Usage of solid state materials starts from 

the Stone Age. In that period man used sharp stone as weapons. But in 

the next era, metals are the most profounded material. Properties of 

naturally available materials were known by trial and. error method. 

Solid state chemistry deals with synthesis, structure characterization 

and applications of materials. The back bone of new technological 

development is the solid state chemistry. Solid state materials include 

metals, semiconductors, high Tc super conductors, polymers, magnetic 

materials, hydrogen storage materials, etc.  

 Evolution of nanomaterial became one of the revolutionary 

aspects in the modern science and technology. Because of the 

extremely complicated nature and exhibiting wide variety in their 

composition and structural characteristics, knowledge of solid state 

reactions have always been a most intriguing task1. Studies regarding 

the factors which influencing the solid state reactions are of both 

fundamental and practical importance. Hence, the control of the 

reaction rate is an important objective. Certain solid state reactions 

need higher reactivity (in case of solid propellants and catalysts) 

whereas other required lower reaction rate as in the case of oxidation 

and corrosion of metals. Therefore it is essential to have knowledge of 

the basic mechanism of reaction of solids, so as to control the reaction 

rate in specified situation. 
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 Solid state studies have three aspects; the phenomenological, 

the thermodynamic and the kinetic. The phenomenological study is 

associated with qualitative and semi qualitative observation of the 

phenomena occurring during the reaction. The thermodynamic aspects 

include initial, final and equilibrium states of the system and to the 

stimulating force behind the transformation. The rates of 

transformation of the reactant to product are reflected in the kinetic 

aspects. This can be done at controlled set of conditions while the 

mechanism describes the complete set of reaction stages leading to the 

products. 

 In solution state, kinetic aspects of the reaction are expressed in 

terms of concentration of the reactant and product. Reaction rate in 

solid state are diffusion controlled. Rules regulating the kinetics of 

solid state reactions are different from those of reaction between 

liquids. Factors such as morphology, geometry of the reaction 

interface, diffusion of the reaction species, possibleness of the  

nucleation and anisotropy of the crystallites affect the rate of the 

reaction2. Solid state reaction most often proceeds through the 

following four elementary steps: 

1. Sorption phenomena (adsorption and desorption) 

2. Reaction on the atomic scale (homogeneous or interphase 

reactions) 

3. Nucleation of a new phase (in the bulk or at the surface of the 

reacting solid) 
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4. Transport phenomena (diffusion and migration) 

Solid state reactions can be classified as follows: 

(a) Solid-solid reaction 

(b) Solid-liquid reaction 

(c) Solid-gas reaction 

(d) Reactions of single solid (e.g.,  solid state decomposition) 

Among these, we are concerned only with solid state 

decomposition reaction. 

1.1.1. Solid state reaction kinetics 

 Chemical kinetics provides mathematical models for explaining 

and forecasting the transformation rate of a chemical system. The 

fundamental concept of chemical kinetics is based on the law of mass 

action established by Cato M. Guldberg (1836-1902) and Peter Waage 

(1833-1900) in the latter half of nineteenth century, where equilibrium 

constant were derived in terms of kinetic data and rate equations. Solid 

state kinetics or heterogeneous kinetics is the challenging areas of 

research since the past years. Many methods are available for studying 

solid state kinetics. The first work in the solid state kinetics was done 

by Kujirai and Akahira in 19253 on the effect of temperature on the 

degradation of fibrous industrial materials. There have been 

established a number of methods for studying the solid state kinetics 

using data obtained from thermogravimetry (TG), differential thermal 

analysis (DTA) and differential scanning calorimetry (DSC) in 
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addition to variety of other methods. Solid state kinetics can be studied 

via either isothermal or non-isothermal experimental condition. 

Among these, non-isothermal method is more preferred over 

isothermal because all interesting information can be obtained from a 

single experimental run4–6. The mathematical method chosen for 

predicting kinetics may be model fitting, single heating rate or 

isoconversional methods. Among these methods, model fitting method 

is most popular7. Isoconversional methods are model free methods, 

which allow the prediction of kinetic parameters without evaluating the 

reaction model and pre-exponential factor. Besides, these methods 

allow the activation energy to be determined as a function of the extent 

of conversion7. In this method, the kinetic analysis is carried out over a 

set of kinetic runs at a fixed value of conversion function. The reaction 

rate is predicted as a function of temperature only.  

1.1.1.1. Model fitting method 

 Using model fitting method, mechanism of the solid state 

reaction can be predicted. For this purpose usually Coats Redfern 

method8 is used. 

 
 
 

 
0 0

Td A Eag e dT
RTf

 


 
        (1) 

where g(α) represents the reaction model, which describe specific solid 

state reaction mechanism. The plots of ln [g (α)/T2] vs 1/T were drawn 

for each model by the linear regression method. The model giving the 

best fit i.e., maximum correlation coefficient (approximately to unity) 

is taken as the best model describing the mechanism of the reaction. 
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From the plot, Ea and A can be calculated from slope and intercept 

respectively. 

The mechanism of solid state reaction are generally occurs with 

reorganization of chemical bonds and molecular changes which causes 

for the transformation of reactant to products. The rate of the formation 

of solid state reaction products at the reaction interface is largely 

dependent on the effective surface area and surface concentration of 

reactants and intermediates. 

1.1.1.2. Isoconversional methods 

 These methods can be used to calculate kinetic parameters such 

as Ea and A. This method doesn’t need the knowledge of particular 

reaction model describing the solid state reaction. In the model free 

method, rate of reaction at a constant conversion is supposed to be a 

function of temperature only. The commonly used isoconversional 

methods are KAS9, Kissinger10, FWO11,12, Friedman13,14 and iterative 

isoconversional method15, 16. 

1.1.1.2.1. Kissinger-Akahira-Sunose (KAS) 

The equation corresponding to KAS method is: 

   
n ln /

2 ( )




   
    

   
ARl E RT

EgT     (2) 

Apparent activation energy Ea can be calculated from the slope 

of the linear representation of ln β/T2 vs. 1/T with a given value of α. 
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The value of pre-exponential factor A can be obtained from the 

intercept if the form of integral reaction model g (α) is known. 

1.1.1.2.2. Flynn-Wall-Ozawa (FWO)  

The equation based on FWO method is:  

ln ln 5.331 1.052
( )

 
 

   
 

EAE
RTRg   (3) 

Using linear representation of ln β vs. 1/T, Ea and A can be obtained 

from the slope and intercept respectively 

1.1.1.2.3. Kissinger method 

The Kissinger method, which was utilized to determine the 

apparent activation energy for the overall reaction from the DSC 

curves or DTG curves recorded at different β. 

                      
2

( )
ln ln p

P P

f AR Ea

T d Ea RT





   
     

  
                              (4) 

Where, Tp is the peak maximum temperature characteristics for the 

overall reaction. The Kissinger plots ln (β/Tp
2) versus Tp

-1. From the 

values of slope and intercept, Ea and A respectively can be determined. 
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1.1.1.2.4. Friedman method 

For the estimation of Ea and A, Friedman plot was used.  

 
 

ln ln
d A Ea

dt f RT





  
   

          (5) 

In this method, ln(dα/dt) is plotted against 1/T. From the values of 

slope and intercept, Ea and A can be calculated. 

1.1.1.2.5. Iterative isoconversional method 

 To calculate the approximate value of activation energy Ea 

approaching to the exact value can be determined by the iterative 

procedure15-17. It is based on the following equation: 

ln ln2 ( )( )


  EaAR

g Ea RTh x T     (6) 

where h(x) can be expressed by the fourth Senum and Yang 

approximation formulae18: 

                                         
4 3 218 88 96

( ) 4 3 220 120 240 120

  


   

x x x x
h x

x x x x
  (7) 

where x = Ea/RT 

 Zhipeng et al19 performed the following procedure for the 

calculation of Ea by the iterative method: (i) assume h(x) = 1 to 

calculate the initial value of the activation energy Ea1. The 

conventional isoconversional method stops the calculation of Ea at this 
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step. (ii) Using the value of Ea1, a new value of Ea2 can be calculated 

from the plot of ln [β/h(x) T2] vs.1/T (iii) Replace Ea1 with Ea2 and 

repeat step (ii). When Eai-Ea (i-1) < 0.01 KJmol-1, the value of Eai is 

considered to be the exact value of activation energy. The estimation of 

activation energy doesn’t require the knowledge of reaction model, 

g(α). Therefore this method is model independent. 

1.1.2. Solid state kinetics of multistage reactions 

 The main cause of multistage reactions is physico-geometrical 

constraints which may occur due to the changes in reaction conditions 

as the reaction advances20. Koga et al21 stated that complex reaction 

proceeds in a combination of multistep behavior controlled by physico-

geometrical features of solid state reactions and successive chemical 

reaction schemes. During the early stage of reaction, a smooth surface 

product layer is generated between the reactant and reaction interface. 

Upon thermal decomposition, this surface product layer come into 

action i.e., it will impede the diffusional removal of gaseous molecules. 

This causes to increase the internal pressure of the reactant leading to 

change in the reaction condition at the reaction interface. Presence of 

cracks and holes on the surface of the product played as diffusion 

channel for the removal of gaseous products. Due to the experimental 

inconvenience of separately tracking the component process, 

deconvolution of overall kinetic information into reaction component 

is the only possible method for interpreting the reaction scheme of 

successive processes22, 23. Hence kinetic analysis of the decomposition 

process was performed using the kinetic deconvolution method24. 



 9

 In this method, a formal kinetic analysis was performed by 

assuming a single step reaction for the overall reaction using the 

fundamental kinetic equation25. 

                   /Ea RTd
Ae f

dt


      (8) 

where t is time, T the temperature, R the ideal gas constant, A the 

apparent Arrhenius pre-exponential factor, Ea the apparent activation 

energy and f (α) the apparent kinetic model function used to describe 

the physico-geometrical reaction mechanism as a function of the 

fractional reaction, α. Based on Eq. (14), plots of ln (dα/dt) vsT−1at 

different α for the series of kinetic data recorded under linear non-

isothermal condition. After the kinetic characterization of independent 

reaction processes, the overall process is studied by the cumulative 

equation. 
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where n and c are the number of component step and contribution ratio 

of each reaction step to the overall process while A, Ea and f (α) are 

Arrhenius parameter, activation energy and kinetic model function in 

different forms respectively. 
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 The present investigations covers the area of solid state reaction 

kinetics of coordination compounds of oxalate ligand formed with rare 

earth metal Ce, up to the formation of nano/micro ceria under the 

atmosphere of air as well as N2. Reaction kinetics was performed 

through the detailed kinetic strategy of deconvolution procedure. 

1.1.3. Oxalate as the ligand 

 Oxalate, C2O4
2- is the dianion, is an excellent bidentate ligand 

for metal ions forming 5-memebered MO2C2 ring. X-ray 

crystallographic studies revealed that the anion adopted either a planar 

conformation with D2h molecular symmetry or approximate D2d 

symmetry where O-C-C-O dihedrals approach 90º. Most often, D2h 

symmetry of the free oxalate dianion is selected for the allocation of IR 

absorption spectra of a number of metal-oxalate compounds26, 27. The 

conformation adopted by the oxalate anion depends on the size of 

metal to which it is confined as well as the extent to which hydrogen 

atom bonded in the crystal.  

 

Fig. 1 The structure of free oxalate dianion 
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1.1.4. Cerium oxalate decahydrate 

 Rare earth metal Ce forms insoluble precipitate with oxalic acid 

or oxalate salt. It has the general formula Ce2(C2O4)3.10H2O. The 

crystal structure of cerium oxalate decahydrate like all other lanthanide 

oxalates was proposed to have monoclinic structure with space group 

of P21/C. The proposed structure consists of 2D network with edge 

sharing of 1:5:3 co-ordinations polyhedral identical to the (020) set of 

planes. Each Ce atom is surrounded by three chelating oxalate ligands 

and three aqua ligands. The remaining seven lattice water molecules 

are spreaded over the intervening space. Fig. 2 represents schematic 

representation of cerium oxalate decahydrate. 

 

Fig. 2 Schematic representation of cerium oxalate decahydrate 

Cerium or cerous oxalate is a white crystalline solid. It is an 

antiemetic drug used for vomiting and nausea. Usually antiemetic are 

effective for treating motion sickness and side effects of opioid 

analgesics, general anesthetics, antipsychotic medication and 

chemotherapy against cancer. Cerium oxalate can be utilized safely for 
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the severe cases of gastroenteritis and morning sickness of pregnant 

women. Fig. 3 shows the schematic representation of anhydrous 

cerium oxalate. 

 In material synthesis field, cerium oxalate is an important 

material because it can generate most promising biomaterial ceria via 

thermal decomposition method. In order to modify the properties of 

ceria for suitable applications, control over the parameters of oxalate 

precursor is essential.  

 

Fig. 3 Schematic representation of cerium oxalate 

Nano ceria can be prepared through a variety of methods such 

as hydrothermal, solvothermal28,29, sol-gel30, micro emulsion31, thermal 

decomposition32, etc. CeO2 nano particle were prepared by rapid 

thermal decomposition by microwave heating of cerium oxalate and 

concluded that shape of resultant specimen depends on the precursor 

material shape33. Using thermal decomposition method, particle size 

and shape can be effectively controlled. It can produce highly 

homogeneous nano particle34–36. It requires shorter preparation time 

and fewer impurities in the final product. Hydrothermal and 
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solvothermal synthesis have found the limitations of temperature. Even 

though combustion synthesis is a good method with regard to time, it is 

difficult to control size and shape of the particles formed. Fig. 4 

represents schematic illustrations of cubic structure of ceria.   

 

Fig. 4 Schematic representation of CeO2 crystal 

 Because of the reduction property of oxalate dianion, thermal 

decomposition process of metal oxalates is relatively complicated. It 

involves the cleavage of C-C bond, since the products are CO and CO2 

which consists of one carbon atom each. In most of the time, the C-C 

bond breaking is the rate determining step37. During this process, the 

transfer of an electron from C2O4
2- to the cation occurs, which is 

assumed to be the first stage of decomposition, leading to the breakage 

of C-C bond38. Both external and internal factors affect the solid state 

reaction. Internal factors include lattice spacing, symmetry, surface 

area and lattice defects (interstitial, vacancies, impurities, electrons, 

holes and dislocations). External factors such as applied voltage, 

pressure, temperature, pretreatment and irradiation affect the solid state 
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thermal decomposition reaction. Pretreatments of the sample by 

mechanical grinding, doping, irradiation, etc., can affect the rate as 

well as temperature of decomposition of oxalates. The solid state 

material can be bombarded with neutrons, protons or other particles, or 

pre-treatment with X- ray, UV ray or γ irradiation. Most often this can 

generate electronic or atomic imperfections, cause to the  shortening of 

the induction period and to an increase in the rate constant of thermal 

decomposition1. Literature survey reported that most of the studies 

regarding pre-irradiation of the sample with γ-ray enhanced the 

decomposition reaction by decreasing the activation energy and the 

effect was increased with amount of irradiation39, 40–42. In certain cases, 

treatment itself bring both dehydration and decomposition of the 

materials38,43,44. Nature of the dopants greatly affects the 

decomposition temperature as well as rate45,46. The lattice structure of 

the solid has predominant role in the kinetics of solid state reaction 

than that from liquid or gaseous state chemical reaction. 

 In solid state science, the information regarding the kinetic 

parameters such as activation energy and decomposition temperature 

are important factor for determining the reaction mechanism. The basic 

fact underlying the distinct features of a material is the reaction 

mechanism associated with the preparation. Moreover, there are many 

practical applications based on the reaction rate and temperature 

dependence. The industry needs the measurement of kinetic 

parameters, which will become more helpful for proper installation and 

programming condition, otherwise the manufacture of materials would 

become uneconomic. Therefore, using thermo analytical experiments 
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and accurate mathematical treatment of the data hopes the 

establishment of kinetic characteristics essential for the industrial 

thermal processes.  

1.1.5. Applications of ceria and ceria based nano materials 

Potential performances of rare earth oxide ceria have great 

work of art. It constitutes as the most promising biomaterial. Ceria 

constitutes as the one of the major components of TWCs for the 

removal of toxic automobile exhaust gases47–49, humidity sensors50, 

oxygen sensors and oxygen permeation membrane systems51. On 

reducing the size of CeO2 to nanometers, it possesses highly interesting 

properties because it allows the modification of surface area to volume 

ratio. Ceria performs as excellent UV absorbents and filters52. It can be 

utilized as the good absorbent for the removal of fluoride ion and 

arsenic53 based compounds. It have substantial role in the dispersed 

fields such as catalysis, sensors, solid electrolytes and polishing 

powders32. Due to the presence of O-H group on the surface of ceria, it 

becomes more reactive as an adsorbent for the removal of pollutants 

from water even at higher temperatures54. Manifestation of oxygen 

vacancies have predominant role for performing ceria as an eventual 

material. Because of its oxygen storage capacity, it is utilized as solid 

electrolyte in solid oxide fuel cell53. It can inactivate some of the most 

toxic ROS such as super oxide radical, hydrogen peroxide and nitrosyl 

radical55. Researchers proposed that nano ceria act as radical scavenger 

of H2O2 in normal tissues but as a producer of H2O2 in cancer 

environment56. These properties of ceria largely depend on its particle 

shape, size, surface chemistry, surface additives and ligand that 
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involves in redox reaction57–59. Anti –invasive behavior of nanoceria 

was observed in human melanoma cells, whereas antitumor and anti-

antigenic effects were studied in vivo tumor model60.  

Doping of ceria with rare earth elements (Gd, Nd, La and Th) 

enhanced the oxygen ion conductivity and the mechanical properties61. 

Other important characteristics of ceria include oxygen ion 

conductivity and oxygen storage capacity. The oxygen storage capacity 

of ceria increases on doping with metallic cations (e.g., Ca2+, Ba2+, 

Pb2+, etc.)62. The role of Cu2+ in the ceria lattice on the oxidation of CO 

over CuO/CeO2 catalyst was discussed63. Both redox couple Ce4+/Ce3+ 

and Cu2+/Cu1+ is involved in the reaction. Hence ceria can provide 

lattice oxygen for copper, thus increasing the oxidative properties of 

the binary system. Besides, it was reported that insertion of Co/Mn 

oxides in to the copper- ceria crystal lattice made substantially 

distinguishable behavior to the surfaces, which are coated on fiber 

glass system64. Due to the existence of synergetic effect in the three 

components Co-Cu-Ce-O/FG system, it attributed its higher catalytic 

activity but the same is absent in the Mn-Cu-Ce-O/FG system. 

Moreover, the membrane – deposited active layer of CuO-CeO2/SG 

exposed higher catalytic activity for CO conversion65. 

Additionally it is worth to note that properties of ceria are 

monitored by structural and morphological parameters66–69. Different 

morphologies of ceria are synthesized and studied, which involves 

nano rods, nano cube, octahedron or polyhedron, etc70. It was 

investigated that CeO2 nanorods selectively exhibits higher activity for 

CO oxidation and NO reduction71,72, whereas nanocubes show superior 
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properties in soot combustion73, hydrogen oxidation74and preferential 

oxidation of CO75. For water gas shift reaction processes, gold 

supported ceria nano rod performed as best catalyst than ceria, while 

Cu-based ceria polyhedral Nps76contributed best structural support77,78. 

But due to the existence of large proportion of reactive planes on the 

surface of ceria nanowire, made it as potential redox catalyst for CO 

oxidation. 3D flower like ceria has owned enhanced catalytic activity 

towards the oxidation of CO for the removal of As (V) and Cr (VI). 

Presence of large surface area and channels in the 3D flower ceria can 

provide better interaction between gas molecules and catalytic 

support79.  

The revolutionary upright of ‘nanotechnology’ brought 

progressive research challenges in the medical field designed for 

improving therapeutic strategies against various diseases threatening to 

our life. It improved the pharmacodynamics and pharmacokinetic 

properties of conventional chemotherapeutic agent and enhanced their 

efficacy with less toxicity80. Among nano metal oxides, rare earth 

oxide ceria possess excellent antioxidant and anti-inflammatory 

properties. This happens because of its triggering nature of Ce3+ and 

Ce4+ oxidation state depending on the environment81,82. The nature of 

oxygen storage capacity of it increases the antioxidant behavior. It 

performs as anticancerous drug for various cancer cell lines in different 

manner because it can reduce the oxidative stress induced by the 

generation of reactive oxygen species. Ceria can directly accept 

hydrogenated radicals from the blood stream and thus preventing the 

cell damage caused by the oxidative stress. Doping of the parent matrix 

with elements which can emits radiation by itself upon excitation in the 
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UV-visible region of the spectrum50. Nano medicine with modified 

structure can kill tumor cell by increasing ROS level in tumor cells or 

by directing the nucleus or organ cells83. Among p- block elements, Si 

and first transition series metal oxides such as Cu, Fe aroused the 

induced oxidative stress and cytotoxicity in airway epithelial cells. It 

was aroused that besides the surface and core oxide composition, size 

of nanoparticle has key role on imparting its effect on certain 

diseases84. The present work includes synthesis of different series of 

Cu-Ce-O solid solutions from the oxalate precursor and correlation of 

cytotoxic effects of mixed oxides towards Dalton’s Lymphoma ascites 

cells. The findings of this analysis were discussed in detail in Chapter 

6. PEGlycated ceria nanoparticle expressed enhanced radioprotection 

on human liver cell under γ-irradiation85. Up to now, any investigations 

related with the influence of different shapes of ceria nano particle 

upon its anticancerous properties still not exist. The detailed discussion 

regarding this kind of cytotoxic behavior is involved in Chapter 7. Fig. 

5 represents the schematic representation of normal cell and cancer 

cells. 

 

Fig. 5 Schematic illustration of normal and cancer cells 
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1.1.6. Computational study 

 Computational aspects of electronic structure of ceria and ceria 

based materials were studied by ab initio quantum mechanical Density 

functional theory (DFT) package of Venna ab initio simulation 

Package (VASP 5.4.1). Band structure, density of states (DOS) and 

charge density distribution of ceria and copper doped ceria were 

compared. 

1.1.6.1. Band structure and density of states  

The band structure of a solid means the range of energies that 

an electron associated within the solid and range of energies that are 

not associated with an electron. A solid consists of large number of 

atoms. The atomic orbitals overlap with each other to form molecular 

orbitals with different energies. Since the solid consists of large 

number of atoms (N~1022), there are very large number of orbitals and 

hence they are much closely spaced in energy (of the order of 10-22eV). 

The closely space energy levels are considered as continuum, an 

energy band. In the formation of bands, most often valence electrons 

are treated. The width of the band depends on the extent of 

overlapping. Bands at higher energy are associated wider energies due 

to more overlap, but bands of core electrons are narrow due to the 

reduced level of overlap from the adjacent atomic orbital. Therefore, 

the band gaps generated by core electrons are large. In solids, the 

isolated atomic and molecular energy levels are broadening into bands 

of allowed energy state, which are separated by a forbidden energy 

gap. The qualitative description of an electronic conduction can be 
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predicted for materials with band gaps. For metals the forbidden 

energy band gap is negligible, while for semiconductors, the band gap 

is small (< 3eV) and for insulators have wide band gap (> 3eV). The 

determination of band gap of semiconductor materials is helpful to 

control its application in various fields. Another important thing 

associated with the determination of band gap is what is the Fermi 

energy of the semiconducting materials? Fermi energy is the energy of 

the highest occupied electronic state. Depending upon the nature of 

impurities present in the lattices, the value of Fermi energy state varies. 

For a typical solid, for each centimeter cube, about 1023 valence 

electrons contribute towards bonding. Hence the calculation of 

electronic structure of a solid must be a complex many-body problem, 

i.e., exact wave function and energy of each electron would depend on 

those of each other. Plane wave DFT can be utilized to characterize 

electronic structure calculation of extended system. The estimation of 

band structure method could help to understand total energy of all 

possible structure of the crystal, Fermi energy, density of states, optical 

properties, electron transport, bulk modulus, wave function of the 

electron and elastic properties. On limiting the movement of electron 

into fewer dimensions, the density of the states is modified near the 

band gap. In order to understand this electronic density near the band 

edge, we need to calculate DOS of the structure. The method of DFT 

can find solution to this problem.  

DFT calculation for electronic structure of a semiconducting 

material is performed using Blochl tetrahedron method for 

interpolation in k-space. This theorem states that the wave functions of 
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the one electron Hamiltonian can be chosen to have the form of a plane 

wave times a function with the periodicity of the lattice.  

Solid state materials are crystalline with periodic lattice. The 

ground state electronic structure of a solid is periodic in nature because 

of the same charge distribution in each unit cell. Therefore the 

potential V(r) is also periodic with V(r+R) = V(r), where R is a vector 

joining the same point in two different unit cell86. The complete 

calculation of band structure of a solid indeed takes this periodic 

lattice, making use of symmetry operations forming space groups. The 

execution of Schrödinger equation for the crystal lattice results the 

wave function, known as Bloch waves. 

                             .( ) ( )ik r

nk nk
r e u r 
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Where n is the band index which simply numbers the energy 

bands, k


is the wave vector which is related to the direction of motion 

of the electron in the crystal. The wave vector takes any value in the 

Brillouin zone corresponding to the crystal lattice of solid. The 

particular high symmetry points or direction in the Brillouin zone is 

labeled as Γ, Λ Δ, Σ, etc. The energy of the electron changes with 

change in k


.  

1.1.6.2. Theory of band structure in crystal 

Periodic lattice of a crystal structure can be identified by Bravais 

lattice, which in turn can be determined by reciprocal lattice. The 

reciprocal lattice encloses the periodicity in a set of three reciprocal 
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lattice vectors 1 2 3( , , )b b b
  

. The periodic potential V(r) which exhibits 

same periodicity as the direct lattice can be represented as a Fourier 

series, whose only abiding components are those correlated with 

reciprocal lattice. So it can be represented as:  
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where 1 1 2 2 3 3k m b m b m b  
   

 with m1, m2 and m3 being integers. 

Using this theory one can be able to predict the band structure of 

a solid material by executing several ab initio methods. Some of the 

theories to predict the band structures of crystalline materials are 

discussed in brief. This includes Kronig- Penney model86, nearly free 

electron model86, tight-binding methods87, Korringa-Kohn-Rostoker 

(KKR) method86 and DFT methods. 

1.1.6.2.1. Nearly free electron model  

 The major assumptions of this approximation are similar to the 

free electron model. In this approximation, metal crystal consists of 

positively charged metal ion, whose valence electrons are free to move 

around the metal ions in such a way that they constitute an electron 

gas. Further, the electron-electron repulsion is ignored and the 

potential field inside the crystal is aroused due to the positive ions are 

completely homogeneous in nature. This theory assumes that the 

potential in the periodic lattice in many ways exhibits small 

perturbance to that seen from the electron in free space. Based on this, 

the band structure is calculated by considering crystal potential even 
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though slight difference is exists from the constant free space potential. 

This model works particularly for metallic materials, where the 

distance between the adjacent atoms are small. Therefore the overlap 

of atomic orbitals and potentials on the adjacent atoms are relatively 

large. 

1.1.6.2.2. Kronig-Penney model 

 This model assumes that an electron in a ID- periodic potential. 

Periodic potential is considered as a periodic square waves. Using 

Schrödinger equation, the number of possible states that can be 

occupied by electrons can be determined. The major advantage of this 

theory is that the energy eigen values and eigen functions can be 

analyzed. Possible values of dispersion relations (E vs k) and electronic 

density of states can be determined.  

1.1.6.2.3. Korringa-Kohn-Rostoker (KKR) method 

 Here atoms are considered as the non-overlapping spheres 

(Muffin tin). Inside the sphere, the potential experienced by the 

electron is spherically symmetric about the given nucleus. The 

remaining interstitial regions are associated with screening potential 

which is approximated as constant. The potential continuum of atom 

centered spheres and interstitial regions are implemented using this 

theory. 

1.1.6.2.4. Tight binding methods 

This method is opposite to the nearly free electron model. In this 

approximation, electrons in the periodic lattice behave in same fashion 
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as the assembly of constituent atoms. This model yields solution to the 

time independent single electron Schrödinger equation. Based on this 

method, excellent description of the energy spectrum for bound states 

up to rather small interval separations can be performed. This model 

work best for seeking of low lying energy levels, and less accurate for 

the higher level excited state properties88. 

1.1.6.2.5. Density Functional Theory  

Nowadays, for the prediction of electronic structure of 

crystalline materials, the most useful tool is DFT89. It is not a model 

but a theory considering ground state electronic density of states. It is a 

microscopic first-principle theory of condensed matter physics for the 

solution of electron-electron many body problems. DFT calculations 

for the extended systems are performed based on the introduction of 

exchange correlation term in the functional of electronic density. The 

detailed description of the theory is given in section 1.1.6.4. 

1.1.6.3. Density of states 

 Density of states describes the available occupied energy levels 

per unit energy range in each zone. It can be determined by dividing 

the volume of sphere having definite radius by the volume of a single 

state. Therefore, the number of available quantum state having energy 

levels between E and E+dE can be determined as follows: 
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Where the quantity dN/dE is called the density of states 



 25 

Metals are materials with non-zero DOS at the Fermi level. 

DOS can be separated into two regions: valence band and conduction 

band. Valence band is the collection of all occupied energy state, while 

the conduction band consists of unoccupied energy state. The band gap 

is the region where no DOS can be found. The slope of the DOS 

changes discontinuously in a number of places. These are known as 

van Hove singularities89. 

From the last fifteen years, the revolutionary aspects of 

computational simulations are based on the use of first principle 

approach for exploring the properties of condensed matters. Using this 

approach many of the properties of the material can be explored by 

solving the Schrodinger equation for the electrons of the atom, 

molecule, and assemblies of atoms in solids or liquids. The 

combination of molecular dynamics and electronic structure methods 

called ab initio molecular dynamics which can predict approximate 

solutions for the problems of many electron systems. 

1.1.6.4. Density Functional Theory  

DFT is the most powerful ab initio tool for the theoretical 

characterization of material properties in the condensed system than 

other methods. The principle behind it is based on the calculation of 

energy of the system from the electron density rather than wave 

functions90. This method is computationally less expensive giving most 

accurate results. The ancestors to DFT was Thomas-Fermi model, 

elaborated by Thomas and Fermi91. Hohenberg-Kohn (HK) introduced 

a DFT having firm theoretical foothold. This theory rests on two 
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fundamental physical laws without using free parameters. The first 

theorem states that “the ground state energy from a Schrödinger 

equation is a unique functional of the electron density”. This theorem 

demonstrates the existence of one-to-one mapping between the ground 

state wave function and electron density. Second theorem established 

that ground state electron density which minimizes the energy of the 

overall functional is the true electron density with respect to the full 

solution of Schrödinger equation89. But the main drawback of this 

theory was it ignores the exchange correlation functional. So the 

accuracy of the solution of Schrödinger equation can be improved by 

applying parameters suited with experiment92.  

The main goal of DFT is to substitute many-body electronic 

wave functions with the electronic density as a principal part. The idea 

underlying approximate solution for a problem is based on the 

selection of suitable potential to the level of appropriate approximation 

chosen for solving Schrödinger equation. Hence Hohenberg-Kohn-

Sham DFT using pseudo potential i.e., Local Density Approximation 

(LDA) and Generalized Gradient Approximation (GGA) has been the 

most powerful electronic structure calculation for the condensed 

matters89. 

In the many-electron systems, there exist strong interaction 

between electron and nuclei. Hence the all electron calculation 

involving core electrons make large computational burden. Most of the 

physical and chemical properties of solid materials are described in 

terms of distribution of valence electrons. The core electrons are 

participated negligibly in chemical bonding. Besides, their overlapping 
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with core electrons of neighboring atoms is imperceptible. Hence the 

environments of core electrons are not changes with changing the 

chemical environ ments of atoms. This implies the advantages of 

“frozen-core approximation”. Core electrons are treated as “frozen”. 

This led to the consideration of calculation of less electrons and Eigen 

states of Kohn-Sham equation. So the total energy scale is largely 

reduced when the core electrons are neglected from the calculation, 

which in turn helps to make the calculation of difference in energy 

between atomic wave functions much more stable. The substitution of 

ionic core potential by pseudo potential leads to the nod less valence 

wave functions. So the pseudo potential approach with Kohn-Sham 

DFT is more economic method. In fact, pseudo potential is substituted 

with electron density which from a chosen set of core electrons with 

smoothed density is used to match various properties of the true iron 

core. As a result, the properties of the core electrons are fixed in this 

approximation model in all consequent calculations. The major pseudo 

potential approximations are LDA and GGA. LDA is the simplest 

approximation which uses only local density to describe the 

approximate exchange-correlation functional. It is based upon exact 

exchange energy for a uniform electron gas. The results obtained using 

LDA with DFT doesn’t give exact solution to the Schrödinger equation 

because of the incorporation of true-exchange correlation functional. 

GGA assumes a gradient in charge density. This approximation is 

more physically significant than LDA. Majority of the problems of the 

isolated molecules are defined by using GGA. But it doesn’t applicable 

for the delocalized electrons in the uniform electron gas. Presently 

there are large varieties of GGA functional to give information about 
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gradient of electron density. Majorly used functional for solid state 

calculations are Perdew-Wang (PW91) and Perdew-Bruke-Ernzerhof  

(PBE) functionals89. 

1.1.6.4.1. Kohn-Sham Equations 

The most powerful electronic structure theories like Kohn-Sham 

DFT using pseudo potential i.e., LDA and GGA have been 

implemented for the intractable many body problems of interacting 

electrons in a static external potential for the purpose of reducing to a 

problem of non-interacting electrons system93. Conceptually, pseudo 

potential includes the external potential and the effects of Coulomb 

interactions between the electrons, e.g., the exchange and correlation 

interactions. Kohn-Sham equations have the form of Eq.13. The 

solution of this equation is for single electron wave function. The most 

common approach for the purpose of extended system is the expansion 

of single –particle Eigen states of the Kohn-Sham equation into a set of 

basis functions. The Schrödinger equation is utilized for the generation 

of expansion co-efficient, which then solved by various well 

established numerical methods. 

2
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  We consider extended periodic system with atoms at positions 

R+τ, where R represents  a Bravais lattice vector locating a unit cell of 

the crystal and τ represents a basis vector giving the positions within 

the unit cell. The energy operator, Hamiltonian for the energy of the 

system is given by 
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where N= number of electrons at positions ri with Coulomb potential 

as in Eq. 15  

 Static potential of the ion is formulated as 
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and ion-ion repulsion is given by 
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Here, = 1, 2m = 1, e2 =2 are Rydberg units, distance and energies are 

measured in Bohr and Rydberg units respectively. First three terms of 

Eq.13 is taken as the electron energy operator Hel 

The ground state electronic energy Eel of the system can be 

represented as  

0[ ] ( ) ( ) [ ] [ ]el
ion h xcE T n V r n r dr E n E n                 (18) 

where T0 [n] represent kinetic energy, Eh[n] stands for Hartee-Fock 

energy or classical interaction energy and Exc is the exchange 

correlation energy of function n having density n(r).  
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Hence, Hartee-Fock energy can be described as 
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             (19) 

Considering the number-conserving variations of the true 

ground state electron density n0(r), ground state electronic energy Eel is 

minimized. 

  ( ) 0elE n n r dr                  (20) 

where, μ is the chemical potential of the electronic system.  

Kohn-Sham potential of the many body problems is obtained by 

the self -consistent calculation of the following equations 
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and Veff (r; n) = Vion(r)+Vh(r; n)+Vxc(r; n)              (23) 

i
is the ortho normal eigen functions and Ei is the Eigen value 

of the operator H


 

Hartee and exchange correlation potential functions94 are given 

as: 
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 The exchange correlation functional is given by the sum of a 

correlation functional and exchange functional93. The assumption of 

LDA includes that exchange correlation energy of an electron at every 

point in space is equal to the exchange correlation energy per electron 

of a uniform electron gas. For the weakly correlated materials 

(semiconductors and simple metals) LDA gives most accurate result, 

while for studying bulk properties (elastic properties, bulk modulus 

etc.), GGA functional is more suitable. GGA95 assumes a gradient in 

the charge density. The gradient correction to the exchange correlation 

functional results in the formation of spin densities and their gradients 

in the function. Hence GGA can modify the quality of the LDA results.    

1.1.6.5. Pseudo potential plane wave approach 

Nowadays, pseudo potential plane wave approach became the 

bench mark model of the DFT method for calculating the ground state 

electronic properties of the extended system. The advantage of plane 

wave approach is that it leads to very efficient numerical calculation of 

Kohn-Sham equation96. For the extended system, the employment of 

pseudo potentials are carried out by using relatively small set of plane 

waves. Plane waves are exact Eigen functions of the homogeneous 

electron gas. They are ortho normal and energy independent. Plane 

wave are not biased to any particular atom. In solving equation, plane 

wave basis set with certain cut off wave vector is used. The size of 
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basis set is fixed by the convergence calculation controlled by a single 

parameter. Besides, it can be verified by simply increasing the length 

of the cut off vector. In the plane wave based calculations, the coulomb 

potential of the electron-nucleus interaction in the core region are 

substituted with pseudo potentials. The introduction of pseudo 

potentials replaces the true valence wave functions, the so-called 

pseudo wave functions correctly match with exact true valence wave 

functions outside the ionic core region. It considers Hartee potentials 

and the total charge density of the system96. 

1.2. Review of the work 

 Thermal decomposition studies were started by the thinking of 

Wendlandt et al97(1958). The thermal decomposition behavior of 

scandium, yttrium, lanthanum, cerium (III), neodymium, samarium, 

europium, gadolinium, holmium and erbium were carried out on 

thermo balance. Based on the thermal decomposition data, authors 

classified rare earth metal oxalates as three groups. First group 

containing La, Pr and Nd oxalates, second group involves: oxalates of 

Sm, Eu and Gd and third groups: Y, Ho and Er. First group oxalates 

undergoes decomposition without the formation of hydrates. Formation 

of oxides occurs at higher temperature than other two groups. Second 

group passes through the hydrates as intermediate. Temperature 

corresponding to the formation of oxide is lower than the first group. 

Third group oxalates go through the stable hydrate intermediate. 

Oxalates of Ce decompose at lower temperature than other rare earth 

oxalates. Wendlandt et al98(1959) carried out the investigation 

regarding the thermal decomposition of heavier rare earth metal 
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oxalates of terbium, dysprosium, thulium, ytterbium and lutetium in a 

thermo balance. It was found that oxalates began to response to 

temperature from 45 to 60ºC. Thermal reaction passed through several 

intermediate formation and decomposition, and finally forms the oxide 

in the temperature range of 715 to 745ºC. 

 From the reports of Wendlandt et al98 and Srivastava et al99 

(1960), it was found that thermal dehydration of cerous oxalate 

occurred at 50-220ºC, and the decomposition was completed at 360ºC. 

The small weight loss was observed at above 360ºC could be due to the 

occurrence of decomposition of small amount of carbonates which 

aroused from the decomposition of oxalates. Padmanabhan et al100 

(1960) reported the formation of a dihydrate. It was reported that the 

temperature range of loss of water from the lanthanum oxalate varies 

between 55ºC and 370ºC. The thermal decomposition reaction of 

Lanthanum oxalate (La-Ox) starts at 400ºC, and then at 550-750 ºC, a 

stage corresponding to the formation of oxy carbonate intermediate is 

reached. The final stage of decomposition was occurred from 740ºC 

and the weight loss became constant at 840ºC corresponding to the 

formation of La2O3. Subba Rao et al101(1965) brought out the 

mechanism of thermal decomposition of oxalates of La, Ce, Nd and Pr 

via TG from the temperature 30-1100ºC both in air and CO2 

atmosphere. It was disclosed that under CO2 atmosphere, the delayed 

nucleation and slow growth rate was became the reason for the delayed 

nature of the reaction. It was suggested by the authors that cerous 

oxalate starts dehydration above 150ºC and continue the reaction at 

about 275ºC, where the decomposition of oxalates starts to occur. At 
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about 375ºC, sharp weight loss (51.2%) was observed and then weight 

loss (52.5%) was remained constant at 550 ºC. It was discussed by the 

authors that even though the mechanism of decomposition was similar 

in the CO2 atmosphere, the reaction followed with slowest steps. In 

CO2 atmosphere, the decomposition was started at 325 ºC. Sharp break 

in the weight loss at 450ºC was corresponds to the formation of 

intermediate Ce2O3.CO2, but this formation of intermediate is 

relatively less stable to be resolvable in the atmosphere of air. In the 

CO2 condition, after 650ºC onwards, the weight loss remains constant. 

Along with cerous oxalate, Subba Rao et al101 also carried out the 

establishment of thermal decomposition mechanism of oxalates of La, 

Pr and Nd both in the atmosphere of air and CO2. It was concluded that 

lanthanum oxalate takes the removal of water in the range of 100-

300ºC without any indication of intermediate hydrate. Thermal 

decomposition of praseodymium oxalate undergoes with similar 

fashion to the La-Ox in air. It follows through the formation of oxy 

carbonate intermediate and finally the formation of Pr6O11 in the 

temperature range of 550-650ºC. Moreover, these authors also 

discussed the thermal decomposition behavior of Neodymium oxalate. 

The dehydration was occurred rapidly in the temperature range of 100-

350ºC. The decomposition stage corresponding to the formation of 

Nd2O3 occurs in the temperature range 700-740ºC. Hence the authors 

concluded that except cerous oxalate, oxalate of Pr, La and 

Neodymium undergoes thermal decomposition reaction through the 

formation of oxy carbonate intermediate (M2O3.CO2). The 

decomposition of the concerned oxalates was found to be delayed and 

sluggish in CO2 atmosphere. 
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 Agarwala et al102(1961) brought out the investigation regarding 

the kinetics of decomposition of yttrium, cerous and zirconium 

oxalates via thermo gravimetrically and differential thermo gravimetry. 

Moosath et al 103(1963) described thermal decomposition behavior of 

oxalates of La, Pr and Nd on a Stanton thermo balance, and shown that 

these form a group based on their concerned process. These oxalates, 

before giving the final oxide product, yield basic carbonates, which are 

stable. The decomposition starts after the completion of dehydration 

rapidly, indicating the unstable nature of anhydrous oxalate. These 

authors studied about thermal decomposition behavior of oxalates of 

Sm, Eu, Gd, Tb and Dy and disclosed that no weight level 

corresponding to the hydrated intermediate was observed in the thermo 

gravimetric analysis. They also discussed that basic carbonate 

intermediate did not formed before the formation of oxide at higher 

temperature 690-720ºC104. Thermal behavior of heavier rare earth 

oxalates of Ho, Er, Tm, Yb, Lu, and Y were studied on a Stanton 

thermo balance and posted that dehydration of oxalates at lower 

temperature occurs through the formation of stable dihydrate in the 

temperature range of 230-330ºC. Also they confirmed that these 

oxalates decomposed to form the final product oxide (680-700ºC) 

without any stable intermediate105. Group IV oxalates (Ce, Th) upon 

thermal decomposition shows anomalous behavior with respect to each 

other, but exhibited major difference from the decomposition behavior 

of other oxalates106. De Almeida et al107(2012) postulated new insights 

regarding the thermal decomposition behavior of cerium oxalate under 

inert and oxidizing atmosphere. It was viewed as a resemblance to the 

thoughts of Subba Rao et al101, regardless of the atmosphere, 
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dehydration occurs at about 170ºC without any intermediate hydrate, 

but thermal decomposition behavior is entirely different in both air and 

argon atmosphere. Under air, the decomposition takes place in one step 

between the temperature 270 and 450ºC, releasing CO2, whereas in 

argon, the decomposition occurs in two step between the temperature 

350 and 800ºC with the release of CO and CO2. Gabal et al32 (2012) 

synthesized CeO2 nano powder via thermal decomposition of cerium 

oxalate. Thermal decomposition behavior was studied through DTA-

DTG-TG measurements in air. They observed majorly two weight loss 

steps in the temperature region of 60-160 and 270-350ºC. The first 

weight loss step with a broad endothermic DTA peak is associated 

with loss of 10 water molecules of Ce2(C2O4)3.10H2O, forming 

anhydrous oxalate. Literatures in 1960’s reported that anhydrous 

oxalate is very unstable and hence it undergoes rapid decomposition. 

On contrary to this, Gabal et al32 disclosed that anhydrous cerium 

oxalate is stable up to 270ºC, which undergoes exothermic 

decomposition at 350ºC to form ceria nanoparticle. They calculated 

kinetic parameters for each thermal decomposition stage of precursor 

oxalate.  

Up to now, there are few reports regarding thermal 

decomposition of mixed rare earth metal oxalates. Thermal 

decomposition of cerium oxalate and mixed cerium–gadolinium 

oxalate was studied. The corresponding mixed oxide 

(CeO2)0.9(Gd2O3)0.1 is prepared by calcination108. Ubaldini et al109  

investigated the thermal properties of mixed cerium–gadolinium 

oxalate and found that their dehydration stages are similar to that of 
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gadolinium oxalate. Effect of additives to the precursor salt 

significantly governs the rate of decomposition. Selection of additives 

which cause to decrease the Ea and increase the rate of process and its 

separation from the product is most considered. Furuichi et al110 

studied the effect of transition metal oxide α-Fe2O3 additive on the 

thermal decomposition of salts of halogen oxoacids, oxalates, azide, 

permanganate and oxides by gas-flow type DTA and X-ray diffraction 

pattern. It was shown that α-Fe2O3 exhibited remarkable catalytic 

effect on the decomposition of halogen oxoacids, but it didn’t show 

any effect on other salts. The effect of ferro spinel additive Cd1-x Cox 

Fe2O4 (x = 0.0, 0.5 and 1.0) on kinetics and mechanism of thermal 

decomposition of lithium oxalate was studied111. It was found that with 

increasing the concentration of cobalt, the rate of thermal 

decomposition was enhanced with x in the order 0.0 < 0.5 < 1.0. John 

et al112 explored the effect of semi conducting metal oxides CuO and 

TiO2 on the thermal decomposition of sodium oxalate. It was 

suggested that regardless of n-type or p-type oxide, both CuO and TiO2 

enhanced the rate of thermal decomposition at lower concentration (1 

wt %), whereas suppressed the rate at higher concentration because of 

the adsorption of CO, one of the byproduct. The effect of additives 

CuO, MnO2 and TiO2 on thermal decomposition kinetics of KIO4 to 

KIO3 was investigated113. These oxides showed remarkably little effect 

on the rate of decomposition except with concentration of oxides 10 

wt%, when observed small decrease of rate.  

 The multistep mass loss behaviors of solids are controlled by 

physico-geometrical constraints which may occur due to the changes in 
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reaction conditions as the reaction advances114. In thermally stimulated 

processes, surface product layer is formed in the early stages of the 

reaction. The occurrence of geometrical restrictions between the 

surface product layer and the inward advancement of the reaction 

interface generated at the boundary between surface product layer and 

internal reactant24. There are numerous works regarding the 

establishment of kinetic parameters of partially overlapped thermal 

decomposition processes. Koga et al115 investigated the kinetic 

parameters responsible for the thermal degradation of ploy (L-lactic 

acid) via multistep kinetic approach. Using the similar methodology, 

kinetics of formation of Ag from Ag2CO3 was carried out22.  

Even though large numbers of investigations regarding the 

multistep kinetic behavior of solid state materials are established, solid 

state decomposition kinetics of hydrated cerium oxalate through 

multistep kinetic approach were not evaluated. So the authors 

interested to find out the effect of cationic dopant, nano 

semiconducting metal oxides, ferrites and oxalates upon the thermal 

behavior as well as its kinetics for the formation of ceria nanoparticles.  

 Potential growth of the ceria nano particle due to the unique 

physical and chemical properties, they possessed wide variety of 

applications in material science fields including catalysis, sensors, 

control of pollutants, etc. The emergence of the nano particles became 

great hazards to human health. This became reason for the researchers 

to rethink about the unknown biological effects underlying the 

nanoparticles. 
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 Chen et al116 (2008) made comparative study on the 

cytotoxicity of metal oxide nano particles of Fe2O3, CuO and ZnO and 

their metal ion counter parts (Fe3+, Cu2+ and Zn2+) towards human SH-

SY5Y neuroblastoma and H4 neuroglioma cells. For the purpose, they 

taken the test samples of concentration range of range of 0.01–100 mM 

for 48h, under the cell culture conditions: 95% O2, 5% CO2, 85% 

humidity, 37ºC. Based on the cell viability test of nanoparticles and 

their metal ion counter parts, the most striking results were obtained 

for CuO. Significant cell death was observed for both H4 and SH-

SY5Y cell lines. While the toxic effects of Fe2O3 and ZnO were found 

to be marginal. Based on the evidence of their data, they argued the 

complex nature of neurotoxic response and hence they justified further 

through in vivo studies. 

 Wang et al117(2011) investigated the mechanism of in vitro 

cytotoxicity of metal oxide nano particles (ZnO, TiO2, CuO and 

Co3O4) using catfish primary hepatocytes and human HepG2 cells. It 

was proved that CuO and ZnO exhibited significant toxicity in both 

HepG2 cells and catfish primary hepatocytes. The evidences verified 

that HepG2 cells are more sensitive than catfish primary hepatocytes 

towards the toxicity imposed by metal oxide nanoparticle. The authors 

arranged the tested metal oxides in the increasing order of their toxicity 

as follows: TiO2 < Co3O4 < ZnO < CuO. They reached into the 

conclusion giving mechanism for the toxicity imposed by nano particle 

in such a way that both ROS mediated cell death and damages to cell 

and mitochondrial membranes accounts for it. 

 Wang et al83(2013) explored the possibility of cuprous oxide 
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nano particle for curing of melanoma and metastatic lung tumor based 

on B16-F10 mouse melanoma cells through both in vitro and in vivo 

models. The analysis was interpreted as cuprous oxide nano particle 

significantly reduced the growth of melanoma cell, inhibited the 

metastasis of B16-F10 cells and enhanced the survival rate of tumor 

bearing mice. As the nanoparticles are cleared from the organs rapidly, 

it causes to little systemic toxicity. Activity of cuprous oxide nano 

particle begins through the mitochondrion- mediated apoptosis 

pathways, it results in the release of cytochrome C from the 

mitochondrion and activated caspase-3 and caspase-9 after the nano 

particle entered the cells. 

 Ivask et al118(2015) searched the cytotoxicity of nano particles 

of oxides of Al, Mg, Si, Mn, Cu, Fe, Ti, Co, W, Sb and Zn) towards 

three cell lines such as human alveolar epithelial cells A549, human 

epithelial colorectal cells Caco2 and murine fibroblast cell line Balb/c 

3T3. For three cell lines, both nano particle and metal ion counterpart 

contribute comparative toxicity. Based on the analysis, the authors 

discussed that six metal oxides (oxides of Fe, Al, Mg, Si, Ti and W) 

did not show any toxic effect below100 μgmL-1). For five metal 

oxides, the averaged 24h IC50 value was found for three cell lines were 

16.4 (Cu), 22.4 (Zn), 57.3 (Sb), 132.3 (Mn) and 129 μgmL-1 (Co). The 

authors argued that oxides of Cu, Zn and Sb exposed the toxicity by 

releasing metal ions; whereas ROS mediated cytotoxicity was 

performed by oxides of Mn and Co.  

 Titma et al119(2016) studied the in vitro cytotoxicity exhibited 

by antimony, copper, cobalt, manganese, titanium and zinc oxide nano 
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particle towards the alveolar and intestinal epithelial barrier cells. Here 

they executed time dependent toxicity of Nps (24h & 9 days 

incubation). The short term monitoring of incubation of Caco2 & A549 

cells with 100 μgmL-1 of Nps, Sb2O3, Mn3O4 and TiO2 Nps didn’t 

show any toxic effect, but Co3O4 and ZnO shown moderate effect, 

while, CuO Nps exhibited toxicity below 100 μgmL-1. Upon long term 

monitoring, both Mn3O4 and Sb2O3 displayed remarkably enhanced 

toxicity. Authors rechecked the analysis with trans-epithelial electrical 

resistance (TEER) measurements and concluded that Caco2 cells were 

more sensitive towards the toxic effects of Nps. This assay resulted 

that more toxic effect was by Sb2O3 Nps. 

 Rajiv et al120(2016) made comparative assay on the cytotoxicity 

and genotoxicity of Co (II)&(III) oxides, Fe(III) oxides, silicon dioxide 

and aluminum oxide Nps towards the human lymphocytes via in vitro 

model. Short term exposure of human lymphocytes cell lines with Nps 

shows that Co3O4 Nps exhibited decrease in cell viability and increase 

in cell membrane damage. The reason for toxicity was ascribed due to 

the oxidative stress induced by ROS, lipid peroxidation, depletion of 

catalase, reduced glutathione and super oxide dismutase. In the 

concerned work, Al2O3 exposed least DNA damage. The difference in 

the antioxidant properties showed DNA damage and chromosomal 

aberrance in human lymphocytes. 

 Asati et al59(2010) investigated that cerium oxide nano particle 

has acquired great potential of antioxidant nature and radio protective 

agents in cancer therapy. They prepared various polymer coated ceria 

nanoparticle for the surface functionalization. They engineered 
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different surface charges (positive, negative and neutral) on the 

polymer coated ceria nano particle and their internalization and 

toxicity towards normal cells and cancer cell lines. Nano ceria carrying 

positive or neutral charge get into the most of the cell lines, but nano 

ceria with negative charge on the surface internalizes mostly in cancer 

cells. Depending upon the surface charge of nano ceria, it enters into 

different cell compartments. Depending upon the internalization and 

subcellular localization of ceria nano particle, it affects the nature of 

cytotoxicity of ceria nano particle. Significant toxicity is observed 

when nano ceria enters into lysosome of the cancer cells, but for the 

entrance to cytoplasm, no significant toxicity was observed. 

 Xue et al121(2011) established radical scavenging properties of 

ceria by the in vitro simple photometric system. In the concerned 

reaction, when methyl violet treated with hydroxyl radical, its 

absorbance change. But in the presence of ceria, it protects methyl 

violet from the attack of OH radical by scavenging the radical by ceria. 

Hence radical scavenging ability of ceria is directly evidenced through 

the absorbance change.  

 Marzi et al122(2013) proposed that cytotoxicity and 

genotoxicity of ceria nano particle towards different cell lines. They 

reached into the conclusion by executing long term and short term 

exposure in vitro assay towards A549, CaCo2 and HepG2 cell lines. 

Both cytotoxicity and genotoxicity assay was performed over a 

concentration range of 0.5 to 5000μgmL-1. But it was found that no 

toxicity was observed by short term exposure, while long term 

exposure exhibited significant toxicity towards all the cancer cells. The 



 43 

result also confirmed that the capacity of ceria nanoparticle to 

withstand the attack of oxidant like H2O2.  

 Clark et al123(2013) explored H2O2 mediated apoptosis of Ti-

doped CeO2 in tumor bearing cells. This catalase like activity of Nps 

was dependent on the specific cellular environment. The authors 

described that the study would become the preliminary step for the 

clinical studies and for the generation of new nanoparticle therapy. 

 Gao et al124(2014) reviewed on the novel therapeutic agent 

ceria Nps in cancer treatment. Based on the research data, authors 

argued that ceria Nps are able to show toxicity towards cancer cells, to 

inhibit invasion, and make sensitive the cancer cells to radiation 

therapy and chemotherapy. It exposes minimal toxicity to normal cells 

and protects cells from the generation of reactive oxygen species like 

OH radical. Since its affinity for scavenging hydroxyl radical, it 

protects the cells from the oxidative stress induced by the generation of 

ROS. It was shown that nano medicinal level of ceria was increased 

due to its dual capability as oxidant in cancer cell and antioxidant in 

normal cell. Hence it would become a substitute for reducing the 

harmful effect of the radiation therapy. 

Kargar et al125(2015) synthesized ceria Nps using bio based 

material such as egg white. In vitro cytotoxic studies of the synthesized 

nanoparticle towards the human periodontal fibroblasts cells exhibited 

concentration dependent toxicity with non-toxic effect up to the 

concentration range of 800μgmL-1.   

Diaconeasa et al126(2015) put forwarded that as ceria attained 
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radical scavenging properties, it find applications in the drug delivery 

or chemo therapy agents. Cytotoxicity and cellular uptake of nano 

ceria were tested on cultured human lung cancer cells. MTT assay 

resulted the cell viability test, exposed the toxicity expressed by the 

ceria nanoparticle. The results are dose dependent and exposure time 

decreased cell viability.  

 Gagnon et al127(2015) reviewed on protective effect and 

toxicity of ceria. In the concerned area, reviewers’ attention goes into 

that the protective effect of ceria aroused due to its inherent oxygen 

storage capacity. Hence it is able to uptake and release oxygen 

reversibly. This was the main cause of its entry to the biomedical 

applications. They suggested that toxicity of ceria Nps depends on 

synthesis condition, physical and chemical properties, surface 

properties, cell type, exposition method and various other features 

associated with it. 

 Nelson et al128(2016) made another review regarding the 

antioxidant behavior of cerium oxide Nps in biology and medicine. 

This review entitled on mechanism for antioxidant behavior, radical 

scavenging process, designing and method of preparation of radical 

scavenging ceria Nps, illustration of antioxidant capacity of ceria from 

in vitro and in vivo models, regeneration and therapeutic applications 

and for the treatment of photoreceptor degeneration. Based on their 

review, they ensured that ceria nano particles have capabilities to 

become a substitute for the therapeutic agents for treating oxidative-

stress and nitrosative-stress related diseases and disorders. 
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 Joydeep et al129(2017) performed nano ceria mediated drug 

delivery of doxorubicin. This was carried out via the apoptosis of 

ovarian cancer cell. In vitro analysis of DOX/CeO2 proved higher cell 

proliferation inhibition and apoptosis compared with free DOX. They 

brought out the mechanism as that negatively charged ceria 

nanoparticle can couple with positively charged doxorubicin through 

the electrostatic interaction under the physiological condition resulting 

in the formation of doxorubicin-loaded nano ceria (DOX/CeO2). This 

complex can behave as a superior drug for the cancer cell than free 

DOX taking the advantage of higher cellular uptake and fast release 

from the organ.  

 Khan et al130(2017) made an evaluation regarding the in vitro 

cytotoxicity, biocompatibility and change in the expression of 

apoptosis regulatory protein induced by ceria nano crystals. Based on 

the Western blot assay, it was confirmed that ceria nano crystals 

directed to HT29 cancer cell lines varied the expression level of anti-

apoptotic proteins Bcl2 and BclxL, whereas increased the expression 

level of Bax, PARP, and cytochrome c proteins. Specific ratios of 

Bax/Bcl2 protein are caused for cell death, which decides the death or 

life of particular cells with respect to an apoptosis stimulus. But higher 

ratios of Bax/Bcl2 robustly expressed inhibition of cellular resistance 

to apoptotic stimuli. 

 Up to now, large number of research regarding the cytotoxicity 

of ceria nanoparticles is performed. The main cause of its mechanism 

not yet understood. But the major reason for exhibiting the toxicity was 

argued that radical scavenging ability and antioxidant behavior. It can 



 46 

reduce oxidative stress induced by the generation of ROS. Because of 

the inherited ability of oxygen storage capacity, it can uptake and 

release oxygen reversibly. Ceria act as oxidant for cancer cells whereas 

antioxidant for normal cell. Cytotoxicity of ceria nanoparticle depends 

on the synthesis condition, size and shape, surface charge, cell type, 

etc. In the present condition, we enquired how the presence of Cu2+ in 

the lattice of nano plates of ceria affected the cytotoxicity towards 

DLA (Dalton’s Lymphoma Ascites cell) in vitro. We have prepared a 

series of oxides of Ce:Cu in different molar ratios via thermal 

decomposition of its oxalate. 

Nolan et al131(2005) studied the DFT calculations of bulk ceria 

and low index surfaces (111), (110) and (100). They contributed that 

the stabilities of the surfaces follows the order (111) > (110) > (100), 

whereas the surface relaxation pursued the inverse order. They 

analyzed the electronic properties of bulk and surfaces by means of 

charge, charge density and electronic density of states. They reminded 

that some partial ionic character in pure ceria along with covalent 

character. This confirmed that the Ce 4f states are above the Fermi 

level. On analyzing bulk and surface charge distribution, there 

appeared only small difference in the surface atoms when compared to 

bulk. DOS calculation of both shows major difference in the O 2p and 

Ce 5d states. They also contributed that DFT approach can’t predict 

accurately the delocalization of electrons in Ce3+, partially reduced 

ceria because of the strong correlational effect of Ce 4f states. But the 

accurate prediction of electronic structure can be made within the 
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DFT+U formalism. They also found that the contribution of 

localization of Ce 4f correctly predicted the defect surfaces. 

 Castleton et al132(2007) made an examination on real space and 

electronic structure of oxygen vacancies in ceria with DFT+U 

approach using exchange correlational GGA and LDA. They 

performed several quantification schemes and found that the 

localization of the charge starts to be occurring at U ~ 3eV. The degree 

of localization of charge was reached to maximum at U ~ 6eV for 

LDA+U approach and U~5.5eV for GGA+U approach. They found 

that for higher U value the localization of charge is decreased since the 

transfer of charge to the nearest neighbors. Maximum localization of 

about 80-90% of the Ce 4f charge was located on the two nearest 

neighboring Ce ions. They rechecked the properties of defect free ceria 

utilizing LDA+U with U = 3 – 4eV. But the agreement of theoretical 

prediction of band structure with experiments was observed at U = 7 – 

8eV. The best description of electronic localization with GGA 

functional was found to be with correlation term U = 5eV. 

Loschen et al133(2008) performed plane wave DFT to 

investigate electronic structure of a series of CeO2 Nps. They found 

that the strong correlation effect of 4f electron of Ce occurs due to the 

reduction of Ce4+ to Ce3+. In order to account the correct structure of 

ceria nanoparticle, DFT method choosing exchange correlation 

functional GGA or LDA was not sufficient. Hence they introduced 

Coulomb repulsion term U (Hubbard effective term) was introduced 

with DFT. Thus, they described that DFT+U approach is more efficient 

method for studying electronic structure of molecules, clusters and 
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extended solids. The most stable cluster species is cuboctahedral 

Ce13O26. Based on the DFT+U method, it can be predictable that 

highly co-ordinated ceria have more number of Ce4+ state, while low 

co-ordinated ceria possessed largely the reduce state Ce3+.  

Zhang et al134(2008) carried out a systematic study on the 

adsorption of Au atoms on the various ceria surfaces. They show the 

crucial importance of Ce 4f states in the adsorption of Au atoms on the 

stoichiometric and reduced ceria surfaces. In the stoichiometric case 

(Ce4+), Ce 4f states (non-bonding) occupy above the Fermi level, 

whereas in the reduced (Ce3+) case, the partially occupied 4f state due 

to the removal of oxygen atoms lye just below the Fermi level. While 

adsorption of Au on the stoichiometric ceria surfaces, 4f states act as 

electron acceptor causing to the stabilization of adsorbed Au atoms on 

the surfaces. Reduced ceria surface with partially occupied 4f sates 

behave as electron donor so as to stabilize adsorbed Au atoms. In the 

stoichiometric surfaces, the most preferred adsorption site for Au is on 

the bridge like site where two where Au directly binds with two 

oxygen atoms via O 2p- d (Au) mixing. In the reduced surface with 

oxygen vacancies, the suitable site for adsorption is near vacancy 

position. They found that the binding energy for adsorption of Au is 

higher at stoichiometric surfaces than in the Ce vacancy site.  

Branda et al135(2010) investigated the interaction of Cu, Ag and 

Au atoms on the regular ceria surface (111) within the frame work of 

DFT+U using the exchange correlational LDA and GGA and 

compared the results with periodic surface slab model. The interaction 

of Cu and Ag based on all methods gave same qualitative description 
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of the stable active site with same order of stability and oxidized 

character of Cu and Ag on the surface of ceria. In the case of Au, the 

interactions are method dependent and due to the presence of nearly 

degeneracy between the solutions between cationic and neutral Au. 

Tang et al136(2012) made comparative studies on the adsorption 

behavior of Cu, Ag and Au atoms on the technologically important 

catalytic surfaces of ceria within the frame work of DFT+U. They 

generated a set of model configurations by placing metal atoms on the 

three surface sites, viz, on top of an O, an O bridge site and a Ce bridge 

site. Before doing optimization, small distortions in the selected Ce-O 

distance were imposed in order to explore the energies associated with 

reduction of Ce4+ to Ce3+ during the adsorption of metal. Further the 

charge redistribution of adsorbed ceria surface was confirmed by spin 

density isosurfces and site projected DOS. They reached into the 

conclusion that while adsorption, Cu and Au atoms are oxidized to 

Cu2+and Au2+. They pointed out that adsorption energies for O bridge 

site was higher at where the 2 Ce3+ are nearest neighbors exist, while 

for Ce bridge site, adsorption energies was higher for 3 Ce3+ nearest 

neighbors. They also found that CeO2 exposed with (110) crystal plane 

exhibits higher adsorption energies than (111) crystal plane of ceria. 

 Jalborg et al137(2014) calculated the electronic structure of 

super cells of CeO2-δ within the frame work of DFT+GGA. The 

equilibrium properties such as lattice constants, bulk moduli and 

magnetic moments of super cells are well characterized with exchange 

correlational GGA. Electronic excitations are simulated by robust-total 

energy calculation for constrained states with atomic core holes or 
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valence holes. Non-magnetic insulator pristine ceria become magnetic 

when it is reduced by removing oxygen atoms. They put forwarded 

that in the ground state oxygen deficient ceria, the partially occupied 4f 

states lye near the Fermi level. The presence of 4f electrons have 

predominant role in realizing catalytic properties of ceria and related 

materials.  

Kehoe et al138(2011) examined the effect of divalent dopants on 

the reducibility and oxygen storage capacity of ceria using DFT. For 

this purpose, they utilized the range of divalent dopants and 

characterized their effects. Based on their investigations they proposed 

the blueprints for the choice of dopants to enhance the reducibility and 

oxygen storage capacity of an oxide catalyst. They generalized the 

selection of effective dopants by incorporating the following ideas that: 

(a) the ionic radius of the dopant ion should be small enough to adopt 

the alternative positions in the lattice, (b) the coordination of the 

dopant ion in the respective binary oxide should be lower than that of 

the host ion in order to create under coordinated or weakly bound 

oxygen ion, (c) in the case of transition metals, the effect of driving 

force of altered crystal field splitting, which can lead to alternate 

coordination. 

Lu et al139(2011) studied the effect of copper dopant into the 

ceria lattice and (111) surface of ceria utilizing ab initio quantum 

mechanical spin polarized density functional theory. They investigated 

the formation of oxygen vacancies and found that first oxygen vacancy 

is formed spontaneously while second is created easily in the doped 

system. Regardless of the number of oxygen vacancies in the lattice, 
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Cu is in +2 oxidation state and four coordinated in a close to planar 

structure. The formation energies for the oxygen vacancies are depend 

on charge compensation, structural relaxations and available Cu-O 

states. Formation energies for both first and second vacancies are 

smaller than that required for pure ceria (3.28eV). For the creation of 

first vacancy in the bulk-doped ceria, much larger decrease in energy 

(2.98eV) was found. This energy was attributed with 53% due to 

electronic effects and 47% due to large structural relaxation of doped 

system. For the creation of second oxygen vacancy, the energy needed 

was 0.89eV. This was attributed with 100% electronic effects. 

Szabova et al140(2013) studied the effect of Cu on 

stoichiometric and partially reduced ceria. It was observed that Cu 

adsorption on stoichiometric surface caused to the reduction, but on 

partially reduced surface it can regenerate partially oxidizing character 

of the ceria. 

Vanpoucke et al141(2014) studied the modification of the 

properties of ceria via aliovalent dopants Mg, V, Co, Cu, Zn, Nb, Ba, 

La, Sm, Gd, Yb and Bi to form fluorite type Ce1-x MxO2-y (where 0.00 

≤ x ≤ 0.25) theoretically by means of DFT+U formalism. Lattice 

parameter, dopant radii, bulk moduli and thermal expansion co-

efficient were calculated. The relative stability and oxygen vacancies 

of the solid solution were investigated. It was shown that the presence 

of oxygen vacancies in the doped system increased the lattice 

parameter whereas decreased the bulk moduli. They proposed that the 

defect formation energies are correlated with crystal and covalent radii 

of the dopant atoms. The introduction of aliovalent dopant exhibited 
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inverse relationship between change in thermal expansion coefficient 

and in bulk modulus. Different dopants impose differently in the ceria 

lattice. But the presence of oxygen vacancies in the doped system has 

much influence in the thermal expansion coefficient and bulk modulus. 

They proposed that bulk doping unfavorable with elements Cu, Co and 

Zn whereas favorable with La, Gd and Sm. 

Again Vanpoucke et al142(2014) studied the effect of group IV 

(a & b) elements (C, Si, Ge, Sn, Pb, Ti, Zr and Hf) as dopants to the 

ceria lattice within the frame work of DFT+U. They calculated the 

concentration dependent formation energies for the Ce1 – x ZxO2 where 

0 ≤ x ≤ 0.2. Based on their investigations, they proposed that a roughly 

decreasing formation energies with ionic radius. They compared the 

effect of IV a & b elements on the properties of ceria, and found that 

group IV elements are better suitable for surface modification, while 

group IV b elements for bulk properties. The influence of dopants on 

the mechanical properties such as thermal expansion co-efficient and 

bulk modulus were discussed. It was shown that group IV a elements 

causes to increase thermal expansion co-efficient, while IV b elements 

made a small decrease in thermal expansion co-efficient. The inverse 

relationship of bulk modulus and thermal expansion co-efficient are 

maintained. Their results of analysis revealed that not only valence 

shell electrons but also filled orbitals can bring the modifications to 

ceria. 

Musa Alaydrus et al143(2016) investigated the atomic and 

electronic properties of Ln-doped CeO2 (Ln = La, Pr, Nd, Pm, Sm, Eu 

and Gd] and pointed out that the contribution of 4f electrons to the 
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cation-anion interaction. They contributed to the literature that effect of 

dopants on the stable configuration and energies of oxygen ion 

migration in the doped CeO2. In order to compensate the localization 

effects of 4f electrons of all Ln dopants, strong correlation term 

Hubbard U correction were treated within the DFT+GGA frame work. 

This study revealed that the variable occupancy of 4f states was found 

to be important for early Ln elements to produce covalent interactions 

since those contain number of empty 4f orbitals. The covalent 

character of 4f electrons are generated by the delocalization due the 

hybridization of O 2p states. The presence of covalent interactions in 

Ln doped ceria essentially affects its oxygen vacancy formation and 

migration. 

 Chagas et al144(2016) performed both experimental and 

theoretical investigations on the effect of doping concentration of Ni 

and Cu to the ceria lattice. From the experimental point of view, it was 

noticed that Ni forms solid solution through isomorphic substitution of 

Ce sites, this was retained around concentration of 9-10% and above 

this limit it reached into saturation and hence the extra Ni atoms 

doesn’t affect the crystal structure of ceria. This was due to the 

formation of NiO phases as surface domain. The introduction of small 

percentage of Cu to the solid solution of NiCeOδ neither disturbed the 

bulk structure of solid solution. This confirms the formation segregated 

phases of CuO domains. Theoretically these were proven by 

calculating the formation energies of solid solution. It was analysed 

that small addition of Ni can easily generate the solid solution, while 

arising the concentration above 6.25–9.37 Ni% increased the formation 
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energy. The same effect was also observed in the doping of larger 

percentage of Cu to the Ni-Ce solid solution. Moreover, the strong 

contraction of lattice parameter was observed with larger concentration 

above 6.25–9.37 %.  

1.3. Aim and scope of the work 

 The present investigation aims at synthesis, characterization of 

ceria and ceria based nano materials via multistage thermal 

decomposition strategy and allows the evaluation of kinetic 

characteristics of the thermal events responsible for the process. The 

need and significance of various additives such as oxalate, oxide and 

dopant in various concentrations on thermal decomposition behavior 

and kinetics of hydrated cerium oxalate are forecasted. No work on 

alterations in thermal decomposition behaviors of cerium oxalate 

caused by the surface morphology of oxalate precursor has been 

reported so far. This study covers how the anticancerous properties of 

nano ceria are effectuated with surface morphology and copper dopant 

concentrations. The derivation of electronic structure of ceria and ceria 

based materials still exist with experimental limitations. So, the 

theoretical studies by the use of plane wave density functional theory 

with proper exchange correlation functional are an upcoming domain. 
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2.1. Materials  

 All the chemicals used were of analytical reagent grade and 

used without any further purification. Chemicals used for the synthesis 

of materials are following:  

Chapters 3 &4 

Cerium oxalate decahydrate        (99.9%, Indian Rare Earth Products 

Ltd, Cochin)  

  CaCO3                                                      (Sigma-Aldrich)  

  1MHCl 

  NH4OH                                   (Merck, India) 

 (NH4)2C2O4. 

Chapter 5 

Ce2 (C2O4)3.10H2O   (99.9%, Indian Rare Earth Products Ltd, 

Cochin),  

FeSO4 (NH4)2SO4.6H2O           

Co(NO3)2.6H2O              (Merck, India)  

NiCl2.4H2O  

Na2C2O4                                   (Sigma Aldrich) 
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Chapter 6 

Ce(NO3)3.6H2O   Himedia  

Cu(NO3)2.3H2O    (Merck, India) 

Na2C2O4    (Sigma Aldrich) 

CTAB   (Merck, India) 

Chapter 7 

Ce (NO3)3.6H2O        (Himedia)  

Na2C2O4                                  (Sigma Aldrich)  

CTAB    (Merck, India)  

PEG-800    (Merck, India) 

 Materials are prepared following the procedures as prescribed 

in each chapter. 

2.2. Characterization techniques 

2.2.1. FT-IR 

Using Jasco FT-IR-4100 instrument, FT-IR spectrum of the 

samples in KBr pellet was recorded1in the wave number region of 450-

4000cm-1 2. 
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2.2.2. UV-Visible spectroscopy 

UV–Vis reflectance which was measured using UV–Vis diffuse 

reflectance spectrum (Model: Jasco V-550 spectrophotometer)2. 

2.2.3. XRD 

Powder X-ray diffraction (XRD) pattern of the samples were 

recorded using a diffractometer (Miniflex 600, Model: Rigaku D/Max) 

with Cu-Kα (1.5418 Å) radiation (40kV, 15mA) with a scan rate of 2θ 

min-1 2. 

2.2.4. Optical Microscopy 

The appearance of the samples was observed using an optical 

microscope (Axio-Lab A1 attached with AxioCam ER C5S, Lens; Carl 

Zeiss-micro image, GmbH Analyzer)2. 

2.2.5. SEM  

The scanning electron microscopic (SEM) analyses of all the 

samples studied were performed using a Jeol Jsm-6390 LV. The 

instrument offers a resolution of 3nm ACC V3.0 KV, WD8m and 

magnification of 5× to 300,000. The imaging techniques employed was 

secondary electrons (SE)1 and back scattered electrons (BSE)2,3. 

2.2.6. TEM 

The morphology and topographical studies of the oxide 

samples were brought with TEM (Jeol, JEM 2100) with an 
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accelerating voltage of 200kV. Electronic and crystalline properties are 

well characterized by using HRTEM and SAED pattern. 

2.2.7. FE-SEM 

FE-SEM image of the samples were taken with Carl Zeiss 

(Model: Gemini 300). 

2.2.8. EDS  

Energy dispersive spectra (EDS, Ametek, Z2 analyser) were 

used for identifying elemental composition involved in the oxides. 

2.2.9. PL Spectra 

Photo luminescent properties are well characterized by using a 

Perkin Elmer LS 55 fluorescence spectrometer at room temperature. 

2.2.10. Micro Raman spectra 

Micro Raman spectra of the samples were collected using 

confocal Raman microscope (WITec GmbH, alpha 300A) with the 

excitation of 532nm laser (Nd: YAG dye laser, 40mW). 

2.3. Thermal analysis 

Analyzed by DSC (TA instruments, Model: Q20) and TGA 

(Perkin Elmer Thermal Analyzer, Model: STA 8000). The operational 

characteristics of thermal analysis systems are as follows: atmosphere: 

flowing N2 at a flow rate of 50mLmin-1, sample mass: 6 mg and sample 

pan: aluminium. 
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Simultaneous TG-DTA were made on Perkin Elmer Thermal Analyser 

(Model: Diamond TG/DTA) at four different heating rates, viz. 5, 10, 

15 and 20 K min-1. The operational characteristics of the thermal 

analysis system are as follows: atmosphere: flowing air, at a flow rate 

of 100 mL min-1; sample mass: 10 mg; and sample pan: Platinum. 

Repetition of the works were made under similar conditions and found 

that the data converged with each other, indicating acceptable 

reproducibility2,1.  

2.4. Kinetic Analysis 

 Analysis was performed by taking TG/DTA/DSC at different 

heating rate. Mathematical calculations were done and converted to α-

T data. Now, in the entire thesis regards the formation of ceria nano 

structures, its mixed oxides and doped oxides from the corresponding 

oxalates through the multi stage thermal decomposition strategy. The 

physico-geometrical kinetic behavior of the reaction was investigated 

by performing kinetic deconvolution procedure4-6. The procedure for 

this kinetic deconvolution is described in the chapters. Linear non-

isothermal techniques in the flowing atmosphere of air/ N2 were used 

with TGA/DSC/DTA instrument. The decomposing kinetics of each 

kinetically resolved stage of oxalate samples were studied either 

treating each stage within the conversion function, α between 0 to 1 or 

considering α of the overall decomposition from the room temperature 

to specified temperature within 0 to 1. 
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2.5. Cytotoxicity Assay 

In vitro cytotoxicity for short term was studied for ceria, copper 

doped samples surface modified ceria with using Dalton’s Lymphoma 

ascite cells. For this purpose, tumor bearing cells of mice were sucked 

from the peritoneal cavity and these cells were washed with PBS. 

Cytotoxicity assay was determined by trypan blue exclusion method7–9. 

For the various test samples of concentrations10, 20, 50, 100 and 

200μgmL-1, viable cell suspension (1×106 cells in 0.1mL) was added 9. 

Finally the volume was made up to 1ml using PBS. This mixture was 

then incubated at 310K for 3h. Moreover the cell suspension was 

mixed with 0.1mL of 1% trypan blue dye and kept for 2-3 minutes9. 

These analysis mixtures were then loaded on haemocytometer. 

Diazodye, trypan blue is negatively charged, it does not interact with 

cell membrane unless the cell membranes are damaged. Moreover, this 

dye stained selectively the damaged cells with blue color while 

excluding the undamaged cells. The numbers of stained and unstained 

cells were counted individually7, 10–12. 

% cytotoxicity = (No. of dead cells) *100 / (No. live cells+ No. dead 

cells)12 

 

 

 

 

Fig. 1 3D chemical structure of trypan blue 
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2.6. Softwares used 

 Peak fit 4.12 

 VESTA (Visualization for Electronic and Structural 

Analysis)4.4.0 

 p4vasp 
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3.1. Introduction 

Studies on the solid state reaction kinetics of metal oxalates 

from experimental thermo analytical (TA) data are the subject of many 

researchers1–5. There is large number of reports regarding the kinetics 

of dehydration of inorganic solids5-6. Studies on the thermal 

dehydration kinetics of potassium titanium oxalate, K2TiO 

(C2O4)2.2H2O by using thermogravimetry (TG), differential thermal 

analysis (DTA) and differential scanning calorimetry (DSC) have been 

reported and disclosed that dehydration reaction occurs in a single step 

through a practically irreversible process and the kinetic parameters 

were estimated using isoconversional methods5. Muraleedharan et al7 

investigated the kinetic behavior of thermal dehydration and 

degradation kinetics of chitosan Schiff bases of o-, m- and p- nitro 

benzaldehyde and explored that thermal stability of Schiff bases 

follows in the order o- < m- < p-. Honcova et al8 studied the kinetics of 

dehydration calcium oxalate trihydrate using DSC method and found 

that dehydration proceeds in two stages where 2 molecule of water is 

dehydrated in first step and finally 1 molecule of water in second step. 

Chambre’ et al9studied the non-isothermal dehydration kinetics of ion 

exchange resins with acrylic-divinyl benzene matrix and observed that 

the dehydration step corresponds to the elimination of osmotic water 

and hydrogen bounded water with carboxylic group. Galina et al6 

reported the enthalpy of dissolution and thermal dehydration process of 

calcium oxalate hydrates. They calculated enthalpy contribution of 

water in calcium oxalate hydrates from determined values of 

dissolution and dehydration enthalpy. Jankovic et al10 investigated the 
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dehydration process of equilibrium swollen poly (acrylic acid) under 

isothermal condition in the temperature range of 306-361K. They 

calculated kinetic parameters using initial rate and stationary point 

methods of Johnson-Mehl- Avrami.  

Rare earth element, cerium exerts diverse biological effects 

mainly due to their resemblance with calcium. This enables the 

element to replace calcium in biomolecules without necessarily 

substituting for it functionally. Historically, cerium oxalate was used as 

a prophylactic against vomiting due to its anti-emetic effect11. It has 

wide application in medicinal field due to its pharmacological 

properties and therapeutic effect12. Cerium oxalate has much 

importance due to their technological importance, for instance, as a 

precursor of nano ceria13. By the thermal decomposition method, 

particle morphology, crystalline phase and surface chemistry of 

thermally decomposed particles can be controlled by regulating the 

precursor composition, reaction temperature, pressure, solvent property 

and aging time14-15. Doping of ceria with Ca, make it as the most 

effective electrolyte material for low temperature solid electrolyte fuel 

cell16, 17. Due to the twittering (Ce4+→ Ce3+) nature, it has better redox 

property13. Solids prepared by co-precipitation of ceria with those of 

sodium, lithium, cesium or calcium, consist of a single phase with at 

least some incorporation of the guest ion in the ceria lattice18. Co-

precipitation of calcium and cerium results in the formation of 

homogeneous mixed oxides of cerium and calcium. Surface properties 

depend on the calcium content of mixed oxide18. Thermal stability and 
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water content are important characteristics when they are used as a 

catalyst in organic, anhydrous or aqueous media. 

There are few reports regarding thermal decomposition of rare 

earth metal oxalates. Thermal decomposition of cerium oxalate and 

mixed cerium–gadolinium oxalate were studied. The corresponding 

mixed oxide (CeO2)0.9(Gd2O3)0.1 is prepared by calcination19. Ubaldini 

et al20investigated thermal properties of mixed cerium-gadolinium 

oxalate and found that their dehydration stages are similar to that of 

gadolinium oxalate. But the studies on the thermal decomposition of 

alkaline earth metal, Ca(II) mixed cerium oxalate rods are not reported 

yet. Both Ce(III) and Ca(II) have approximately same atomic radius. 

Cerium oxalate decahydrate undergoes thermal decomposition mainly 

through two stages. First stage corresponds to dehydration and second 

stage corresponds to decomposition to ceria17. Estimation of kinetic 

parameters of dehydration process has much importance because it can 

predict safe storage and service life of high energy materials. Hence, 

the derivation of kinetics of a solid state reaction has significant role 

such as assessing the stability and reactivity of materials, evaluating 

the effectiveness of energetic materials involved in safety assessment, 

and controlling the material synthesis process.   

Thermal dehydration processes of many of the inorganic solids 

are predominantly regulated by geometrical constraints in the relation 

between the surface product layer produced during the preliminary 

stage of the reaction and the inward advancement of the reaction 

interface generated at the boundary between surface product layer and 

internal reactant21,22. As the reaction progresses, the role of surface 
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product layer came into act. Depending on the reaction condition, the 

nature of surface product layer is varied23. On account of the 

generation of self-generated reaction condition at the reaction 

interface, its changes would reflect in partially overlapping multi step 

reaction features. In a typical reaction process, each constituent 

chemical reaction provides different thermal effects for the overall 

reaction (exothermic or endothermic). Thermal decomposition reaction 

proceeded in multistep behaviors are controlled by physico-

geometrical features of solid-state reactions and successive chemical 

reaction schemes23. For estimating kinetic solution of complex 

reaction, kinetic deconvolution method is practically useful24. 

The present work focused on studying the kinetics of thermal 

dehydration of incorporated water from cerium oxalate and its mixed 

oxalates with calcium oxalate in varying compositions such as 10, 30, 

66.67, and 100 mass (%). For characterizing the partially overlapped 

independent process, kinetic deconvolution method is employed. For 

estimating kinetic parameters, isoconversional methods such as 

Kissinger – Akahira- Sunose (KAS), Flyn – Wall-Ozawa (FWO) and 

iterative isoconversional procedure were used. 

3.2.  Method of preparation 

3.2.1. Preparation of calcium oxalate dihydrates 

Calcium chloride is prepared from CaCO3 and 1M HCl. Calcium 

oxalate is precipitated using ammonium oxalate as precipitating agent. 

The precipitate is collected, washed with ethanol and water repeatedly 

and dried in an air oven at 60οC.  
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3.2.2. Preparation of physical mixture of cerium and calcium 

oxalates 

 The particle size of oxalates of cerium and calcium were fixed 

in the range 95-105µm. Different compositions; 100m/m(%) cerium 

oxalate (CC1), 90 m/m(%) cerium oxalate  (CC2), 70m/m(%) cerium 

oxalate (CC3), 33.33m/m(%) cerium oxalate (CC4) and 100m/m(%) 

calcium oxalate (CC5), were prepared each by thorough mechanical 

mixing in an agate mortar. 

3.3. Characterization  

 For the characterization of dehydrated sample, FT-IR, XRD, 

SEM and DTA technique were used. Kinetic analysis of thermal 

dehydration of different compositions of physical mixture of cerium 

oxalate and calcium oxalate were executed using simultaneous TG-

DTA technique at four different heating rates, viz. 5, 10, 15 and 20 K 

min-1. 

3.4. Results and discussion 

 Fig. 1 represents FT-IR spectra of the samples. Fig. 1a 

represents FT-IR spectrum of CC1. The broad band observed at 3023-

3666 cm-1 corresponds to water molecules which are removed only at 

higher temperature25. Fig. 1b-e represents respectively the FT-IR 

spectra of the samples CC2, CC3, CC4, and CC5. The strong peak 

observed at 1633.9 and 1622.45 cm-1 are attributed to combined effect 

of asymmetric stretching and bending of water molecules26. The strong 

peak observed at 1318 and 1317.01 cm-1 in Fig. 1 corresponds to 
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asymmetric stretching of CO2 molecule associated with oxalate ligand 

group26, 27. The band observed at 523.8 and 514.4 cm-1correspond to 

the M-O stretching frequency25, 28. 

 

Fig. 1 FT-IR spectra of the samples: CC1 (a), CC2 (b), CC3 (c), CC4 (d), 
and CC5 (e). 

 Fig. 2 shows the XRD patterns of the samples at 2θ values 

ranging from 20-70ο. The reflections from the sample indicate that 

cerium oxalate CC1 (Fig. 2a) crystallizes in the monoclinic system 

(JCPDS. No. 20-0268). Figs. 2b-d represents respectively the XRD 

patterns of the samples CC2, CC3 and CC4. Fig. 2e represents the XRD 

pattern of calcium oxalate CC5 (JCPDS. ASTM File No. 15-762). From 

the XRD patterns, it was shown that the peak intensity and crystalline 

nature enhances with mixing of calcium oxalate. The sample CC1 (Fig. 

2a) shows major peak at 20.44, 28.24, 42.70 and 46.40ο, while CC2 

(Fig. 2b) at 20.26, 26.37, 29.52, 31.95 and 43.83ο majorly. The XRD 

patterns of the samples CC2, CC3, CC4 and CC5 has similarity in the 

diffracting angle but shows difference in peak intensity due to the 

variation of mass percentage of the additive calcium oxalate. This 
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reveals identical crystalline structure for these samples. The Scherrer 

equation can be used to calculate the average crystallite size of cerium 

oxalate, calcium oxalate and Ca(II) mixed cerium oxalate from the 

maxima of peak and found that all of them have size in nanometer 

region. Table 1 shows the average crystallite size of the samples and 

found that CC2 shows lower crystallite size than others. 

 

Fig. 2 XRD patterns of the samples. CC1 (a), CC2 (b), CC3 (c), CC4 (d) 
and CC5 (e). 

Table 1 Average crystallite size of the samples 

Sample Average crystallite  
size (nm) 

  CC1 56.7 

  CC2 10.4 

  CC3 19.2 

  CC4 50.2 

  CC5 33.0 

 

JCPDS. No. 20-0268 

JCPDS ASTM File No. 15-762 
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Fig. 3 represents the SEM images of samples of pure and Ca(II) 

mixed cerium oxalate. The morphological studies revealed that pure 

cerium oxalate CC1 (Fig. 3a) possessed rod like morphology with edge 

length of the rod in micrometer range (1.71-2.01µm). Therefore, 

cerium oxalate nano particles are aggregated to form microstructural 

rods and formed secondary particles along with aggregated particles. 

The addition of calcium oxalate to cerium oxalate in varying 

compositions causes to destruct the rod morphology of cerium oxalate 

as shown in Fig. 3b-d. Rod like morphology of cerium oxalate 

disappeared with increasing the mass percentage of calcium oxalate. In 

mixed cerium oxalate, the rods are covered with small particles of 

calcium oxalate. Hence strain is experienced on the surface of the rods 

which results in the breakdown of the rods into small pieces. 

Significant boundaries between the rods are accompanied by holes. 

These are possibly served as diffusion channels for the removal of H2O 

vapors. Fig. 3e represents the SEM image of calcium oxalate crystals 

dehydrated at 623K. Some deformations present on the surface of 

crystals can act as path for the removal of incorporated water 

molecules. 

 Fig. 4A shows the TG curves of decomposition of pure and 

mixed cerium oxalates CC1 (Fig. 4A: a), CC2 (Fig. 4A: b), CC3 (Fig. 

4A: c), CC4 (Fig. 4A: d) and CC5 (Fig. 4A: e) obtained at 10Kmin-1. 

Fig. 4B represents DTA curves for thermal decomposition of pure and 

mixed cerium oxalates CC1 (Fig. 4B: a), CC2 (Fig. 4B: b), CC3 (Fig. 

4B: c), CC4 (Fig. 4B: d) and CC5 (Fig. 4B: e) obtained at 10Kmin-1. 

The first stage in all the TG and DTA curves correspond to 
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dehydration reaction, second and third stage for decomposition 

reaction. The dehydrated sample is stable up to 300οC.  

 

 Fig. 3 SEM images of CC1 (a), CC2 (b), CC3 (c), CC4 (d) and CC5 (e).                                                     
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Fig. 4A TG curves for CC1 (a), CC2 (b), CC3 (c), CC4 (d) and CC5 (e) at 
10Kmin-1. B; DTA curve for CC1 (a), CC2 (b), CC3 (c), CC4 (d) and 
CC5 (e) at 10Kmin-1. 

 

Fig. 5 TG-DTA curves of thermal dehydration stage for CC1 (a), CC2 

(b), CC3 (c), CC4 (d) and CC5 (e) at 5Kmin-1. 
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Figs. 5a-e represent TG-DTA curves for the dehydration of the 

sample CC1 (Fig. 5a), CC2 (Fig. 5b), CC3 (Fig. 5c), CC4 (Fig. 5d) and 

CC5 (Fig. 5e) obtained at a heating rate of 5Kmin-1. The experimental 

mass loss for dehydration reaction was found to be 19.92% for pure 

cerium oxalate which are in good agreement with theoretical mass loss 

(21%). This revealed that 10 molecule of water is incorporated with 

cerium oxalate. Dehydration occurs from 60-150◦C. The experimental 

mass loss for the dehydration stage for calcium oxalate was found to be 

22.08% which was found to be in good agreement with theoretical 

mass loss 21.94%.  This confirms that 2 molecule of water is attached 

with calcium oxalate. TG and DTA curves shows two partially 

overlapping reaction steps of dehydration reaction for pure oxalates 

(CC1 and CC5) whereas three steps for mixed oxalates. These partially 

overlapped dehydration reactions arise due to the changes in self- 

generated reaction condition as the reaction progresses. With the 

introduction of calcium oxalate to cerium oxalate, dehydration reaction 

is shifted to higher temperature region. 

The   reaction scheme for the decomposition reaction is as follows26                        

Ce2(C2O4)3.10 H2O 
T  Ce2(C2O4)3.3H2O+ 7H2O

26     (1) 

Ce2(C2O4)3.3H2O → Ce2(C2O4)3+ 3H2O     (2) 

Ce2(C2O4)3.10 H2O+ CaC2O4.2H2O  
T  Ce2(C2O4)3.nH2O + CaC2O4 +  (12-n) H2O   (3) 

CaC2O4.2H2O  →  CaC2O4. H2O   + H2O      (4) 

CaC2O4. H2O    →  CaC2O4 + H2O        (5) 
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3.4.1. Kinetic behavior 

 Thermal decomposition processes of the partially overlapped 

reactions are kinetically analyzed using the deconvolution method. 

Performance of the kinetic deconvolution was evaluated based on an 

accumulative kinetic equation for the independent processes 

overlapped partially in views of the peak deconvolution and kinetic 

evaluation24. 

 Before conducting a detailed kinetic characterization of each 

mass loss step of the reaction, a formal kinetic analysis was performed 

by assuming a single step reaction for the overall reaction using the 

fundamental kinetic equation29. 

                       
 ex p

d E a
A f

d t R T




 
  

       (6)
 

where t is time, T the temperature, R the ideal gas constant, A the 

apparent Arrhenius pre-exponential factor, Ea the apparent activation 

energy and f(α) the apparent kinetic model function used to describe 

the physico-geometrical reaction mechanism as a function of the 

fractional reaction, α. No practical method was available to determine 

Ea experimentally. Therefore attempt was made to estimate apparent 

values of Ea were calculated roughly for the overall reaction by 

KAS30, FWO31, 32 and iterative isoconversional procedure33,34.  

The equation corresponding to KAS method is: 

                                

ln ln /
2 ( )

   
    

   
AR E RT

EgT
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Apparent activation energy Ea can be calculated from the slope of the 

linear representation of ln β/T2 vs. 1/T with a given value of α. The 

value of pre-exponential factor A can be obtained from the intercept if 

the form of integral reaction model g (α) is known. 

The equation based on FWO method is:  

                                 ln ln 5.331 1.052
( )

 
 

   
 

EAE
RTRg

   (8)
 

Using linear representation of ln β vs. 1/T, Ea and A can be obtained 

from the slope and intercept respectively. 

3.4.2. Calculation of the values of Ea by iterative isoconversional 

procedure 

 To calculate the approximate value of activation energy Ea 

approaching to the exact value can be determined by the iterative 

procedure33–35 . It is based on the following equation 

                                           
ln ln2 ( )( )


  EaAR

g Ea RTh x T   (9)
 

where h(x) can be expressed by the fourth Senum and Yang 

approximation formulae36: 

                                         

4 3 218 88 96
( ) 4 3 220 120 240 120

  


   

x x x x
h x

x x x x            (10)
 

where x= Ea/RT 

Zhipeng et al33 performed the following procedure for the calculation 

of Ea by the iterative method: (i) assume h(x) = 1 to calculate the 
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initial value of the activation energy Ea1. The conventional 

isoconversional method stops the calculation of Ea at this step. (ii) 

Using the value of Ea1, a new value of Ea2 can be calculated from the 

plot of ln [β/h(x) T2] vs.1/T (iii) Replace Ea1 with Ea2 and repeat step 

(ii). When Eai-Ea (i-1) < 0.01 kJmol-1, the value of Eai is considered to 

be the exact value of activation energy. 

 

Fig. 6 α –T curves for thermal dehydration of CC1 (a), CC2 (b), CC3 

(c), CC4 (d) and CC5 (e) at heating rate of 5, 10, 15 and 20Kmin-1. 
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The α –T curves (Fig. 6) shows multistep dehydration reaction of 

both pure and mixed cerium oxalate. The same curve for CC1 (Fig. 6a) 

shows two steps. The α –T curves for CC2 (Fig. 6b), CC3 (Fig. 6c) and 

CC4 (Fig. 6d) show three steps while CC5 (Fig. 6e) shows two steps.  

 

 

 

 

 

 

Fig. 7 The comparison of α –T curves for thermal dehydration of CC1 
(a), CC2 (b), CC3 (c), CC4 (d) and CC5 (e) at heating rate of 5Kmin-1. 

Fig. 7 shows the comparison α –T curves of thermal dehydration 

of CC1 (Fig. 7a), CC2 (Fig. 7b), CC3 (Fig. 7c), CC4 (Fig. 7d) and CC5 

(Fig. 7e) at heating rate of 5Kmin-1. It shows that increasing the 

percentage of calcium oxalate, dehydration occurs at lower α value. 

Fig. 8 shows Ea vs α curve for pure, Ca(II) mixed cerium oxalate and 

calcium oxalate. The value of activation energy obtained by KAS and 

FWO method are compatible with each other. The values of Ea 

obtained by iterative isoconversional procedure are most apparent 

values of Ea which are very close to that obtained by KAS method. 

The values of activation energy calculated using all the methods 

studied show similar trend. 
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Fig. 8 Ea vs α curves for CC1 and Ca(II) mixed cerium oxalate hydrate 
CC2, CC3, CC4 and pure calcium oxalate dihydrate CC5. 
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Fig. 9 FWO plots for CC1 (a), CC2 (b), CC3 (c), CC4 (d) and CC5 (e). 
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Fig. 10 KAS plots for CC1 (a) and CC2 (b) 

The Ea value obtained for CC1 decreases randomly with 

conversion, whereas in the case of CC5 it increases randomly with 

conversion.  For CC2, Ea value decreases with extent of conversion 

and passes through a maximum value of Ea, 71.2 kJmol-1 (FWO), 

69.13kJmol-1 (KAS and iterative method) at α = 0.4. For CC3 sample, 

dependence of Ea value decreases gradually with conversion. But for 

CC4, Ea value increases with α passing through a minimum value of 

Ea = 36.2 kJmol-1 (FWO) and 30.5kJmol-1 (KAS and iterative method) 

each at α = 0.7. Dependence of Ea value on extent of conversion 

reveals the possibility of changing mechanism during the dehydration. 

The plots for FWO method for each sample at specified conversion are 

shown in Fig. 9. The slopes of the FWO plot for CC1 (Fig. 9a), CC2 

(Fig. 9b), CC3 (Fig. 9c), CC4 (Fig. 9d) and CC5 (Fig. 9e) show much 

variation with α. The plots for KAS method for pure cerium oxalate 

decahydrate CC1 and Ca(II) mixed cerium oxalate CC2 are shown in 
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Fig. 10. For other samples CC3, CC4 and CC5 similar plots were 

obtained. The values of Ea were compared. 

Since thermal dehydration of incorporated water is an 

independent kinetic process, the following cumulative kinetic equation 

can be applied to the overall reaction under linear non-isothermal 

conditions 21-24, 37-38 

             

 ,
exp

1




 
  
   

End a i
c A f
i i i idt RTi               (11)

 

with 1
1




n
c
i

i
 and 

1
 



n
c
i i

i
 

where n and c are the number of component steps and the contribution 

ratio of each reaction step to the overall process, respectively, and the 

subscript i denotes each component reaction step. Ai and Eai are the 

Arrhenius pre-exponential factor and the apparent activation energy, 

respectively, of the process i. The kinetics of each component process 

of the overall reaction can be characterized by optimizing all the 

kinetic parameters in Eq. 11 using nonlinear least- square analysis. 

Empirical kinetic model functions such as Sestak-Berggren21, 39 SB (m, 

n, p) were employed for fi(αi) in Eq. 12 in order to accommodate any 

possible mechanistic feature of each reaction process40–43. 

   f (α) = αm (1- α) n [-ln (1- α)] p                  (12)       

where m, n and p correspond to empirically obtained exponent factors. 
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 The number of component steps for all samples are obtained 

through kinetic deconvolution of DTA- peaks. The initial values of the 

kinetic parameters were determined through a formal kinetic analysis 

of the kinetic data, first subjected to mathematical deconvolution using 

a statistical function (Weibull). After setting all of the initial values of 

kinetic parameters, a parameter optimization was carried out to 

minimize the squares of the residues (F) when fitting the calculated 

curve (dα/dt)cal versus time to the experimental curve (dα/dt)exp versus 

time. 

   

2

1 exp, ,

n

j j cal j

d d
F

dt dt

 



    
     

     


                (13) 

where n is the number of data points 

 

Fig. 11 Comparison of Ea values calculated by using KAS, FWO and 
iterative method for cerium oxalate, Ca(II) mixed cerium oxalate and 
calcium oxalate. 
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Fig. 11 shows comparison of Ea values calculated by KAS, 

FWO and iterative isoconversional methods by column chart. From 

this chart, it is revealed that estimation of Ea values by FWO method is 

comparatively higher than KAS and iterative method for all 

compositions. Due to the close agreement of the values of Ea 

calculated by KAS and iterative method, comparisons were made with 

Ea found by iterative procedure. Mixed cerium oxalates undergo 

thermal dehydration in three stages, while pure cerium oxalate and 

calcium oxalate in two stages. Hence, CC1 and CC5 have two stages for 

dehydration, whereas CC2, CC3 and CC5 have three stages for the 

removal of water molecules. From the diagram, it ensures that 

increasing the mass (%) of calcium oxalate in cerium oxalate, 

decreases activation energy needed for proceeding thermal 

dehydration. Hence the value of Ea for mixed samples allow the order 

CC4 < CC3 < CC2
43. 

Fig. 12 shows kinetic deconvolution of thermal dehydration of 

CC1 (Fig. 12a), CC2 (Fig. 12b) and CC5 (Fig. 12c) attempted based on 

Eq. 11 after the preliminary determination of the initial values through 

mathematical deconvolution and the subsequent formal kinetic analysis 

of each resolved reaction step. If the constituent chemical process of 

thermal reaction proceeds by regulating same kinetic regime, the time- 

or temperature- resolved thermal effect is approximated as the sum of 

the time derivative of each thermal effect. If component chemical 

reactions occur with significant time lag and in different places within 

the reaction system, the time or temperature resolved thermal effect of 

the overall reaction becomes the sum of the time derivatives of the 

thermal effects of component chemical processes that proceed 
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according to different kinetic regimes and mediates a multistep 

chemical reaction scheme23. For the sample CC1 (Fig. 12a), CC2 (Fig. 

12b) and CC5 (Fig. 12c), the overall mass loss process for the 

dehydration reaction is empirically separated in to two, three and two 

respectively. Even though pure oxalates of cerium and calcium proceed 

in complex reaction pathway for dehydration reaction, mixed samples 

take more complex pathways. Further, Fig. 11 confirms the enhanced 

thermal stability of mixed cerium oxalate sample CC2 than CC1. 

The values of Eai and Ai at each degree of conversion 

corresponding to each resolved steps are averaged for each sample and 

summarized in Table 2. The values of Eai were calculated for each 

reaction step by FWO, KAS and iterative methods. The introduction of 

calcium oxalate made Ca2+ interaction, which causes to retard 

diffusional removal of water vapor at the surface product layer of 

calcium–cerium oxalate. Hence thermal stability of cerium oxalate is 

enhanced. Significant effect in thermal stability was observed for 

mixed cerium oxalate sample, CC2 (Table 2). The average values of Eai 

needed for sample CC1 are 45.79 ± 0.0085 kJmol-1 (for i = 1) and 42.13 

± 0.0075 kJmol-1 (for i = 2). Arrhenius pre-exponential factor Ai was 

found to be (4.80 ± 0.0096) × 106 (for i = 1) and (3.11 ± 0.009) × 106 

(for i = 2). Sample CC2 needs Eai of 68.00 ± 0.0011, 66.12 ± 0.0012 

and 58.80 ± 0.0079 kJmol-1 for i = 1, i = 2 and i = 3 respectively. The 

required value of Ai is (2.23 ± 0.0018) ×108 (for i = 1), (1.00 ± 0.0089) 

×108 (for i = 2) and (9.46 ± 0.0026) ×107 (for i = 3). The values of Eai 

and Ai required for samples CC3 and CC4 are comparatively lower than 

sample CC2.  
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Fig. 12 The results of kinetic deconvolution analysis for the thermal 
decomposition of the samples CC1 (a) CC2 (b) and CC5 (c) under linear 
non-isothermal condition at β = 5 Kmin-1. 
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The amount of activation energy and pre-exponential factor 

needed for sample CC5 are higher than all compositions which are 

studied. The value of Eai is 67.90 ±0.099 kJmol-1 (for i = 1) and 73.87 

± 0.0026 kJmol-1 (for i = 2). The observed value of Ai required for i = 1 

is (1.01 ± 0.0034) ×108 and for i = 2 is (3.42 ± 0.0048) ×108. Therefore 

the values of Eai and Ai allow the order of CC4 < CC3 < CC1 < CC2 < 

CC5. The reaction rate behavior of each overlapping mass-loss steps of 

CC1 is best described with SB (0, n, 0); (1- α)n whereas sample CC2  

with SB (m, n, 0) with m = 0.18 ± 0.008 and n = 0.2 ± 0.003 (for i = 1) 

and m = 0.06 ± 0.009 and n = 1.5 ± 0.03 (for i = 2). The samples CC3, 

CC4, CC5 are best described with empirical model function SB (m, n, 

p);  αm (1- α) n [-ln (1- α)] p. 

Table 2 Average values of kinetic parameters optimized for each 

reaction step of thermal dehydration of different samples  

 

Sample i Eai (kJmol-1) Ai (sec)-1 R2 

CC1 1 45.79 ± 0.0085 (4.80 ± 0.0096) × 106 0.9446 
 2 42.13 ± 0.0075 (3.11 ± 0.009) × 106 0.9378 
     

 1 68.00 ±  0.0011 (2.23 ± 0.0018)   ×108 0.9887 
CC2 2 66.12 ± 0.0012 (1.00 ± 0.0089)   ×108 0.9654 

 3 58.80 ± 0.0079 (9.46 ± 0.0026)   ×107 0.9986 
     

 1 50.50 ± 0.014 (9.12 ± 0.0025)   ×106 0.9663 
CC3 2 45.30 ± 0.0.009 (2.48 ± 0.0067)   ×106 0.9876 

 3 46.17 ± 0.0.0099 (2.57 ± 0.0032)   ×106 0.9947 
     

 1 34.85 ± 0.0.008 (3.2 ± 0.002)   ×104 0.9896 
CC4 2 37.30 ± 0.0007 (9.54 ± 0.0087)   ×104 0.9467 

 3 37.69 ± 0.0034 (7.37± 0.0097)   ×104 0.9369 
     

CC5 1 67.90 ± 0.099 (1.01 ± 0.0034)×108 0.9921 
 2 73.87 ± 0.0026 (3.42 ± 0.0048)×108 0.9562 
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3.5. Conclusion 

   In the present work, thermal dehydration kinetics of cerium 

oxalate rods in presence of Ca(II) in varying compositions was studied. 

The introduction of Ca(II) impedes the diffusional removal of water 

vapor and has significant effect in thermal stability of the sample 

having a composition of 10 mass (%) of calcium oxalate. The method 

of kinetic deconvolution is used as a tool for characterizing the 

partially overlapped reaction. Performance of kinetic deconvolution 

was evaluated based on an accumulative equation for the independent 

processes in view of peak deconvolution and kinetic evaluation. Mixed 

cerium oxalate follows three independent process for the removal of 

water, whereas two independent process for pure cerium and calcium 

oxalates. The requisite amount of activation energy for each partially 

overlapped independent process is calculated using isoconversional 

methods such as KAS, FWO and iterative isoconversional procedure. 

The presence of higher amount of calcium oxalate in cerium oxalate 

rods decreases the amount of activation energy required for proceeding 

thermal dehydration. The values of Eai and Ai for each independent 

process of dehydration reaction of mixed samples allow the order CC4 

< CC3 < CC2. With increase in the mass percentage of calcium oxalate, 

crystalline nature of the mixture arises. Therefore, it is interesting to 

study about the effect of addition of CaC2O4 lower than 10 m/m (%) 

for the excellent thermal properties of hydrated cerium oxalate. 
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4.1. Introduction 

Today, in 21st century, world has been facing severe 

environmental problems, that arises principally due to the evolution of 

exhaust gases. Chief constituents of exhaust gases are CO, NOx and 

hydrocarbons. The remedial aspects for the persistence of the 

environment in hefty condition have been the challenging areas of 

many researchers. Throughout the recorded history of the oxides of 

rare earth elements, cerium has been the most important class of 

compounds, which stand as an indispensable component in catalyst 

promoters or supporters in the automobile mufflers and for the toxic 

emission control (e.g., CO, hydrocarbon oxidation and NOx 

reduction)1. Nowadays, many researchers have been going on for the 

better catalytic performance of ceria. Ceria achieved special optical, 

electrical and magnetic properties that were given by its particular 

electronic configuration. Vaishak Nair et al2 reported that CeO2 can be 

used as catalyst in the production of guaiacol and its derivatives by fast 

pyrolysis of alkali lignin. CeO2 promote the formation of hydroxyl 

radicals via thermal activation, which then take part in free radical 

reaction to form guaiacol and its derivatives. Recently ceria materials 

with nano sized3, textured4 and one dimensional5–8 (involving 

nanotubes, nanowires and nanorods) structures have been prepared by 

different synthetic routes. Feng Zhang et al9 prepared narrowly 

distributed single crystalline CeO2 nano particles using cerium nitrate 

and hexamethylenetetramine at room temperature. They established 

that larger the lattice parameter in nano crystalline ceria makes it to 

become a more efficient electrolyte material for fuel cell. Tok et al10 
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synthesized nano crystalline CeO2 from two precursors cerium acetate 

and cerium hydroxide via hydrothermal route in acidic and basic PH 

condition. They assayed the effect of duration of reaction on the 

properties of the resultant specimen CeO2. Using the amino acid as 

crystal growth modifiers, mesoporous ceria with hierarchical nano 

architectures have been synthesized11. It has been observed that CeO2 

doped with Ca2+ have maximum availability of oxygen because it 

creates oxygen vacancies with an average spacing close to that of O2-. 

Availability of oxygen vacancies tends to increase the oxygen storage 

capacity of the oxide. It has been observed that the oxygen storage 

capacity of CeO2 can be enhanced up to about 40% with doping of 

Ca2+. Doping of ceria with Pb2+ leads to the increment of redox activity 

of ceria12. Miyazako et al13 prepared CeO2 nano particle by rapid 

thermal decomposition by microwave heating of cerium oxalate and 

concluded that shape of resultant specimen depends on the precursor 

material shape. Masui et al14 disclosed excellent redox activity and 

enhanced thermal stability of CeO2-ZrO2 solid solution, prepared from 

cerium-zirconyl oxalates by means of thermal decomposition in an 

argon flow at 1273K followed by oxidation at 673-873K in air. Kenji 

Higashi et al15 established significant changes in thermal 

decomposition temperatures of solid solution oxalates of Ce(III) with 

rare earth elements Yb, Y, La, Nd, Sm and Gd and accounted the 

contribution of ionic radius of elements in thermal behavior of cerium 

oxalates. Depending on the ionic radius of doped oxides, the lattice 

parameter of the oxide also changes15. Because of the higher melting 

point of ceria (2400οC), it has high temperature application such as 

total oxidation reaction (e.g., natural gas combustion)16.   
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There are wide ranges of synthetic methods for the preparation 

of CeO2
17-20. Thermally induced oxidative decomposition of Ce(III) 

oxalate is an important source for obtaining CeO2 particle with 

different morphologies. The morphological characteristics of prepared 

CeO2 vary depending on the particle size and morphology of cerium 

oxalate. Further, the oxalate powders have better chemical and 

morphological control over the final product. Particle size, morphology 

and surface area are the important characteristics responsible for the 

quality of the functionalities. Oxide solid solution or composite oxide 

can be prepared from the oxalate precursor at its decomposition 

temperature under well controlled conditions. Thermal decomposition 

of cerium oxalate at 600οC for 3h yields porous spherically shaped 

ceria powders having size of the particle smaller than 100nm15. 

Decomposition of hydrated cerium oxalate occurs mainly in two 

stages; the dehydration (of 10 molecules of water around 403K) 

followed by the decomposition (around 633K) to ceria 21as: 

Ce2(C2O4)3.10H2O  →  Ce2(C2O4)3+10H2O     (1) 

Ce2(C2O4)3  → 2CeO2+2CO2+ 4CO       (2) 

The thermal decomposition processes of many of the inorganic 

solids are significantly controlled by physico-geometrical reaction 

mechanism22–26. In a thermally induced reaction, surface product layer 

is formed in the early stages of the reaction. The geometrical 

constraints occurring between the surface product layer and the inward 

advancement of the reaction interface generated at the boundary 

between surface product layer and internal reactant27–31. As the 
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reaction progresses, the action of surface product layer came in to act. 

The inhabitation effect of surface product layer on the diffusional 

removal of gaseous products generated at the internal reaction interface 

causes the formation of self-generated reaction conditions at the 

reaction interface. Formation of pores on the surface of solid product is 

closely related to the formation of a surface product layer at the early 

stage of the reaction and the subsequent diffusional removal of gaseous 

products produced by the internal reaction25. This occurrence of solid-

gas reactions is responsible for the morphological characteristics of the 

product, metal or metal oxides25. Majority of the solid state reactions 

pass off via crack formation on the surface product layer and the 

splitting of the reacting particle along a specific crystallographic 

direction32–34.  

The elucidation of the mechanism and kinetics of thermal 

decomposition would contribute to the evaluation of thermal stability, 

life time, safe storage and fundamental information for technological 

applications. Font et al35 discussed the correlation model with 

optimized kinetic parameters with respect to the pyrolysis of olive oil. 

They correlated dynamic and isothermal runs with same set of 

parameters and satisfactorily reproduced the experimental results. 

Researchers established the practical usefulness of the kinetic 

deconvolution for partially overlapping multistep thermal 

decomposition process of solids25,26. Comparisons were made with 

experimental deconvolution by thermo analytical techniques and 

mathematical deconvolution using statistical fitting function. 

Performance of kinetic deconvolution was evaluated based on 
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accumulative kinetic equation for the independent process which 

overlaps partially in views of peak deconvolution and kinetic 

evaluation 26. 

In the present work, kinetic and mechanistic features of the 

synthesis of micro structural rods of CeO2 via the oxidative thermal 

decomposition of cerium oxalate in air and the effect of dry mixing of 

10 mass (%) calcium oxalate with cerium oxalate upon the reaction 

pathway and mechanism were investigated by thermo analytical 

techniques under linear non-isothermal condition. The physico-

geometrical kinetic behavior of the reaction was illustrated through 

detailed kinetic analyses using the kinetic deconvolution method. The 

reaction was traced by thermo analytical measurements and interpreted 

the kinetic results on the basis of kinetic analysis of thermo analytical 

curves and complimented the rendition by morphological and 

structural observations. 

4.2. Experimental 

4.2.1. Materials 

 All the reagents were of analytical grade and used without any 

further purification36. The chemicals used for the study are cerium 

oxalate decahydrate (99.9%, Indian Rare Earth Products Ltd, Cochin), 

CaCO3 (Sigma-Aldrich), 1M HCl, NH4OH and (NH4)2C2O4 (Merck, 

India).  
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4.2.2. Preparation of calcium oxalate dihydrate 

 Calcium chloride is prepared from CaCO3 and 1M HCl. The 

oxalate is prepared by using ammonium oxalate as precipitating agent. 

The precipitate is collected, washed with ethanol and water and dried 

in an air oven at 60οC. 

4.2.3. Preparation of mechanical mixtures of oxalates of cerium 

and calcium 

 The particle size of the oxalates of cerium and calcium were 

fixed in the range 95-105µm. Composition of oxalates of cerium and 

calcium (CC2) was prepared by thorough mechanical mixing of cerium 

oxalate (90 mass (%)) and calcium oxalate (10 mass (%)) in an agate 

mortar. Cerium oxalate (100 mass (%)) (CC1) was also sieved through 

the mesh and fixed the size in the range 95-105µm. 

4.2.4. Preparation of pelletized samples 

 The pure (CC1) and mixed samples (CC2) were well-ground 

and the powdered samples were pressed using the hydraulic pellet 

press (KP, SR. No. 1718) under a pressure of 50Kgcm-2. Thermally 

heated samples of both CC1 (623 and 873K) and CC2 (623 and 953K) 

were also pelletized using hydraulic press under the same pressure. 

4.2.5. Characterization of the sample 

Characterization of the samples was done by FT-IR and XRD. 

The appearance and morphology of the samples were observed using 

an optical and scanning electron microscopy instrument.  
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4.2.6. Measurement of thermal behavior  

 TG measurements were made at four different heating rates, 

viz. 5, 10, 15 and 20 Kmin-1. Duplicate runs were made under the 

similar conditions and found that the data overlap with each other, 

indicating satisfactory reproducibility. The samples heated at 873K 

(for CC1) and 953K (for CC2) in flowing atmosphere of air at a heating 

rate of β = 5 K min-1and kept at a constant temperature for 20min and 

measured XRD pattern of each sample immediately after leaving from 

the furnace. The optical microscopic views of thin pellets of the 

samples heated at different temperatures were also observed. The 

optical band gap (Eg) of the decomposed product of each sample was 

calculated from UV-Visible reflectance which was measured using 

UV-Vis diffuse reflectance spectrum. 

4.3. Results and discussions 

4.3.1. Sample characterization 

 Fig. 1a shows the typical microscopic image of thin pellets of 

cerium oxalate, the surface of cerium oxalate crystals consists of rod-

like crystals (Fig. 1b) having thickness in the range 1.71-2.01µm. Fig. 

1c shows the microscopic image of thin pellets of cerium-calcium 

oxalate crystals and the SEM image (Fig. 1d) shows slight change in 

the rod-like crystals of cerium oxalate due to the addition of calcium 

oxalate. Calcium oxalate exist as separate crystals, covering the surface 

of cerium oxalate rods, which causes the breakdown of the rods due to 

the strain experienced on the surface of the rods. 
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Fig. 1 Microscopic images of cerium oxalate and mixture of cerium 
and calcium oxalate; Optical microscopic image of cerium oxalate thin 
pellet (a), SEM image of anhydrous cerium oxalate heated at 623K (b), 
optical image of cerium-calcium oxalate thin pellet (c) and SEM image 
of anhydrous cerium-calcium oxalate heated at 623K (d). 

 FT-IR spectra and XRD patterns of the samples are shown in 

Fig. 2. Fig. 2a represents characteristic XRD pattern of cerium oxalate 

decahydrate with significant reflections at 2θ values of 20.94, 25.29, 

26.12, 32.14, 32.75, 34.24, 39.58, 42.17, 44.24 and 46.18ο. The 

reflections from the sample indicate that cerium oxalate crystallizes in 

the monoclinic system (JCPDS. No. 20-0268). The characteristic XRD 

pattern of calcium oxalate dihydrate, shown in Fig. 2b, exhibit major 

reflections at 2θ values of 24.23, 32.51, 35.82 and 43.39ο (JCPDS. 

ASTM File No. 15-762). The powder X-ray diffraction patterns of the 

samples reveal good crystalline nature of calcium oxalate than cerium 
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oxalate. In the FT-IR spectra, the broad band observed at 3080-

3433cm-1 corresponds to water molecules in hydrated samples which 

are removed only at higher temperature37. The very strong peak 

observed at 1633.9 (Fig. 2c) and 1622.45 cm-1 (Fig. 2d) is attributed to 

combined effect of asymmetric stretching and bending of water 

molecules38. The strong peak observed at 1318.39 (Fig. 2c) and 

1317.01cm-1 (Fig. 2d) correspond to the asymmetric stretching of CO2 

molecule associated with oxalate ligand group38,39. The band observed 

at 523.8 (Fig. 2c) and 514.4 cm-1 (Fig. 2d) corresponds to the M-O 

stretching frequency37, 40. 

 

  

  

 

  

Fig. 2 The XRD patterns of cerium oxalate decahydrate (a) and 
calcium oxalate dihydrate (b) and the FT-IR spectra of cerium oxalate 
decahydrate (c) and calcium oxalate dihydrate (d). 

4.3.2. Characterization of thermal decomposition behavior 

 Fig. 3 shows the results of TG measurements with two samples, 

CC1 and CC2, at different β values. The oxidative thermal 

decomposition reaction of the solids composed of multiple constituent 

chemical processes that occurs successively and each constituent 

reaction provide differently to the overall thermal effect (to be either 
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exothermic or endothermic)27. Therefore, the TG curves of the sample 

CC1 shows two distinguishable mass loss processes, one at temperature 

below 575 K and one at temperature above 575 K. A mass loss 

accompanying the dehydration of water molecules is observed over the 

temperature region of 325-445 K, prior to the thermal decomposition 

of cerium oxalate in the higher temperature region of 600-760 K. The 

mass loss value for the overall thermal decomposition process for the 

sample CC1 is 52.12%, which is in good agreement with the ideal 

reaction pathway for the formation of ceria from cerium oxalate 

decahydrate (52.48%). In Fig. 3b there exists a third mass loss step 

with small amplitude at 873K due to the decomposition of calcium 

carbonate. Hence for the sample CC2, the overall mass loss value was 

increased to 55.45% due to the contribution from the thermal 

decomposition of calcium oxalate along with cerium oxalate. The TG 

curves of CC2 sample is systematically shifted to higher temperature 

with increase in the value of β, whereas the TG curves of the sample S0 

show anomaly with β = 10 and 20 K min-1.  

 The processes of multistep mass loss behavior are controlled by 

physico-geometrical constraints which may occur due to the changes in 

reaction conditions as the reaction advances 23. Fig. 3b shows partially 

overlapping multistep process which would reflect in complex reaction 

pathway. Koga et al27 stated that complex reaction proceeds in a 

combination of multistep behavior controlled by physico-geometrical 

features of solid state reactions and successive chemical reaction 

schemes. 
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Fig. 3 The TG curves for the thermal decomposition of samples (m0 = 
10mg) in flowing air (100mLmin-1) at different β values; CC1 (a) and 
CC2 (b). 

Fig. 4 shows DTG curves for the thermal decomposition 

process of the two samples, CC1 and CC2. The DTG curves indicate 

multistep process for the thermal decomposition of cerium oxalate, 

CC1 (Figs. 4a, b and c) and partially overlapped multistep reaction for 

cerium-calcium mixed oxalate, CC2 (Figs. 4d, e and f). The reaction 

process of the sample CC1, at both lower and higher temperature, are 

arrested at the very beginning when the sample is heated at a β value of 

10 and 20 K min-1, whereas the ratio of mass loss was found to be 

higher at these heating rates. Moreover at these heating rates, the 

curves exhibited sigmoidal shape for the lower temperature reaction. 
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Fig. 4 The DTG curves of CC1 and CC2: overall thermal 
decomposition of CC1 (a), first (b) and second (c) stage of CC1, overall 
thermal decomposition of CC2 (d), first (e) and second (f) stages of 
CC2. 

 It has been reported that both the reaction time and temperature 

have significant influence on the crystallographic orientation of the 

ceria particles formed16, 41. Hence the β value of 10 and 20Kmin-1 have 

marked influence on thermal decomposition of cerium oxalate, which 

make different shape to the DTG curve compared with other heating 

rates. The observed changes in the shape of mass loss curve with β 

certainly indicate a change in the mechanistic features of the reaction. 

The addition of calcium oxalate to cerium oxalate cause a shift in the 

temperature range of the reaction process, both at lower and higher 

temperature, to the higher values, i.e., to 340-485 and 645-790 K 

respectively. 

 For both higher and lower temperature processes of the sample 

CC2, it has been observed a shift in the DTG curves to the higher 

400 800 1200

-4

-2

0

320 400 480

-3

-2

-1

0

600 700 800 900

-4

-3
-2

-1

0

  5 Kmin
-1

 10 K min
-1

 15 Kmin
-1

 20 Kmin
-1

(a)

  / K min-1
(b)

T  (K)

d
m

/d
t 

 (
m

g
 m

in
-1

)

(c)

400 600 800

-6

-3

0

400 500 600

-0.8

-0.4

0.0

700 800 900

-6

-3

0

  5 Kmin-1

 10 Kmin-1

 15 Kmin-1

 20 Kmin-1

(d)

d
m

/d
t 

(m
g

 m
in

-1
)

  / K min-1
(e)

  / Kmin-1
(f)

T (K)



 119 

values with increasing the value of β. However, with decreasing β 

value, there occurs increase in mass loss ratio for both high and low 

temperature process for the sample CC2. In the DTG curves of the 

sample CC2 (Figs. 4d, e and f) the shoulder peaks observed is 

associated with the dehydration and oxidative process. This can be 

ascribed due to the change in the self-generated reaction condition, 

which is generated at the reaction interface as the reaction progresses. 

The sample CC2, a mixture of cerium oxalate and calcium oxalate, 

upon thermal treatment under controlled condition, there occurs 

thermal decomposition of calcium oxalate along with cerium oxalate 

leading to partial overlapping of the reaction which brings changes in 

the self-generated reaction condition produced by cerium oxalate23 and 

therefore, the shape of the DTG curves is altered.  

 

  

 

 

 

 

Fig. 5 The powder XRD patterns of the thermally treated samples of 
CC1 and CC2; sample CC1 at 873 (a) and CC2 at 953 K (b).  
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5a and b respectively. In Fig. 5b, there exists an additional peak at 2θ 

value 29.15ο and this confirms that the sample CC2 at 953K forms 

mixed oxides of cerium and calcium. Masui et al 14 reported that 

oxidative process induces a lattice contraction and hence all peaks in 

Figs. 5a and b are shifted to higher angle compared to those in Fig. 2a. 

The redox reactions in pure and mixed oxalates of cerium are 

associated with Ce3+/Ce4+couple14 and the contraction of the lattice is 

therefore due to the oxidation from Ce3+ (0.633nm) to Ce4+ (0.55 nm). 

The XRD pattern of CeO2 confirms that ceria crystallizes in cubic 

fluorite structure. In cubic structure, the mobility of oxygen and 

desorption were strongly favored than tetragonal structure14 and hence 

lower energy is required for the thermal decomposition. Since Ca2+ 

does not incorporated into the lattice of ceria frame work (Fig. 5b), the 

lattice strain was absent to the fluorite structure of ceria. This confirms 

that ceria retains its cubic structure in mixed oxides. The average 

crystallite size of CeO2 calculated using the Scherrer equation from 

XRD pattern is 9.026nm. The cubic fluorite structure of ceria gives 

isolated peaks which confirm the poly crystalline nature of CeO2 

nanoparticle36.  

The FT-IR spectra of the samples treated at 873K (for CC1) 

(Fig. 6a) and 953K (for CC2) (Fig. 6b) were used for the 

characterization of thermal behavior. The band corresponds to 3028-

30680 cm-1 is due to -O-H stretching of the adsorbed water molecules 

on the surface of the oxide. This hydroxyl group is eliminated only at 

higher temperature42. The absorption band in the region of 862.8cm-1 

in Fig. 6a is associated with δ (Ce-O) bond40 which undergoes blue 
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shift to 876.98 cm-1in the sample CC2 (Fig. 6b). This occurs due to the 

strengthening of δ (Ce-O) bond due to the interaction of Ca2+ with 

oxygen atom of carbonyl group during the early stages of the reaction. 

But the band observed at 424.73cm-1 represents Ce-O stretching 

frequency of the product formed, CeO2 (Fig. 6a)36,40,43 which undergo 

red shift to 413.19 cm-1 (Fig. 6b). This can be attributed to the 

interaction of Ca2+ with the unpaired electrons situated in the oxygen 

atom of the -O-Ce-O- bond during thermal decomposition process. The 

sharp band observed at 714.9cm-1 corresponds to the Ca-O stretching 

frequency37. 

 For the determination of optical band gap, the samples were 

heated at higher temperature and for the successive interpretation of 

thermal behavior of the mixed cerium oxalate; the UV-Vis diffuse 

reflectance spectrum was measured. Fig. 7a shows the UV-Vis diffuse 

reflectance spectra of the samples CC1 and CC2 heated at 873 and 

953K respectively and it shows obvious shift towards lower 

wavelength, i.e., blue shift, due to the presence of Ca2+. The presence 

of Ca2+ cause a decrease in the particle size of CeO2 rods44,45 via the 

breaking down of rods due to the strain experienced on the surface of 

the rods. 
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  Fig. 6 The FT-IR spectra of CC1 at 873 (a) and CC2 at 953K (b). 

 An estimate of the optical band gap, Eg, can be determined by 

the Tauc-equation (αhν)n=B(hν-Eg) where hν is the photon energy, α is 

the absorption coefficient, B is a constant relative to the material and n 

is either 2 for direct transition, or 1/2 for an indirect transition. The 

(αhν)2 versus hν curves (Tauc-plots) is shown in Figs. 7b and 7c, which 

reveals that the band gap increases from 1.546 to 2.05eV supporting 

the blue shift. The reported value of Eg corresponding to bulk CeO2 is 

1.82 eV46. The increase in the value of Eg of a material reflects the 

decrease of conducting properties. It has been reported that electron 

donors accelerate thermal mass-loss process and electron acceptors 

retard the thermal process47,48. The findings in the UV-Vis diffuse 

reflectance spectra and Tauc-plots of thermally treated samples at 

higher temperatures indicate possible contribution of Ca2+ to impede 

thermal decomposition process of cerium oxalate. Therefore, the 

presence of CaO along with ceria causes a decrease in the conducting 

properties of CeO2. Hence it can be stated that the presence of Ca2+ 

cause to retard the thermal decomposition of cerium oxalate, whereas 

increases its thermal stability. 
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Fig. 7 The UV-Vis diffuse reflectance spectra of the samples CC1 and 
CC2 (a), Tauc-plot of the sample CC1 heated at 873K (b) and Tauc-plot 
of the sample CC2 heated at 953K(c). 

4.3.3. Morphological characterization 

 The SEM and optical microscopic observation of each sample 

at different stages of decomposition reaction were performed inorder to 

correlate the complex reaction pathways with the physico-geometrical 

characteristics of the reaction. Microstructure of precursor and 

resultant specimen are exhibited in Figs. 8b & d. All resultant 

specimens acquired rod shape and formed secondary particles along 

with aggregated particles. Average grain size of primary and secondary 

particles of aggregated CeO2 is 662.42nm and 305.94nm 

respectively36. Hence SEM image of ceria depicted that polycrystalline 
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CeO2 nanoparticles are aggregated to form micro structural rods of 

ceria36. Fig. 8a shows some deformations present in the surface of the 

sample CC1 which can be related to the loss of water molecules. Fig. 

8b shows the surface textures of the sample CC1, which is dehydrated 

during the first stage of decomposition reaction (Fig. 4b). It shows 

significant boundaries between the rods, which are accompanied by the 

holes. This is possibly served as the diffusion channels for the removal 

of H2O molecules and at this stage the cerium oxalate possess rods of 

smooth surfaces. Upon thermal decomposition, this smooth surface 

product layer of cerium oxalate gradually impedes the diffusional 

removal of CO2 which is generated by the internal reaction. Therefore, 

this inhabitation of CO2 release causes for the change in the self-

generated reaction condition. At the end of reaction, CO2 is diffused 

through the channels created by the internal pressure in the surface 

product layer. Fig. 8c shows the optical image of solid film of CeO2. 

The surface product layer of CeO2 is then divided into rods (Fig. 8d). 

These CeO2 particles are sintered gradually and which form smooth 

surfaces. 

Figs. 9a and b shows the optical images of thin pellet of the 

sample CC2 heated at 590 and 683K respectively. These images show 

change in the color indicating the reaction progress. Fig. 9c shows 

SEM image of the sample CC2 heated at 573K, at this temperature, the 

loss of water molecules are completed. This image reveals that cerium 

oxalate rods are covered with calcium oxalate. Hence the smoothness 

of rods of cerium oxalate is lost. Since the occurrence of strain on the 



 125 

rods, some of the rods are broken in to small pieces. Further increase in 

the temperature makes the system more complex and creates the holes 

and cracks for the diffusive removal of gaseous products. Fig. 9d 

discloses that the sample CC2 treated at 723K consists of 

heterogeneous reaction products, which indicate complexity of the 

reaction at this temperature. Both optical and SEM images show more 

complex pathway for the decomposition reaction of cerium oxalate in 

the presence of calcium oxalate. 

 

Fig. 8 The optical microscopic image of thin pellet of the sample CC1 

at 603K (a), the SEM image of the sample CC1 at 573K (b), the optical 
image of thin pellet of CeO2 (c) and the SEM image of CeO2 (d). 
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Fig. 9e shows the SEM image of mixed oxides of ceria and 

calcium with disturbed shapes of rods. The optical image of thin pellet 

of mixed oxides is shown in Fig. 9f, exhibiting composite oxides. 

 

Fig. 9 The optical images of CC2 at 590 (a) and 683K (b), SEM image 
of CC2 at 573K (c), optical image of CC2  at 723K (d),  SEM image of 
CC2 at 953K (e) and  optical image of CC2 at 953K (f).         

4.3.4. Kinetic behaviour 

 Prior to conducting a detailed kinetic characterization of each 

mass loss step of the reaction, a formal kinetic analysis was performed 
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by assuming a single step reaction for the overall reaction using the 

fundamental kinetic equation49. 

   exp
d Ea

A f
dt RT




 
  

 
     (3) 

where t is time, T the temperature, R the ideal gas constant, A the 

apparent Arrhenius pre-exponential factor, Ea the apparent activation 

energy and f(α) the apparent kinetic model function used to describe 

the physico-geometrical reaction mechanism as a function of the 

fractional reaction, α. Based on Eq. 3, plots of ln(dα/dt) vs T-1 at 

different α for the series of kinetic data recorded under linear non-

isothermal condition, known as the Friedman plot50-52, were examined 

for determining the values of Ea for different α and for evaluating 

variations in Ea with respect to  α.  

 

 

 

 

 

 

 

Fig. 10 The α-T curves for the sample CC1(a) and CC2 (b) at 5, 10, 15 
& 20Kmin-1. 
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Fig. 11 The Friedman plots at different α values (from 0.1 to 0.9) for 
the sample CC2 (a) and the values of Ea at different α for the sample 
CC1 (b) and CC2 (c). 
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results of the isoconversional kinetic analysis for thermal 

decomposition of the samples CC1 and CC2 using a series of kinetic 

data under linear non-isothermal condition. The slopes of the plots 

show significant variation with α (Fig. 11a). This appears in the 

observed α-dependent variation of Ea (Figs. 11b and c). The variation 

of Ea with α (Fig. 11b) is segmented majorly into two α– regions i.e., 

0.04 ≤ α ≤ 0.44 and 0.45 ≤ α ≤ 0.99 recalling the low temperature 

dehydration of incorporated water molecules (< 575K) and high 

temperature oxidative thermal decomposition (> 575K) reactions of 

sample CC1. Similar division of α–regions is also exhibited for sample 

CC2 (Fig. 11c). For both samples, Ea values continuously varied with 

α. The sample CC1shows a minimum value of approximately 40 kJmol-

1 at α = 0.23 and a maximum value of approximately 169. 5kJmol-1 at α 

= 0.84, whereas the sample CC2 passes through a minimum value of 

approximately 54.6kJmol-1 at α = 0.19 and a maximum value of 

approximately 315.9kJmol-1at α = 0.899. 

 Since the thermal dehydration of incorporated water and the 

oxidative decomposition are the independent kinetic processes, the 

following cumulative kinetic equation can be applied to the overall 

reaction under linear non-isothermal conditions22- 26, 34, 53- 57.  

 ,
exp

1




 
  
   

End a i
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where n and c are the number of component steps and the contribution 

ratio of each reaction step to the overall process, respectively and the 

subscript i denotes each component reaction step. Ai and Eai are the 

Arrhenius pre-exponential factor and the apparent activation energy, 

respectively, of process i. The kinetics of each component process of 

the overall reaction can be characterized by optimizing all the kinetic 

parameters in Eq. 4 using nonlinear least- square analysis. Empirical 

kinetic model functions such as Sestak-Berggren34,58 SB (m,n) and 

phase- boundary- controlled model RO (n)59 were employed for fi(αi) 

in Eq. 4 in order to accommodate any possible mechanistic feature of 

each reaction process60–62. 

 SB(m,n):    1 nmf                              (5) 

 RO (n):    
11

1 nf n 


                                      (6) 

In the present work, the initial values of the kinetic parameters 

were determined through a formal kinetic analysis of the kinetic data, 

first subjected to mathematical deconvolution using a statistical 

function (Weibull). The number of component steps for both samples 

are obtained through kinetic deconvolution of DTG-peaks. After 

setting all of the initial values of kinetic parameters, a parameter 

optimization was carried out to minimize the squares of the residues 

(F) when fitting the calculated curve (dα/dt)cal versus time to the 

experimental curve (dα/dt)exp versus time. 
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2

1 exp, ,

n

j j cal j

d d
F

dt dt

 



    
     

     
      (7) 

where n is the number of data points. 

 Fig. 12 shows the Friedman plots for the sample CC1, which 

was used for the calculation of Ea for the first stage (Fig. 12a), second 

stage (Fig. 12b), third stage (Fig. 12c) and fourth stage (Fig. 12d).  Fig. 

13 shows the same plot for finding the Ea value of respective stage 

first (Fig. 13a), second (Fig. 13b), third (Fig. 13c), fourth (Fig. 13d)  

and overlapped stages of fifth, sixth and seventh stages of the reaction. 

Due to the partially overlapping of each stages with other stages, the 

extent of conversion α is also mingled with other stages.  

 Fig. 14 shows kinetic deconvolution of the oxidative thermal 

decomposition of the samples CC1 and CC2, attempted on the basis of 

Eq. 4 after the preliminary determination of the initial values through 

mathematical deconvolution and the subsequent formal kinetic analysis 

of each resolved reaction step. For the sample CC1, the overall mass 

loss process is empirically separated in to four steps (Fig. 14a) and that 

of sample CC2 into seven partially overlapping mass loss steps (Fig. 

14b). 
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Fig. 12 The Friedman plots for first (a), second (b), third (c) and fourth 
stages (d) of the sample CC1 
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parameters are listed in Table 1. The values of Ea calculated for each 

reaction step are in good agreement with that determined from the 

Friedman plot. 

  

  

  

 

 

 

 

 

 

 

 

 

 

Fig. 13 The Friedman plots for the sample CC2 for the first (a), second 
(b), third (c), fourth (d) and fifth, sixth and seventh (e) stages.  
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The oxidative decomposition given in Eqs.1and 2 can be further 

divided into five stages as38: 

Ce2(C2O4)3.10H2O → Ce2(C2O4)3.3H2O + 7H2O
38    (8) 

Ce2(C2O4)3.3H2O →Ce2(C2O4)3 + 3H2O     (9) 

Ce2(C2O4)3→ Ce2O2.CO3+4CO2 + CO                        (10) 

Ce2O2.CO3→ 2CeO2 + CO                           (11) 

CO+ (1/2) O2→ CO2                      (12) 

Even though there exists complex reaction pathways for the 

decomposition of CC2, the rate of decomposition reaction occurs with 

higher rate similar to the rate of mass loss shown in the DTG curves 

(Fig. 4). In Fig. 14b, the sixth and seventh step of mass loss 

corresponds to the decomposition reaction of calcium oxalate to CaO 

via CaCO3 as the intermediate phase. The XRD curve (Fig. 5b) 

indicates the formation of mixture of CeO2 and CaO as the end product 

of decomposition reaction, which occur during the seventh stage. 

 The temperature is shifted to higher temperature region due to 

the increase in the internal gaseous pressure and the interaction of Ca2+ 

with oxygen atom of cerium oxalate, which arrests the reaction. But at 

the characteristic temperature, the rate of decomposition was found to 

be higher due to the ease of diffusional removal of gaseous products. 

The reaction rate behavior of each overlapping mass-loss steps of both 

low temperature and high temperature reaction process of sample CC1 
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has been best described with phase- boundary-controlled model (given 

in Eq. 6). 

 For the sample CC2, each overlapping mass-loss steps of both 

low temperature dehydration and high temperature oxidation process 

have been empirically described by Sestak-Berggren SB (m, n, 0): 

αm(1-α)n. The empirical SB (m, n, p) kinetic model function can be 

applicable to any type of solid state reactions60. The change in 

mechanism exists due to the change in self-generated reaction 

condition due to the interaction of Ca2+ and partial overlapping with 

neighboring reaction interfaces. For the low temperature dehydration 

reaction of CC1, the required value of Ea is 42 ± 0.0977 kJmol-1 (for i 

= 1) and 56.5 ± 0.157 kJmol-1 (i = 2). The higher temperature oxidative 

decomposition to CeO2 passes off via two steps. The required value of 

Ea is 140 ± 0.96 kJmol-1 (i = 3) and 169.2 ± 0.08 kJmol-1 for the 

succeeding step (i = 4). 

The sample CC2 undergoes thermal decomposition under 

multistep kinetics through seven steps. The lower temperature 

dehydration reaction proceeds through three steps. The average value 

of energy needed for the respective steps are 67.42 ± 0.008 (i = 1), 

68.09 ± 0.007 (i = 2) and 128.10 ± 0.0044kJmol-1 (i = 3).  
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Fig. 14 The results of kinetic deconvolution analysis for the thermal 
decomposition of the samples CC1 (a) and CC2 (b) under linear non-
isothermal condition at β = 5 Kmin-1 

 

The higher temperature reaction of the sample CC2 comes 

about in four steps producing mixed oxides of cerium and calcium. The 

average value of energy needed for the respective steps are 239.5 (i = 

4), 236.3 ± 0.02 (i = 5), 277.8 ± 0.09 (i = 6) and 290.8 ± 0.06 kJmol-1 (i 

= 7). It should also be noted that difference in the values of A for the 

initial stages (i = 1 and 2) and final stages of CC2 was high, indicating 

the higher lags of the reaction time and temperature. This difference 

can be attributable to the higher impedance effect on the internal 
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reaction due to the presence of both the surface product layer of 

cerium-calcium oxalate and the in situ Ca2+ interaction with lone pair 

of electron on the oxygen atom of cerium oxalate. When the 

characteristic temperature is reached, destruction of surface product 

layers occur and the interaction of Ca2+ tend to increase the rate of 

oxidative decomposition. The findings of present study reveal that 

Ca2+interaction during thermal decomposition of cerium oxalate 

produces thermally stable excellent redox active material. 

Table 1 The average values of kinetic parameters optimized for each 

reaction step of oxidative thermal decomposition of the samples CC1 

and CC2. 

Sample i Eai (kJmol-1) Ai (sec-1) R2 

 1 42.000  ±  0.097 (6.94 ± 0.006)× 105 0.9926 

CC1 2 56.500  ±  0.570 (1.51 ± 0.58)× 106 0.9925 

 3 140.000  ±  0.960 (8.63 ± 0.15)×1012 0.9375 

 4 169.200  ±  0.087 (3.29 ± 0.005)× 1013 0.9964 

 1 67.420  ±  0.008 (2.54 ± 0.008)× 108 0.9942 

CC2 2 68. 090  ±  0.007 (2.78 ± 0.0013)× 108 0.9756 

 3 128. 100  ±  0.004 (1.30 ± 2.01)×109 0.9467 

 4 239.500  ± 0.000 (1.77 ± 0.003)× 1016 0.9356 

 5 236. 300  ± 0.005 (1.62 ± 0.05)×1016 0.9876 

 6 277.800  ± 0.097 (1.66 ± 0.03)×1018 0.9666 

 7 290. 800  ± 0.060 (2.24 ± 0.005)×1022 0.9768 
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4.5. Conclusion 

 Thermally induced oxidative decomposition of cerium oxalate 

decahydrate and mixed cerium oxalate with 10 mass (%) calcium 

oxalate in flowing air was studied. Overall kinetics of the formation of 

micro structural rods of CeO2 and its mixed oxide with CaO was 

regulated by physico-geometrical constraints. The complexity of the 

reaction was found to be increased with the introduction of calcium 

oxalate. Even though both samples show multistep kinetic behavior, 

mixed cerium oxalate passes through more complex reaction pathways. 

The reaction stages are distinguished by the ease of diffusional 

removal of gaseous products formed by the internal reaction. Mixed 

cerium oxalate (CC2) sample undergoes reaction with higher rate even 

if the temperature of the reaction shifted to higher region. Optical band 

gap measurement indicated higher value of Eg for the sample CC2 due 

to the in situ interaction of Ca2+ with the lone pair of electrons on the 

oxygen atom of cerium oxalate. Both the surface product layer of the 

decomposing cerium-calcium oxalate and the interaction of the Ca2+ 

can impede the diffusional removal of gaseous products. 
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5.1. Introduction 

  Ceria, one of the most promising biomaterial (α = β = γ = 90º, a 

= b = c = 5.41120 Å, Fm-3m) has possessed multifarious properties 

which are diverged in catalytic, sensing, solid electrolyte, exhaust gas 

emission control, medicinal, etc. Most of its properties are raised due 

to the triggering nature of oxidation state of Ce3+/Ce4+. Besides its 

redox nature, oxygen ion vacancies, surface hydroxyl group and 

radical scavenging ability also contribute towards its diverse 

applications. Nano ceria can be prepared through variety of methods 

such as hydrothermal, solvothermal1,2, sol-gel3, micro emulsion4, 

thermal decomposition5, etc. Miyazako et al6 prepared CeO2 nano 

particle by rapid thermal decomposition by microwave heating of 

cerium oxalate and concluded that shape of resultant specimen depends 

on the precursor material shape. Preparation of ceria nano particle via 

solid phase thermal decomposition route has the advantage over other 

methods such as the use of less chemicals, less impurity (volatile 

chemicals vaporizes) and time saving process. Hence it is essential to 

know how much energy is utilized for the formation of nano particle 

by this solid state conversion. Here the question of kinetic parameters 

related with the process arises. Therefore the establishment of solid 

state kinetics of the concerned process is necessary. 

Cerium oxalate decomposes into ceria through multistage 

process7-9. Effect of additives to the precursor salt significantly governs 

the rate of decomposition. Choose of additives which cause to decrease 

the Ea and increase the rate of process and its separation from the 

product is most considered.  Ryusaburo et al10 studied the effect of 
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transition metal oxide α-Fe2O3 additive on the thermal decomposition 

of salts of halogen oxoacids, oxalates, azide, permanganate and oxides. 

The effect of ferro spinel additives on kinetics and mechanism of 

thermal decomposition of lithium oxalate was studied11. John et al12 

explored the effect of semi conducting metal oxides CuO and TiO2 on 

the thermal decomposition of sodium oxalate. Also the effect of 

additives CuO, MnO2 and TiO2 on thermal decomposition kinetics of 

KIO4 to KIO3 was investigated13. Up to now the effect of nano metal 

oxides of Fe, Co and Ni and nano ferrites of Co and Ni on the kinetic 

characteristics of formation of ceria nanoparticle from its oxalate 

precursor is not explored. Fig. 1 represents 2D structure of cerium 

oxalate. 

 

Fig. 1 2D structure of Ce(III) oxalates 

Oxides of iron (both Fe2O3 & Fe3O4) can perform as the 

dehydrating agent for the conversion of glycerol to allyl alcohol14. 

Amorphous nanostructured metals, alloys and metal oxides play 

significant role as catalyst for oxidative process. The conversion of 

cyclohexanol to cyclohexanone can be catalyzed by amorphous 

Co3O4
15. Yang et al16 reported that first raw transition metal oxides 
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especially Fe, Co, Ni and binary oxides have efficient electro catalytic 

activity for oxygen evolution reaction (OER). Adsorbed OH- species 

becomes much more stable on the surfaces of late transition metal 

oxides such as Fe, Co and Ni17. Catalytic process with the application 

of ferrite nanoparticle includes decomposition (in particular photo 

catalytic decomposition), reactions of dehydrogenation, oxidation, 

alkylation and C-C coupling among other process. Up to now, ferrite 

nano particle made up of Cu2+, Co3+, Ni2+, Zn2+ and several mixed 

metal and core shell ferrites have application in the catalytic reaction 

such as for the synthesis and destruction of organic compound18. 

Oxides of iron and cobalt and ferrites of Ni and Co have strong ability 

to reprieve CO by oxidation. Oxidation of CO by ferrites is associated 

with adsorption and catalytic properties18–23. Use of magnetic metal 

oxides and ferrites has the advantage is that they can be conveniently 

recovered from the reaction system using strong magnetic field or 

magnetic separator, without loss of catalytic activity. The present work 

aims to synthesize nano metal oxides of Fe, Co and Ni and nano 

ferrites of Co and Ni via thermal decomposition process. Effect of 

these nano metal oxides and ferrites (5%) upon the kinetic 

characteristics of formation of nano ceria via thermal decomposition of 

cerium oxalate was established.  

5.2. Experimental  

5.2.1. Synthesis of metal oxides   

 Saturated solution of sodium oxalate (100mL) was added into a 

flask and stirred at room temperature. Definite amount of FeSO4 
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(NH4)2SO4.6H2O, Co (NO3)2.6H2O and NiCl2.4H2O were taken for the 

preparation of FeC2O4.2H2O, CoC2O4.2H2O and NiC2O4.2H2O 

respectively and was dissolved in water and poured into 

aforementioned sodium oxalate solution under stirring. Appropriate 

quantities of FeSO4 (NH4)2SO4.6H2O, Co (NO3)2.6H2O and 

NiCl2.4H2O were taken for the preparation of CoFe2 (C2O4)3 (Fe: Co; 

2:1) and NiFe2 (C2O4)3(Fe: Ni; 2:1).  After fifteen minutes later, the 

precipitate is collected by filtration and washed repeatedly with 

distilled water and ethanol. Each precipitate of oxalate (except NiC2O4. 

2H2O) was dried at 60ºC overnight. NiC2O4. 2H2O was dried at 80ºC. 

Metal oxides and ferrites were prepared from corresponding metal 

oxalates using thermal decomposition strategy. Fe3O4, Co3O4, CoFe2O4 

and NiFe2O4 were prepared by calcination of the corresponding metal 

oxalates at 300ºC for 3h. The heating rate was 1ºCmin-1. For the 

preparation of NiO, the calcination temperature was 350ºC for 3h.  

5.2.2. Preparation of mechanical mixture of oxalates of cerium and 

metal oxides 

Particle size of metal oxides, ferrites and cerium oxalates were 

fixed in the range of 95-105μm. Cerium oxalate decahydrate (A0), and 

compositions of oxalates of cerium with 2, 5 and 10m/m (%) each of 

different metal oxides, Fe3O4 (A1), Co3O4 (A2), NiO (A3), CoFe2O4 

(A4), and NiFe2O4 (A5) were prepared by thorough mechanical mixing 

in an agate mortar.  
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5.2.3. Characterization 

FT-IR and XRD patterns of the oxides and oxalates were 

recorded. Average crystal size of metal oxides was calculated by using 

Scherrer formula. The surface morphology of the oxides and cerium 

oxalate were observed by scanning electron microscopy instrument. 

The optical band gap (Eg) of electro catalysts were calculated from 

UV–Vis reflectance which was measured using UV–Vis diffuse 

reflectance spectrum.  

5.2.4. Measurement of thermal behavior 

DSC measurements were made on TA instrument at four 

different heating rates, viz. 5, 10, 15 and 20 K min-1. TG measurements 

were made in N2 atmosphere at a flow rate of 50 mL min-1. 

5.3. Results and Discussion 

XRD and FT-IR spectrum of cerium oxalate decahydrate (A0) 

are shown in Figs. 2a &b respectively. The reflections from the sample 

in the XRD pattern indicate that cerium oxalate crystallizes in the 

monoclinic system (JCPDS. No. 20-0268). The broad band observed at 

3080–3433cm−1(Fig. 2b) associated with water molecules which are 

removed only at higher temperature24. The very strong peak observed 

at 1633.9 cm-1(Fig. 2b) corresponds to the combined effect of 

asymmetric bending and stretching of water molecule25. The strong 

peak observed at 1318.4cm-1 represents the asymmetric stretching of 

CO2 molecule associated with oxalate ligand group25,26. The band 

observed at 523.8cm-1stands for M-O stretching frequency24,26. Fig. 3a 
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represents the SEM image of the cerium oxalate decahydrate. Figs. 3b 

& c show the images of ferrites of Co and Ni. 

 

  

      

  

 

Fig. 2 XRD pattern (a) and FT-IR spectrum (b) of cerium oxalate 
decahydrate  

          

 

Fig. 3 SEM image of cerium oxalate decahydrate (a), photographic 
images of oxides of Fe, Co & Ni (b) and ferrites of Co & Ni (c). 
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Fig. 4 The FT-IR spectra of Fe3O4 (a), Co3O4 (b), NiO (c), CoFe2O4 (d) 
and NiFe2O4 (e) 

 Fig. 4a represents FT-IR spectrum of Fe3O4. The band observed 

at 581.63cm-1 and 439.13 cm-1 correspond to Fe-O-Fe stretching 

frequency. Fig. 4b is attributed to FT-IR spectrum of Co3O4 which 

displays two strong bands at 572. 86 and at 666.03cm-1. The first band 

at 572.86  cm-1 corresponds to OB3 vibration in the spinel lattice, 

where B denotes Co3+ in an octahedral hole, whereas the second band 

at 666. 03cm-1 is associated with ABO3 vibration, where A represents 

Co2+ in a tetrahedral hole. Fig. 4c exhibits FT-IR spectrum 

corresponding to NiO. The broad bands in 424.28- 709.01cm-1 indicate 

Ni-O stretching frequency. The broadness in absorption band arises 

due to the presence of nano crystals. Owing to the quantum size effect 

and spherical nanostructures, FTIR spectrum of NiO particles are blue 

shifted compared to bulk form27. Fig. 4d shows two bands at 433.12 

and 585.12 cm-1 correspond to Fe-O and Co-O stretching frequency 
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respectively. Fig. 4e displays FT-IR spectrum of NiFe2O4. The band 

observed at 411.90 and 593.88cm-1 correspond to the intrinsic 

stretching frequency of M-O at tetrahedral and octahedral sites. These 

exposed as characteristic features of a spinel ferrite in a single phase28.  

 Fig. 5 represents XRD patterns of oxides of Fe, Co and Ni 

(Figs. 5a, b &c respectively) and of ferrites of Co and Ni (Figs. 5d &e). 

All the oxides (except NiO) and ferrites show poor crystalline nature. 

The average crystal size was estimated by using the Scherrer equation 

based on the maximum intense peak of XRD pattern. It is listed in 

Table 1. Oxide of Fe presented is Fe3O4 (JCPDS No. 75-0033) due to 

brownish- black color of the obtained powder29-31. The characteristic 

peaks of XRD pattern of Co3O4 is well agreed with the reported data 

[JCPDS 42-1467]. The XRD pattern of nano crystalline NiO is well 

indexed into cubic lattice structure (JCPDS file No: 47-1049)28. Less 

intense peaks of the synthesized CoFe2O4 Nps are well suited with the 

JCPDS card No. 77-0426 and that of NiFe2O4 Nps with ASTM 10-325. 

Table 1 Average crystallite size and optical band gap (Eg) values of 

metal oxides and ferrites 

 

 

 

 

 

 

Oxides Crystallite 
size (nm) 

Eg (eV) 

Fe3O4 2.3 1.72 

Co3O4 1.6 1.20 

NiO 8.0 1.54 

CoFe2O4 1.4 1.38 

NiFe2O4 15.1 1.77 
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Fig. 5 The XRD patterns of Fe3O4 (a), Co3O4 (b), NiO (c), CoFe2O4 (d) 
and NiFe2O4 (e)   

  Fig. 6 represents SEM images of Fe3O4 (Fig. 6a), Co3O4 (Fig. 

6b), NiO (Fig. 6c), CoFe2O4 (Fig. 6d) and NiFe2O4 (Fig. 6e). The SEM 

image of Fe3O4 shows porous flat rod like structure of Fe3O4 which 

was developed by thermal oxidation of FeC2O4.2H2O. Some shrinkage 

to the rod was observed from the SEM image. Surface morphological 

analysis of Co3O4 revealed that it acquired rod like structure. Surface 

textures of NiO, in which the oxide nano particles are assembled to 

generate microspheres. SEM image of CoFe2O4 nano particle (Fig. 6d) 

acquired elliptical multi walled-rod morphology. Some deformations 

are presented on the surface of the rod related with loss of water 

molecule and CO upon thermal decomposition of CoFe2C2O4.2H2O at 

300ºC at a heating rate of 1ºCmin-1. Morphology analysis of NiFe2O4 

displays the hexagonal shaped rods.  
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Fig. 6 SEM images of Fe3O4 (a), Co3O4 (b), NiO (c), CoFe2O4 (d) and 
NiFe2O4 (e)  

5.3.1. Optical properties of metal oxides 

 An estimate of the optical band gap, Eg can be obtained from 

Tauc equation, (αhν)n = B(hν-Eg) where hν is the photon energy, α is 

the absorption coefficient, B is a constant relative to the material and n 

is either 2 for direct transition, or 1/2 for an indirect transition. Fig. 7 

represents the Tauc-plots of Fe3O4 (Fig. 7a), Co3O4 (Fig. 7b), NiO (Fig. 

7c), CoFe2O4 (Fig. 7d) and NiFe2O4 (Fig. 7e). The (αhν)2 versus hν 

curve are plotted for Fe3O4, CoFe2O4, Co3O4 and NiO, whereas the 
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(αhν)1/2 versus hν curve are displayed for NiFe2O4. Lowering the 

optical band gap (Eg), conducting properties of the material increases. 

The estimated Eg values of metal oxides of Fe, Co and Ni and ferrites 

of Co and Ni were tabulated (Table 1). 

  

 

 

 

  

 

  

   

    

  

 

 

 

 

Fig. 7 Tauc-plots of Fe3O4 (a), Co3O4 (b), NiO (c), CoFe2O4 (d) and 
NiFe2O4 (e) 
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5.3.2. Characterization of thermal decomposition behavior 

Thermal decomposition behavior of the hydrated cerium 

oxalate in the presence of metal oxides was studied. Fig. 8a shows the 

DSC curves of overall thermal decomposition behavior of cerium 

oxalate decahydrate (A0) in N2 atmosphere at different β (5, 10, 15 and 

20 K min-1) values. It reflects the multistage of thermal decomposition 

due to the occurrence of multiple constituent chemical processes that 

occurs successively during the linear heating program. Each 

constituent process contributes differently to the overall thermal 

effect32–34. Hence, the DSC curves of A0 sample shows two 

independent thermal behaviors one at temperature below 550K and one 

at temperature above 550K. Under the linear non-isothermal condition, 

a multi-step heat flow process was observed from the DSC curves. A 

heat flow implying the dehydration of water molecule is remarked in 

the temperature region of 334-502 K, whereas the decomposition of 

sample A0 was occurred in the higher temperature region of 600-752 

K. For the lower and higher temperature reaction of A0 sample, the 

DSC curves are systematically shifted to higher temperature with 

increasing the value of β. For the low temperature dehydration of 

sample A0, the reaction is arrested at the very beginning at all β values 

except β = 10 K min-1. Hence it can be stated that dehydration reaction 

is β dependent. 

Even though temperature is shifted to lower value for the 

dehydration reaction at β = 10 than 5 K min-1, the enthalpy change for 

the process is higher at 10 K min-1.The physico-geometrical constraints 

have significant role in controlling the multistage thermal behavior. 
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This occurs due to the changes in reaction conditions as the reaction 

progresses35. Koga et al32 put forwarded that the combination of 

multistep thermal behavior restrained by physico-geometrical features 

of solid state reaction and successive chemical reaction strategy. 

During the early stage of reaction, a smooth surface product layer is 

formed between the reactant and reaction interface. Upon thermal 

decomposition, this surface product layer come into action i.e., it can 

impede the diffusional removal of H2O and CO molecule. This causes 

to increase the internal pressure of the reactant leading to change in the 

reaction condition at the reaction interface. 

 

    

 

   

 

 

 

 

 

Fig. 8 The DSC curves of overall thermal decomposition of cerium 
oxalate decahydrate (a), dehydration reaction (b) and decomposition 
reaction (c). 
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Presence of cracks and holes on the surface of the product 

played as diffusion channel for the removal of gaseous products. In 

Fig. 8c, the DSC curves of sample A0 is associated with a shoulder 

peak. This can be ascribed due to the change in self-generated reaction 

condition, which arises at the reaction interface as the reaction 

advances. As the preliminary observation of thermal decomposition of 

A0 by each composition (2, 5 &10 m/m (%)), it was taken into our 

attention that energy required for lower temperature dehydration of Ce-

Ox (A0) with 5m/m (%) oxides is significantly lowered than 2 & 10 

m/m (%). Hence, further studies regarding kinetic analysis has been 

carried out with samples of 5 m/m (%) oxide mixed A0. 

Figs. 9 & 10 shows the comparison of DSC curves for 2 & 10 

m/m (%) oxide mixed samples (A1, A2, A3, A4 & A5) with pure Ce-Ox 

A0, for the thermal dehydration and decomposition reaction. Fig. 11 

shows the comparison of the DSC curves of samples A0, A1, A2, A3, A4 

& A5 for the overall as well as independent stages of the reaction i.e., 

dehydration and decomposition. Both stages of the reaction need 

uptake of heat energy.  

 

 

 

 

 

Fig. 9 The comparison of DSC curves of pure Ce-Ox, A0, 2m/m (%) 
oxides mixed Ce-Ox; A1, A2, A3, A4 & A5; dehydration (a) & 
decomposition (b) at 5 Kmin-1. 
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Fig. 10 The comparison of DSC curves of pure Ce-Ox, A0, 10m/m (%) 
oxides mixed Ce-Ox; A1, A2, A3, A4 & A5; dehydration (a) & 
decomposition (b) at 5 Kmin-1. 

 

Energy required for lower temperature dehydration reaction 

was found to be higher than higher temperature decomposition 

reaction. For occurring thermal reaction of the sample A0 at a heating 

program of 5Kmin-1, energy required (ΔH) for the complete removal of 

water molecule is about 354.14kJmol-1 and for the formation of nano 

ceria from it at higher temperature requires energy of 82.35 kJ mol-1. It 

was noticed that both low temperature and high temperature reactions 

of the samples with oxides (5m/m (%)) have remarkable shift in 

temperature to lower value. Among the metal oxides, Fe3O4 made 

comparatively a larger shift of temperature of dehydration to lower 

value. 
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Fig. 11 Comparison of the DSC curves of 5 m/m (%) oxide mixed 
compositions A0-A5 at 5Kmin-1; Curves for overall reaction (a), curves 
for the dehydration (b) and curves for decomposition stages (c).  

 The value of ΔH calculated for the dehydration from the peak 

area of DSC curves at a heating rate of 5Kmin-1 in presence of Fe3O4, 
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appeared largely at lower β value (5Kmin-1). There has effect of β 

(heating rate) on the dehydration as well as decomposition reaction of 

all mixed oxalates of Ce. Moreover, high temperature reaction of 

samples has constant peak temperature with different contribution of 

reaction. Existence of lower oxidation state of Ce3+ gives certain 

magnetic behavior to the generated Ce2O3. Hence the system became 

more rigid and does not increase or decrease the peak temperature of 

decomposition36. In this stage, Co3O4, NiFe2O4 and CoFe2O4 have 

lower contribution than Fe3O4 and NiO. Hence the system is more 

stabilized using Fe3O4 and NiO. 

 

 

 

  

 

 

Fig. 12 Comparison of α-T curves (a) and the TG curves (b) of the 
overall thermal decomposition of oxide mixed (5 m/m (%)) samples 
(A1-A5) and parent sample A0. 
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samples undergo with α > 0.424. Experimental mass loss up to the 

formation of oxide nano particle for each composition is depicted in 

Table 2. Fig. 12b shows the TG curves of all samples (A0-A5) from 

room temperature to 820K in N2 atmosphere.  

Table 2 Experimental mass loss obtained from the TG curves of each 
composition at 5Kmin-1 

 

 

 

 

 

*
Theoretical mass loss for the sample A0 is 52.48% 

5.3.3. Kinetic Analysis 

 Heat flow (dQ/dt) by the reaction and overall heat of reaction 

obtained from the experimentally resolved DSC curve after subtracting 

the baseline. The overall reaction rate can be expressed as  

        
1d dQ

dt dt Q

  
  
 

     (1) 

Where α is the progress of the overall reaction. DSC curves for the 

thermal decomposition of cerium oxalate decahydrate are assumed to 

occur from the dehydration and decomposition to Ce2O3, the overall 

Composition Mass loss (%)* 

A0 50.04 

A1 61.23 

A2 52.85 

A3 53.75 

A4 63.40 

A5 61.94 
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reaction rate recorded using DSC is the sum of these two kinetic 

processes32 (Fig. 13). Hence  

           

 ,
exp
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End a i
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where n and c are the number of component step and contribution ratio 

of each reaction step to the overall process while A, Ea and f (α) are 

Arrhenius parameter, activation energy and kinetic model function in 

different forms respectively. 

   

   

  

 

 

 

Fig. 13 The deconvoluted DSC curves of sample A0 (a) and A1 (b) 
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 where Qendo and Qexo are the heats of endothermic and exothermic 

process respectively. Due to the experimental inconvenience of 

separately tracking the component process, deconvolution of overall 

kinetic information into reaction component is the only possible way 

for interpreting the reaction scheme of the successive processes. Low 

temperature dehydration reaction (˂ 550K) of incorporated water 

molecule and high temperature decomposition reaction (˃ 550K) are 

kinetically independent process. Therefore the aforementioned 

cumulative kinetic equation (Eq. 2) can be applied to the overall 

reaction under linear non-isothermal condition35,37–46 . All the kinetic 

parameters of each component process of overall reaction can be 

optimized by using non-linear least square analysis. Empirical kinetic 

model function such as modified Sestak Berggren SB (m,n) was 

employed for finding the mechanistic features, fi(αi) of each reaction 

process47–49.  

 SB(m,n):    1 nmf    
                             (4) 

where m and n are kinetic exponent. 

The initial values of the kinetic parameters are obtained by the kinetic 

deconvolution of DSC curves. Kinetic parameters for each component 

step are analyzed by assuming single stage kinetic analysis. 

Appropriate fi (αi) is obtained by merely adjusting the parameters c, m 

and n in Eq. 5 and such an equation fits every kinetic model proposed 

for solid state reactions, and also scores for the deviations of ideal 

kinetic model due to for example, particle inhomogeneity in size and 

shape47.  
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Pearson linear correlation coefficient between left hand sides of the 

equation with inverse of temperature is set as an objective of 

optimization. The Kissinger method, which was utilized to determine 

the apparent activation energy for the overall reaction from the DSC 

curves recorded at different β. 
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where Tp is the peak maximum temperature characteristics for the 

overall reaction. For the reaction of cerium oxalate decahydrate 

crystalline particle, the change in Tp in the DSC curves with β can be 

analyzed for the Kissinger plot. It is possible to apply the Kissinger 

plot to the reaction of A0 and mixed samples A1-A5: the four 

subsequent endothermic peak maximum. The Kissinger plots ln (β/Tp
2) 

versus Tp
-1 for samples A0 and A1 are represented in Figs.14a & b 

respectively. 

  

   

 

 

  

 

Fig. 14 Kissinger plots for each peak of samples A0 (a) and A1 (b). 
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After setting all of the initial values of kinetic parameters for 

each step, a parameter optimization was executed in order to minimize 

the squares of the residue (F) when fitting the calculated curve 

(dα/dt)cal versus time to the experimental curve (dα/dt)exp versus time. 

2

1 exp, ,

n

j j cal j

d d
F

dt dt

 



    
     

     


   (7)

 

where n is the number of data points. 

 

 

 

 

 

 

 

 

 

 

Fig. 15 The Friedman plots for each stage of decomposition of Ce-Ox 
in presence of iron oxide A1; first (a), second (b), third (c) and fourth 
stages (d). 
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For finding the Ea values of each stage of thermal decomposition of 

Ce-Ox in presence of oxides, Friedman method and Kissinger methods 

were used. For the estimating the values of Ea of A1, A2 &A4, 

Friedman method was best fitted (Figs. 15, 16&17), whereas for A3 

&A5, Kissinger method (Fig. 18) was best suited than Friedman plots. 

Due to the occurrence of partially overlapped reaction, the distributed 

α value of each stage are merged with other stages. Fig. 15 shows the 

Friedman plots of each stage of A1. 

   

 

 

 

 

 

 

 

 

 

Fig. 16 The Friedman plots for each stage of decomposition of Ce-Ox 
in presence of Co3O4 A2; first (a), second (b), third (c) and fourth 
stages (d). 
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Change in the internal gaseous pressure in the oxalate crystalline 

particle during heating play a predominant role in regulating the kinetic 

behavior in the early stages of the reaction. But the change in the 

internal gaseous pressure cannot be traced during the reaction. Hence, 

it is a challenge to reveal how kinetic characteristic of the reaction 

behave with reaction condition by tracking the heat flow process under 

systematically altering reaction condition. Thermal decomposition 

stage of cerium oxalate decahydrate in N2 atmosphere occurs through 

following mechanism. Theoretical mass loss corresponding to the 

formation of ceria (Ce2O3) from cerium oxalate is 55. 06%9. The 

experimental mass loss of the decomposition of the sample A0 from the 

TG curve (Fig. 12b) was found to be 50.04%. The mass loss (%) for 

other samples is listed in Table 2. 

 

 

 

 

 

 

 

 

Fig. 17 The Friedman plots for each stage of decomposition of Ce-Ox 
in presence of CoFe2O4, A4; first (a), second (b), third (c) and fourth 
stages (d). 
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Fig. 18 Kissinger plots for each peak of samples A3 (a) and A5 (b). 
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vacuum is composed of two partially overlapping reaction steps due to 

the formation of an intermediate cerium oxy carbonate Ce2O2.CO3
47. 

5.3.4. Effect of Fe3O4, Co3O4 and NiO on the removal of water of 

crystallization of Ce-Ox  

Oxides of Fe and Co have strong affinity for the adsorption of 

water vapor50–52. These oxides act as dehydrating agent14,15. Heat of 

adsorption of water for NiO is comparatively lower than other oxides. 

Therefore NiO chemisorb water vapor weakly53. In the concerned 

work, Fe3O4 & Co3O4 facilitate the dehydration of Ce-Ox requiring 

lower Ea value but NiO can’t facilitate the dehydration reaction. The 

average optimized kinetic parameters for different β values are listed in 

Table 3. For the entire sample, the optimized kinetic parameters for 

first, second, third and fourth reaction step was not much deviated 

from those parameters which were determined previously. The 

optimized Ea value for the dehydration of sample A0 comes in the 

range of 73 to 93 kJ mol-1, whereas in presence of Fe3O4 Ea value of 

35 to 36 kJ mol-1 is needed. The Ea value of A2 requires activation 

energy of 73-74 kJ mol-1.  
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Fig. 19 The results of kinetic deconvolution analysis for the thermal 
decomposition of the samples A0(a), A1(b), A2(c), A3(d), A4(e) and 
A5(f) under linear non-isothermal condition at β = 5 Kmin-1 in N2 
atmosphere. 
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5.3.5. Effect of CoFe2O4 and NiFe2O4 on the removal of water of 

crystallization of Ce-Ox 

 Both CoFe2O4 and NiFe2O4 have strong affinity to adsorb water 

vapour54, 55. Therefore water vapor comes out during the dehydration 

of Ce-Ox, can be adsorbing by these ferrites. Hence these ferrites 

facilitate the process. From the Table 3, it was shown that the Ea value 

required by CoFe2O4 and NiFe2O4 are 43-74 and 73-74 kJ mol-1 

respectively. 

5.3.6. Effect of Fe3O4, Co3O4 and NiO on the formation of ceria 

nanoparticle by decomposition 

Thermal decomposition of Ce-Ox to the formation of ceria 

releases CO. Co3O4 surface has strong CO oxidizing ability than Fe3O4 

and NiO20,23,56. Hence any additives having capacity to oxidize these 

evolving CO can promote the reaction11. Therefore CO evolved from 

the Ce-Ox diffuses to the surface of Co3O4, CO react with oxygen on 

the surface of the catalyst giving CO2
23. Non-reducible metal supported 

Fe3O4 has strong CO oxidizing ability than Fe3O4 alone20. Also 

interface of NiO with other metal/metal oxide has strong ability to 

convert CO to CO2
56

 . The activation energy needed for the sample A0 

for the decomposition stage comes in the range of 172-175 kJmol-1. 

The increasing order of Ea (kJmol-1) for the samples A2, A3 and A4 

follows as: A3 (163-164) < A2 (169-175) < A4 (187-192). 
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Table 3 Average values of optimized kinetic parameter for each 

reaction step of thermal decomposition of cerium oxalate decahydrate. 

Sample i Eai (kJ mol-1) Ai (sec-1) R2 
 1 93.21 ± 0.05 (2.49 ± 0.01)× 107 0.9985 
A0 2 73.68 ± 0.09 (4.23 ± 0.00)× 104 0.9496 
 3 172.20 ± 0.20 (1.50 ± 0.03) × 1014 0.9205 
 4 175.50 ± 0.20 (1.80 ± 0.05) × 1014 0.9325 

 1 35.75 ± 0.05 (4.70 ± 0.05) × 105 0.9639 
A1 2 36.84 ± 0.04 (2.30 ± 0.06) × 105 0.9484 
 3 169.20 ± 0.40 (7.94 ± 0.03) × 1013 0.9543 
 4 175.69 ± 0.50 (2.16 ± 0.10) × 1014 0.9483 

 1 74.270 ± 0.20 (4.62 ± 0.03) × 104 0.9376 
A2 2 73.520 ± 0.12 (2.48 ± 0.04)× 104 0.9101 
 3 163.90 ± 0.23 (8.64 ± 0.02) × 107 0.9838 
 4 164.46 ± 0.08 (1.88 ± 0.03) × 108 0.9319 

 1 112.41 ± 0.03 (4.18 ± 0.02)× 109 0.9243 
A3 2 115.00 ± 0.02 (2.63 ± 0.01)× 109 0.9720 
 3 187.50 ± 0.01 (2.94 ± 0.02)× 1015 0.9688 
 4 192.60 ± 0.03 (3.54 ± 0.11)× 1015 0.9765 

 1 78.67 ± 0.03 (3.72 ± 0.05) × 105 0.9980 
A4 2 43.20 ± 0.05 (6.56 ± 0.04) × 104 0.9692 
 3 163.20 ± 0.02 (7.80 ± 0.10)   × 108 0.9966 
 4 164.60 ± 0.01 (3.48 ± 0.04) × 108 0.9603 

 1 73.40 ± 0.30 (1.41 ± 0.01)× 102 0.9525 
A5 2 74.30 ± 0.40 (5.30 ± 0.10)× 101 0.9479 
 3 167.30 ± 0.30 (2.19 ± 0.12)× 1013 0.9793 
 4 165.40 ± 0.00 (4.24 ± 0.06)× 1013 0.9816 
 

5.3.7. Effect of CoFe2O4 and NiFe2O4 on the formation of ceria 

nanoparticle by decomposition 

 Ferrites of Ni and Co have strong affinity to adsorb CO and to 

oxidize it to CO2
21, 22. Hence releasing CO during the reaction diffused 

to surface of ferrite. Ea needed for the process by A4 and A5 



 174 

respectively are 163-164 and 165-167 kJmol-1. Fig. 20 illustrates the 

mechanism of thermal decomposition of cerium oxalate decahydrate in 

presence of ferrites. It was noticed from the Table 3 that higher 

difference in the values of A for initial (i = 1 and 2) and final stages (i 

= 3 and 4) of each sample was high, indicating higher lags of reaction 

time and temperature. Ea needed by the sample A3 is higher for 

dehydration and decomposition due to less catalyzing effect of NiO. 

 

 Fig. 20 Schematic representation of the mechanism of thermal 
decomposition of cerium oxalate decahydrate in presence of ferrites                        

 

5.4. Conclusion 

 Semi conducting magnetic nano metal oxides, Fe3O4, Co3O4, 

NiO, CoFe2O4 and NiFe2O4 were synthesized by thermal 

decomposition of their oxalate precursor. Characterization techniques 

used for the synthesized oxides were FT-IR, XRD, SEM and UV-DRS. 

Synthesized oxides except NiO are amorphous in nature. Effects of 
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nano metal oxides on thermal decomposition stages of cerium oxalate 

decahydrate up to the formation of ceria were studied and predicted the 

thermal events which were occurred during the reaction process. Using 

the method of kinetic deconvolution, kinetic analysis of each resolved 

stage was performed. It was explored that nano Fe3O4 facilitates the 

dehydration stages requiring less Ea value of 35-36 kJmol-1. Nano 

Co3O4, CoFe2O4 and NiFe2O4 promoted the dehydration as well as 

decomposition stages of cerium oxalate decahydrate by decreasing the 

Ea value. Nano NiO has shown retarding effect on both the 

dehydration as well as decomposition stages.   
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6.1. Introduction 

Material chemists have provoked with enthusiasm to research 

for scaffolding ceria as potential catalyst. The creation of oxygen 

vacancies have predominant role for performing ceria as a promising 

material. For example, (1 0 0) crystal plane of nano cube ceria exhibits 

reactivity than (1 1 0) and (1 1 1) planes of nano sphere like ceria. 

Active oxygen presented on the CeO2 surface is perturbed by different 

factors such as surface area, reactive facets, surface defects and 

elemental composition on the surface1–4. Hence increase in the surface 

concentration of active oxygen located at the CeO2 surface is highly 

important to promote catalytic activity. Incorporation of isovalent 

cation into CeO2 structure resulted in the formation of Ce1-X MXO2 

solid solution. Cations of first transition series such as Co2+, Cu2+, Ni2+, 

and Mn2+ and third transition series such as Zr2+ enhanced the oxygen 

storage capacity of CeO2. Besides, doping with lanthanides such as Y, 

La, Tb, Gd, Pr attributed to the formation of high concentration of 

defects leading to the stabilization of CeO2. Hence prevented sintering 

and provided extended thermal stability5–9. Acceleration of oxygen 

exchange depends on both mobility of oxygen and number of oxygen 

vacancies. This took key role in the course of oxygen buffering 

capacity of ceria, particularly at tangible operating condition10. 

Moreno et al11 discussed the role of Cu2+ in the ceria lattice on 

the oxidation of CO over CuO/CeO2 catalyst. Both redox couple 

Ce4+/Ce3+ and Cu2+/Cu1+ is involved in the reaction. Hence ceria can 

provide lattice oxygen for copper, thus increasing the oxidative 

properties of the binary system. Moreover, the membrane – deposited 
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active layer of CuO-CeO2/SG exposed higher catalytic activity for CO 

conversion12. Park et al13 made a structure – reactivity correlations for 

the rare earth oxide promoted transition metal oxides based on 

emission control in the exhaust gases.  

Among nano metal oxides, rare earth oxide ceria possessed 

excellent antioxidant and anti-inflammatory properties. This happens 

because of its triggering nature of Ce3+ and Ce4+ oxidation state 

depending on the environment14–16. Ying et al17 reported that CeO2 

Nps are toxic to cancer cells, to inhibit invasion and to sensitize cancer 

cells to radiation therapy and chemotherapy. But it displays minimum 

toxicity to normal tissues and contributes protection from cell damage 

indirectly by priming cells to respond to ROS attack or directly by 

scavenging cellular ROS. It can protect healthy cells from radiation 

induced damage during radiation therapy and provides neuro 

protection to spinal cord neurons. 

Wason et al18 proposed that nano ceria act as radical scavenger 

of H2O2 in normal tissues but as a producer of H2O2 in cancer 

environment. These properties of ceria largely depend on its particle 

shape, size, surface chemistry, surface additives and ligand that 

involved in redox reaction19–21. Anti –invasive behavior of nanoceria 

was observed in human melanoma cells, whereas antitumor and anti 

angiogenic effects were studied in vivo tumor model22. Doping of the 

parent matrix with elements which can emits radiation by itself upon 

excitation in the UV-visible region of the spectrum17. Nano medicine 

with modified structure can kill tumor cell by increasing ROS level in 

tumor cells or by directing the nucleus or organ cells23. It was found 
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that CeO2 Nps caused cytochrome C release and activated caspase-3 

and caspase-9, which demonstrates that NPs induced apoptosis of 

tumor cells targeting the mitochondria23. Titanium doped CeO2 

nanoparticle possessed catalase like activity, and this enzymatic 

activity can reduce H2O2 induced apoptosis. This results in preventing 

macular degeneration and Alzheimer’s disease24. Significant reduction 

of tumor burdens was observed with the uptake of combination of 

cisplatin and folic acid-CeO2 than it alone used18. Wongrakpanich et 

al25 aroused that besides the surface and core oxide composition, size 

of nanoparticle has key role on imparting its effect on certain diseases. 

Metal oxides of Si, Cu, Fe aroused the induced oxidative stress and 

cytotoxicity in airway epithelial cells. On the literature survey, it was 

taken into our mind that CuO Np of 24nm show more cytotoxic effect 

than 4nm CuO Np. This was attributed due to the rate of entry of Nps 

into the cell, which potentially influencing the amount of intracellular 

dissolution of Cu2+. 

Que et al26 reported that introduction of Cu2+ with ceria lattice 

markedly changed morphology and electronic structure compared to 

parent ceria NCs. Along with this research, they also found that both 

internal and external Cu-doping affected structure and morphology 

(cubic to truncated octahedron). It was reported that presence of copper 

oxide species in the CeO2 surface make it as significantly enhanced 

support in the destruction of benzene, toluene and p-xylene27,28.  

Even though large number of research was done based on 

anticancerous properties of ceria and copper Nps, there is scarcity of 

data regarding the cytotoxic effects made by the Cu-Ce-O solid 
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solution. The present work aimed to synthesize different series of Cu-

Ce-O solid solutions from the oxalate precursor, estimation of kinetic 

characteristics of formation and the correlation of cytotoxic effects of 

mixed oxides towards Dalton’s Lymphoma ascites cells. Analysis of 

kinetic characteristics of the formation of solid solution was made by 

isoconversional strategy under non-isothermal condition.  

6.2. Experimental    

6.2.1. Method of preparation                 

 For the synthesis, chemicals used were Ce(NO3)3.6H2O, 

Cu(NO3)2.3H2O, Na2C2O4 and surfactant cetyl trimethyl ammonium 

bromide (CTAB). In the distinctive synthesis of CuxCe (1-x)O2 (where x 

= 0.00 (s1), 0.02 (s2), 0.1 (s3), 0.2 (s4) and 0.3 (s5), 6.91mmol Ce 

(NO3)3.6H2O, 2.30mmol cetyl trimethyl ammonium bromide (CTAB) 

and above mentioned mol % of Cu(NO3)2.3H2O were taken and mixed 

under stirring to get an homogenous solution. Add slowly 10.36mmol 

of saturated sodium oxalate in order to precipitate as oxalate. Stirring 

was extended for further 4h. Allowed the solution to settle, collected 

the precipitate and washed with ethanol and water. Finally it was dried 

by keeping in an air oven at 353K for 24h. This procedure was 

followed for all doped samples. For the undoped sample, the procedure 

was same without using copper nitrate. The prepared oxalate samples 

were designated as COX (c1), Ce1-xCux-Ox (x = 0.02) (c2), Ce1-xCux-

Ox (x = 0.1) (c3), Ce1-xCux-Ox (x = 0.2) (c4) and Ce1-xCux-Ox (x = 

0.3) (c5). 
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The chemical composition and crystal structure of both doped 

and un doped cerium oxalate (COX) and oxide (prepared via thermal 

decomposition) were studied by XRD.  The prepared cerium oxalate 

precursor was calcined at 723K in muffle furnace for 5h. Similarly 

doped COX was also proceeded for the preparation of CuxCe(1-x)O2 

(where x = 0.02, 0.1, 0.2 and 0.3). The morphology and topographical 

studies of the oxide samples were brought with TEM and Field 

emission scanning electron microscope. UV-Visible spectra of the 

oxide samples were taken. Photo luminescent properties are well 

characterized by using fluorescence spectrometer at room temperature. 

Energy dispersive spectra (EDS) were used for identifying elemental 

composition involved in each of the oxides. Electronic and crystalline 

properties are well characterized by using HRTEM and SAED pattern. 

Thermal decomposition properties of oxalate and doped oxalate were 

analyzed by DSC and TG analysis in N2 (50mL) atmosphere. Raman 

spectra of the samples were collected using confocal Raman 

microscope with the excitation of 532nm laser. 

6.3. Results and discussion 

6.3.1. Material characterization 

Fig. 1a shows the X-ray diffraction peaks corresponding to the 

monoclinic phase of cerium oxalate decahydrate (COX) (JCPDS No. 

20-0268). Doping with Cu2+ made some additional peak in the XRD 

(Fig. 1b) pattern of COX. This reveals that addition of Cu2+ cause to 

the phase change of COX. Further thermal decomposition behavior of 

COX precursor and the effect of various reactant molar ratios of 
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Cu2+:Ce3+ in the thermal decomposition process of COX was 

determined through thermogravimetry analysis measurement. Fig. 2A 

shows the TG curves of both COX (Fig. 2A:c1) and COX doped with 

Cu2+ in the mol% of 2 (Fig. 2Ac2), 10 (Fig. 2A:c3), 20 (Fig. 2A:c4) and 

30 (Fig. 2A:c5) in N2 at 5 K min-1 between 300-873 K. It displays two 

major stages at the temperature range of 300-473 K (~24.42%) and 

473-625K (~29.78%).  

 

   

   

 

 

Fig. 1 The XRD pattern of COX (a) and 2 mol% Cu2+-doped COX                                                                                                                    
(b)  

 

Table 1 Experimental mass loss for the thermal decomposition of the 
samples c1-c5.  

Sample Experimental mass loss (%) 

 Dehydration Overall thermal decomposition 
c1 21.67 54.26 

c2 19.42 51.35 

c3 24.34 56.48 

c4 20.43 51.16 

c5 21.57 54.61 
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The first step is associated with loss of crystallized water of Ce2 

(C2O4)3.nH2O with the value of n is evaluated to be 10. The second one 

is due to the decomposition of oxalate which is in good agreement with 

the theoretical mass loss of 29.82%. It occurs with non-redox thermal 

decomposition of the oxalate and the formation of Ce2O3. Hence the 

TG results are compatible with XRD pattern. Specific range of mol% 

of dopants has significant influence on the thermal stability of Ce2O3. 

On the preliminary observation of TG curves, 2 and 20mol% copper 

doped sample displayed less stability and enhance to the formation of 

Ce2O3, whereas 10mol% showed higher mass loss for the dehydration 

as well as the formation of Ce2O3. Thermal stability depends on not 

only mass loss, but also the particle size of formed oxide and precursor 

oxalate, decomposing temperature, homogeneity of the sample, 

concentration of impurities in the lattices, etc. Table 1 shows the 

experimental mass loss of overall thermal dehydration and 

decomposition reactions of COX and Cu2+ doped COX. The theoretical 

mass loss for the overall thermal decomposition reaction of COX was 

found to be 52.48%. For the sample c1 (Fig.2A:c1), overall mass loss 

(%) was found to be 54.26% since the degradation of surfactant is also 

occurred with c1. Fig. 2A:c2 shows the mass loss of 19.42% for first 

and 51.35% for the overall decomposition stage respectively. Fig. 

2A:c3 exhibited 24.34 for first stage and 56.48% for the overall thermal 

decomposition. The mass loss (%) for sample c4 and c5 are given in 

Table 1. 

 

 



 188 

  

 

 

 

 

 

Fig. 2 TG curves (A) for COX (c1) and Cu2+-COX; 2 (c2), 10 (c3), 20 
(c4) and 30% (c5) and DTG curves (B) of COX (c1) and Cu2+ doped 
COX 2 (c2), 10 (c3), 20 (c4) and 30% (c5) at 5Kmin-1 . 

DTG curves (Fig. 2B) show five mass loss processes for the 

pure (Fig. 2Bc1) and doped COX (Figs. 2Bc2-c5 2, 10, 20 and 30% 

respectively). Hence, in order to study overall endothermic thermal 

decomposition process, the DSC curves were deconvoluted using 

statistical function (Weibull) to five partially overlapping steps. In the 

concerned process, first two stages are the minor stages of main stage 

dehydration process of 10 molecules of water per molecule. In the third 

stage, removal process of surfactant occurs. In the fourth stage, oxy 

carbonate intermediate is formed and finally, the last stage is 

associated with the oxide Ce2O3 and Ce2xCu (1-x)O3-δ. 

The morphology and micro structure of the synthesized oxalate 

sample was characterized with Field Emission Scanning Electron 

microscope (FE-SEM) (Fig. 3). Energy dispersive spectra (EDS) for 

the doped and undoped COX were exposed in the Figs. 4a & b 

respectively. FE-SEM image (Fig. 3a) shows that most of the formed 

COX possessed disc like (flower) textures. This morphology of the 
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oxalate precursor was slightly destroyed with introduction of Cu2+ 

along with Ce3+. This arouses the significance of Cu2+ dopant on the 

surface textural changes. The energy peak corresponding to the 

oxygen, cerium atoms are shown in the Fig. 4a. Additionally, the 

energy peak corresponding to the Cu atoms are also shown in Fig. 4b. 

 
Fig. 3 FE-SEM images of COX (a) and 2 mol % Cu2+ - doped COX (b)  

 

Fig. 4 The EDS of COX (a) and 2% Cu2+- doped COX (b) 
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6.3.2. Thermal decomposition properties  

COX and Cu2+ doped COX (2, 10, 20 and 30 mol %) were 

prepared through co-precipitation technique at room temperature. 

Thermal decomposition of COX and Cu-COX were carried out by 

DSC technique from room temperature to 773 K at 2, 4, 6, 8 and 10 K 

min-1. During thermal decomposition of oxalates, self-generated 

reaction condition has pivotal role on the path of the reaction29. Change 

in the internal gaseous pressure and consequent alteration in the 

smoothness of the heat transfer process affect the kinetic behavior of 

the reaction30. Hence it is a challenge to reveal kinetic behavior of the 

reaction and how it can be changed with the introduction of metal ion 

impurities. Due to the experimental inconvenience of separately 

tracking the component process, deconvolution of overall kinetic 

information into reaction component is the only possible method for 

interpreting the reaction scheme of successive processes31,32. Hence 

kinetic analysis of the decomposition process was performed using the 

kinetic deconvolution method as per our previously published article33. 

DSC data at the prescribed heating rate were transformed to α-T data 

after the required calculation. DTG curve shows that cerium oxalate 

and doped cerium oxalate transformed to the corresponding oxide 

through 5 mass loss processes. So the DSC peak at each heating rate is 

deconvoluted using the statistical software Peak fit (4.12). The 

optimized values of Ea required for each stage are depicted in Table 2. 

The DSC curves of pure and doped COX are shown in Fig. 5. It 

was noticed that 2% Cu2+ doped sample have significant effect on 

reducing the decomposition temperature i.e. nearly 64K than the parent 
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precursor. Increasing the dopant concentration, reduction in the 

decomposition temperature was decreased. Even if, 20% doped 

sample, c4 have differential scanning calorimetric curve similar to the 

parent with small change in the quantity of heat absorbed. The quantity 

of energy absorbed take place at higher temperature for decomposition 

reactions; hence the value of activation energy for the same process 

will be higher.   

   

 

 

 

 

 

Fig. 5 The DSC curves of COX (c1) and Cu2+- doped COX 2 (c2), 10 
(c3), 20 (c4) and 30 (c5) at 2Kmin-1. 

The DSC curves for cerium oxalate decahydrate (Fig. 6a) and 

doped cerium oxalate (Figs. 6b-e) at different β values 2, 4, 6, 8, 

10Kmin-1. Both doped and undoped sample display two major 

endothermic process, one at below 535K and other at above 535K, 

which are respectively corresponding to the dehydration of crystallized 

H2O and decomposition of oxalate bond to form oxides of metal with 

the liberation of CO. When the heating rate was increased from 2 to 

10Kmin-1, large amount of input energy per unit time was applied 

across the sample and reference cells. This would increase the overall 
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sensitivity of DSC instrument and shift in peak towards high 

temperature regions. With increasing the value of β, both lower (< 

535K) and higher temperature (> 535 K) reaction of the samples 

systematically shifted the DSC curves to higher temperature. It was 

noted that the contribution of each stage was increased with the raise of 

values of β. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 The DSC curves of c1 (a) and Cu2+ doped COX c2 (b), c3(c), c4 

(d) and c5 (e)  
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6.3.3. Kinetic Analysis 

 The overall reaction rate can be expressed in terms of Q 

(overall heat flow) and dQ/dt (heat flow), which are obtained from the 

experimentally resolved DSC curve after subtracting the baseline. 

  

1d dQ

dt dt Q

  
  
           (1) 

Where α is the progress of the overall reaction. Thermal decomposition 

of cerium oxalate decahydrate is assumed to occur by the dehydration 

and decomposition to Ce2O3. Hence the overall reaction rate recorded 

using DSC is the sum of these two kinetic processes.  
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There are five component processes which are provided by the DTG 

curves. The initial values of the kinetic parameters are obtained 

through a formal kinetic analysis of kinetic data, first subjected to 

mathematical deconvolution using statistical function (Weibull). 

Appropriate fi (αi) is obtained by merely adjusting the parameters c, m 

and n in Eq. 3 and such an equation fits every kinetic model proposed 

for solid state reactions. 

            
   

ln
1

n m

d
dt EacA

RT



 

 
   

      

          (3) 

Pearson linear correlation coefficient between left hand sides of the 

equation with inverse of temperature is set as an objective of 

optimization. 

 
 

ln ln
d A Ea

dt f RT





  
   

   
     (4) 

The determination of Ea values for each stage is carried out based on 

Eq. 4. Plots of ln(dα/dt) vs T-1 known as Friedman plots34-36, for the 

series of kinetic data at different α recorded under linear non-

isothermal condition were examined for determining the values of Ea.      
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Fig. 7 Deconvoluted DSC curve of cerium oxalate decahydrate at 
2Kmin-1 

 

 

 

 

 

  

Fig. 8 Friedman plots at different α value of first stage of 
decomposition of cerium oxalate 

After setting all of the initial values of kinetic parameters, a parameter 

optimization was executed using Eq. 5. 
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where n is the number of data points. 
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Fig. 9 The results of kinetic deconvolution of thermal decomposition 
of cerium oxalate and doped cerium oxalate at 2Kmin-1; COX (a), 2 
(b), 10 (c), 20 (d) and 30 (e) doped COX. 
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cerium oxalate, which was used for establishing initial values of 

kinetic parameter of sample c1. Similar plots were also drawn for other 

samples for the same purpose. The initial values of kinetic parameters 

are plugged in the Eq. 2 for finding the experimental dα/dt curve. 

Further, the deconvolution of this curve was carried out for finding the 

kinetic parameters and optimizing the values. Fig. 9 shows the results 

of kinetic deconvolution of cerium oxalate and copper doped cerium 

oxalate at 2Kmin-1. The same curves were also drawn for all samples at 

heating rate of 4, 6, 8 and 8Kmin-1. For finding the Ea value of each 

stage of decomposition, Friedman plot was used. The fraction of 

decomposition α for each stage was distributed within α = 0 to 1. 

Hence Friedman plots for each stage of COX and Cu2+ - doped COX 

were used for finding the Ea value. Figs. 10, 11, 12, 13 &14 show the 

Friedman plots for each stage of decomposition of the samples c1-c5 

respectively. 

 It was observed that pure cerium oxalate needs activation 

energies of 88.20, 61.66, 55.90, 164.5 and 264.63 kJmol-1 respectively 

for first, second, third, fourth and fifth (Table 2). The estimated values 

of Ea for doped cerium oxalates take into our mind that the 

significance of the introduction of Cu2+ in the lattice of Ce3+-oxalate. It 

was noted that in the thermal decomposition of 2 mole % doped cerium 

oxalate, substituted Cu2+ promote decomposition stage followed by of 

thermal dehydration. Whereas, increasing the concentration of dopant 

in the cerium oxalate, homogeneous nature of doped lattice governs the 

catalytic effect of Cu2+. Hence, even though Cu2+ concentration is 

higher, its catalysis nature is dependent on its homogeneous covering 

in the oxalates37. Homogeneity study can be performed by calculating 

relative atomic concentration of each metal over the total atomic 
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concentration of metal ions for several points. Inhomogeneity can be 

determined as the ratio of standard deviation for each dopant over the 

average value of each dopant. Cerium oxide substituted with Cu2+ of 

molar fraction of 0.2 and 0.3 have less homogeneity in the distribution 

of dopants. It was almost 0.71 and 0.48 respectively for samples with 

20 and 30 mol% doped cerium oxalate. 

 

  

    

    

 

 

  

 

 

 

 

 

 

Fig. 10 The Friedman plots for the first (a), second (b), third (c), fourth 
(d) and fifth stages (e) of decomposition of sample c1. 
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Fig. 11 The Friedman plots for the first (a), second (b), third (c), fourth 
(d) and fifth stages (e) of decomposition of sample c2. 
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Fig. 12 The Friedman plots for the first (a), second (b), third (c), fourth 
(d) and fifth stages (e) of decomposition of sample c3. 

 

 

2.2 2.4 2.6

-4

-2

ln
[d


/d
t]

 (
s
-1

)

103T-1 (K-1)

 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 0.99

(a)

2.3 2.4 2.5

-4

-2

0

103T-1 (K-1)

ln
[d


/d
t]

 (
s
-1

)

 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 0.99

(b)

1.62 1.71 1.80

-4

-2

103T-1 (K-1)

ln
[d


/d
t]

 (
s-1

)

 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 0.99

(c)

1.45 1.50 1.55

-6

-4

-2

103T-1 (K-1)

ln
[d


/d
t]

 (
s
-1

)

 0.1
 0.2
0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 0.99

(d)

1.30 1.35 1.40 1.45

-6

-4

-2

103T-1 (K-1)

ln
[d


/d
t]

 (
s-1

)

 0.05
 0.2
 0.4
 0.6
 0.8
 0.99

(e)



 201 

   

 

 

 

  

 

 

 

 

 

 

Fig. 13 The Friedman plots for the first (a), second (b), third (c), fourth 
(d) and fifth stages (e) of decomposition of sample c4 
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Fig. 14 The Friedman plots for the first (a), second (b), third (c), fourth 
(d) and fifth stages (e) of decomposition of sample c5. 
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Table 2 Average values of optimized energy for each stage of 
decomposition of both doped and undoped cerium oxalate 

Sample Ea (kJmol-1) 

i 1 2 3 4 5 

c1 88.20 61.66 55.90 164.50 264.63 

c2 45.50 37.88 83.44 90.06 63.33 

c3 85.67 95.90 101.86 95.20 102.72 

c4 42.88 46.90 42.56 89.28 193.89 

c5 105.01 43.98 47.98 94.97 226.78 

 

Fig. 15 shows FE-SEM images of CeO2 and doped cerium 

oxide. Fig. 15a represent s1 (CeO2), Fig. 15b for s2 (2%), Fig. 15c for s3 

(10%), Fig. 15d for s4 (20%) and Fig. 15e for s5 (30%). Selective 

percentage of dopant to the ceria lattices retained disc like morphology 

of oxalate, which were thermally decomposed to oxide. Hence the 

tuning of the morphology of ceria was successively occurred by the 

specific reactant molar ratios (x = 0.02 and 0.1) of Ce3+:Cu2+. It was 

noted from the Table 2 that c4 and c5 need higher amount of activation 

energies for the formation of nano particle than c2 and c3 since they 

retained the morphology of bare oxalate, even at oxide formation.  

Fig. 16 shows TEM, HR-TEM images and SAED pattern of 

ceria. TEM images show that pure ceria prepared by thermal 

decomposition process is mainly consists of cubic hexagonal shaped 

particles of size ranging between 4.6-8.8nm (Fig. 16). TEM image at a 

resolution of 200nm displays nano crystalline hexagon having 

crystallographic directions of (111), (200), (220) and (311). The inter 

planar distance was found to be 0.33nm as shown in Fig. 16c. This 

indicates the presence of branched nano hexagons with lattice fringes 
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similar to inter planar distance of cubic fluorite type structure of ceria. 

Ceria nano hexagons provided polycrystalline SAED pattern (Fig. 

16d). 

 

Fig. 15 FE-SEM images of s1 (a), s2 (b), s3(c), s4 (d) and s5 (e). 
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Fig. 16 TEM images of CeO2 at 200nm (a), 20nm (b), HRTEM image 
(c) and SAED pattern (d) of CeO2. 

The introduction of Cu2+ into the CeO2 lattice induced marked 

reduction of size of the particle (3.22-6.11nm) (Fig. 17). This means 

that Cu2+ dopant has predominant role in the creation of defects 

(oxygen vacancies) during the growth process of CeO2. When the 

dopant reached into the crystal lattices, change of inters planar distance 

(0.28nm) was appeared (Fig. 17c). Moreover, its substitution 

considerably altered the morphology of hexagonal shape into truncated 

one. Researchers26investigated that both internal and external addition 

of Cu2+ caused to structural transition, along with cubic to truncated 
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octahedron. This indicates that lattices get relaxed with the generation 

of oxygen vacancies. Decrease in the size of particle and inter planar 

distance for the doped samples caused the lattices to get relaxed by 

creating new oxygen ion vacancies. 

 

Fig. 17 TEM images at 100nm (a) & 20nm (b), HRTEM image (c) and 
SAED pattern (d) of s2 (2%). 

 

 

 

 

 

 

Fig. 18 The XRD patterns of s1 (a), s2 (b), s3(c), s4 (d) and s5 (e). 
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Figs. 18a-e show the XRD patterns of s1, s2, s3, s4 and s5 

respectively. It was shown that Cu2+ is highly dispersed in the lattice of 

ceria because it shows no peak corresponding to CuO in the XRD 

pattern. But the occurrence of higher intensity and small shift in the 

peak of doped samples were observed. Cubic fluorite type structure of 

ceria (JCPDS Card No. 34-0394) was not altered with doping. It was 

exhibited in the XRD patterns that crystallanity was increased with 

increasing the dopant concentration.  

 

 

 

 

 

 

 

Fig. 19 Williamson-Hall plots for s1 (a), s2 (b), s3(c), s4 (d) and s5 (e). 

Figs. 19 (a-e) show the Williamsons- Hall plots, which indicate 

the experienced lattice strain of pure and doped ceria. Increasing the 

Cu2+- content goes to increase the lattice strain, which may or may not 

depends upon particle size. The estimated lattice constant of ceria is 

0.542, which was not modified with doping. This explored that strain 
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lower angles indicates the lattice expansion in the ceria lattices with 

Cu2+ doping (Fig. 18). Fig. 20 represents the schematic diagram for the 

synthetic route of nano disc (flower) like Ce-Ox and the preparation of 

nano discs (flower) of ceria by thermal decomposition strategy.  

 

Fig. 20 Schematic illustration of the preparation of nano discs (flower) 
of COX and ceria. 

 

6.3.4. Optical and luminescent properties 

 It is more important to study the modification of optical and 

luminescent properties of ceria matrix with doping of transition metals. 

Absorption of UV-Visible light led to excite electron in both atoms and 

molecules to higher energy level. The entire samples show broad 

strong absorption below 400nm (Fig. 21a). The broad band of 

absorption at 260 and 266 nm are responsible for UV C absorption 

which are characteristic for CT from O2-(2p) to Ce3+ (4f) orbitals in 

CeO2, while UV A absorption at 340nm are responsible for CT from 
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O2-(2p) to Ce4+ (4f) orbitals38. In the defect lattices, CT between O2-

(2p) to Cu2+ (3d) is absent because absorption band between 220-

240nm is not observed in the spectrum. It was observed that 2mol% 

doped ceria (Fig. 21as2) acquired enhanced UV absorbance compared 

to other doped samples (10, 20 & 30mol%, Figs. 21as3, s4 & s5 

respectively) and ceria (Fig. 21as1). It was found that absorbance of 

ceria doped with 10mol% Cu2+ caused to lower the absorbance (Fig. 

21as3), but redshift and broadening of the peak was observed. Further, 

the peak above 450nm is responsible for the d-d transition of Cu2+ with 

an octahedral environment of CuO. Since ceria perform as UV-filters, 

it can absorb more UV radiation from the spectrum and the intensity of 

the absorbance peak is related with the concentration of Ce3+. 

Moreover, the redshift and broadening of band with the increment of 

dopant concentration in the UV-Visible spectra are related with surface 

defects of CeO2
39. The presence of Cu2+ content enhances optical 

absorption40 . Fig. 21b represents the Tauc plots of doped and un doped 

ceria. It was observed that the band gap energy (Eg) decreases with 

increasing the load of copper in the ceria lattice. The band gap energy 

is depicted in the Table 3. It was noted that Eg decreases with 

decreasing the particle size. This indicates the significance of surface 

defects on the redshift of band gap energy. 
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Fig. 21 UV-Visible absorbance spectra (a) and Tauc plots (b) of CeO2 
and Cu2+ doped CeO2; Undoped CeO2 (s1), 2( s2), 10 (s3), 20 (s4) and 
30% (s5). 

Fig. 22 shows the PL spectra of CeO2 and Cu-doped CeO2 

nanoparticles with an excited wavelength of 340nm. It was displayed 

that emission band intensity was reduced whereas band width was 

increased with increase in dopant concentration. Emission band 

consists of good violet bands at 419nm (2.96eV), blue emission band 

at 483nm (2.57eV) and green emission band at 529nm (2.35eV). 

 

 

 

 

 

 

Fig. 22 Photo luminescent spectra of doped and undoped CeO2; 
Undoped CeO2 (a), 2 (b), 10 (c), 20 (d) and 30% (e). 
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Table 3 Eg value (Tauc plots) and average crystallite size (using 

Scherrer Equation)  

 

 

 

 

 

 

It was reported that PL emission in the range of 400-550nm (< 

3eV) are highly associated with oxygen vacancies with trapped 

electrons which localized between Ce (4f) and O (2p) band in CeO2. 

Increase in the molar ratio of Cu:Ce in the lattice, experiences a 

polaron effect which arises from strong electron-phonon interaction41. 

Broadening of the peaks with the dopant levels are associated with the 

enhancement in oxygen ion vacancies. These extra oxygen ion 

vacancies compensate the valence mismatch between the Cu2+ and 

Ce4+ ions42. Emission band intensity was decreased due to the 

concentration quenching phenomenon. Besides, the dissipation of 

energy through non-radiative transition also occurs along with the 

emission from 4f to 2p. Both doped and undoped ceria show stock shift 

characterized from the absorption and emission spectrum. Copper 

doping in the ceria lattice increased the stock shift. Due to higher value 

of stock shift 149.15nm (8.4eV), biomedical applications of doped 

ceria are promoted.  

Sample Eg (eV) Crystallite 
size (nm) 

s1 2.93 8.80 

s2 2.90 8.20 

s3 2.77 8.50 

s4 2.70 6.96 

s5 2.52 7.15 
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6.3.5. Micro Raman spectra 

 

 

 

 

 

 

Fig. 23 Raman spectra of CeO2 (s1) and ceria doped with Cu2+ 2 (s2), 
10 (s3), 20 (s4) and 30% (s5). 
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responsible for the first order triply degenerated F2g mode of vibration 

characteristic to the cubic structure of CeO2
43,44

 and weak bands at ca. 

547.13 and near to 600 cm-1. The band at ca. 547.13 cm-1 can assigned 
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ions. Besides, the weak band centered approximately at 600cm-1 is 
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of Ce3+ ions. Several factors caused for the change in Raman peak 

position and line width of main band. These include phonon 

confinement, strain, broadening associated with size distribution, 

defects, and variations in phonon relaxation with particle size44. 

Substitution of copper in the ceria lattice made some shift to the band. 
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It was noticed from Fig. 23 that substitution of copper increased the 

intensity of the band mentioning better crystallization of nano crystals. 

It was observable from the spectrum that relative intensity was 

increased with increasing the concentration of the dopant up to 20 

mol%, while 30 mol % doped ceria shows decreased relative intensity. 

This pointed out that surface of doped ceria has possessed higher 

amount of oxygen vacancies than undoped disc (flower) like ceria. It 

was noticed that the peak position of main band at 461. 34cm-1 is 

shifted with lower energy shoulder and broadens asymmetrically. This 

can be ascribed due to the decrease of particle size with the increase of 

copper content in the lattice. Both shift and width of Raman line were 

presented due to the existence of phonon confinement and oxygen 

vacancies(Ce4+ + O2- → Cu2+ + VO; VO being a doubly ionized 

oxygen vacancy), but the inhomogeneous strain is related with the 

reduced state of cerium44-46. Raman intensity ratio for each sample 

(Table 4) was calculated from the relative intensity of the peak 

corresponding to the peak centered near to 600 cm-1 and peak at 465 

cm-1. From the earlier reports47, number of oxygen ion vacancies is 

best described with Raman intensity ratio. 

Table 4 Raman intensity ratio for each sample 

 Sample Raman intensity 
ratio (I600/I465) 

s1 0.33 

s2 0.26 

s3 0.25 

s4 0.27 

s5 0.47 
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Figs. 24a-e displays the micro Raman spectra corresponding to 

the weak band near to 600 cm-1 for the samples s1, s2, s3, s4 and s5 

respectively. It was found that highest Raman intensity ratio for the 

sample s5 (0.47) than others, indicating highest concentration of 

oxygen ion vacancies. 

 

 

 

 

 

 

  

 

 

 

 

 

 

Fig. 24 Micro Raman spectra of s1(a), s2(b), s3(c), s4(d) and s5(e) 

corresponding to the weak band near to 600 cm-1. 
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6.3.6. Cytotoxic studies 

 The use of ceria and lattices modified ceria as anticancer drugs 

has much relation with its radical scavenging antioxidant capabilities, 

which in turn related with optical emission properties. Structural and 

optical properties of ceria have strong dependence with concentration 

of oxygen ion vacancies and Ce3+. Cubic fluorite type structure of ceria 

permits to scavenge radicals. Further this nanoparticle is non-

stoichiometric compound in which cerium atom present as Ce3+/Ce4+. 

Intrinsic oxidase behavior of ceria nanoparticle accesses them for 

cytotoxicity, especially when they localized into acidic cell 

compartment such as lysosomes. Cytotoxic behavior of nanoparticle 

depends on various factors such as nature, chemical composition of the 

nanoparticle’s core, mode of preparation, size, shape, crystallanity, 

surface reactivity, solubility in aqueous media and degree of 

aggregation. 

In vitro cytotoxicity for short term was studied for first time for 

ceria nano disc and copper modified ceria with using Dalton’s 

Lymphoma ascite cells. Procedure of cytotoxicity assay is prescribed 

in chapter 2. It was found that percentage of cytotoxicity was increased 

for copper modified ceria nanoparticle and was observed enhanced for 

10 mol% Cu2+ modified ceria. Introduction of Cu2+ to the ceria lattice 

led to enhance the intrinsic oxidase activity of ceria. Besides, creates 

extra oxygen ion vacancies with doping. Presence of more oxygen 

vacancies in the lattices make it as better radical scavengers. This 

results in better performance of ceria as anticancer drug. Fig. 25a 

represent the image of live cell (100%) and Fig. 25b shows the image 

of dead cell (100%).  
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Fig. 25 The images of 100% live cell (a) and 100% dead cell (b) 

 

Fig. 26 Cytotoxicity of cerium oxide nanoparticle and Cu2+-modified 
cerium oxide  at different concentrations (200(a), 100 (b), 50(c), 20μ 
and 10μgmL-1 (d)); s1(a), s2(b), s3(c), s4(d) and s5(e). 
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         Cytotoxic assay exposed that higher toxicity was exhibited at 

200μgmL-1 (Fig. 26) and it was lowered with decreasing the 

concentration of nanoparticle. Figs. 26 a-e represents respectively the 

percentage of inhibition of the samples s1, s2, s3, s4 and s5. It was 

shown that higher toxicity by the sample s3 (10 mol% Cu2+ doped). 

Fig. 27 represents the schematic illustration of determination of 

cytotoxicity of Cu2+ doped ceria. The value of IC50 was found to be 

200μgmL-1 for the sample s3. 

 

Fig. 27 Step 1  nano particles of solid solution Cu-Ce-O are given to 
both normal cell as well as cancer cells. Step 2: the work of Cu-Ce-O 
on cancer cels selectively. Step 3: normal cells remain un damaged. 
(A) = normal cell,  (B) = cancer cell, (c) = Cu2+ - doped nano ceria and 
(D) = apoptosis of cancer cells. 
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6.4. Conclusion 

Cerium oxalate discs (flower) were prepared through the 

surfactant assisted precipitation method. Nano discs (flower) of CeO2 

were formed via the thermal decomposition strategy of the oxalate 

precursors. Cu2+ substituted ceria (2, 10, 20 and 30 mol %) were 

prepared through the similar method. Kinetic analysis for the formation 

of corresponding oxide in N2 atmosphere were performed and 

estimated the values of Ea taken for each step of thermal 

decomposition. It was displayed that energy for the entire stage was 

lowered with Cu2+ doping (2 mol %). Particle size and morphology of 

doped samples were altered with the addition of Cu2+ to the lattice of 

ceria. Even though band gap energy and crystallite size decreases with 

increasing the copper loading, dispersion of Cu2+ has major role on 

reducing the peak temperature of decomposition. Doped ceria has got 

flower like textures with increasing the level of copper percentage. 

Copper modified ceria shows enhanced photo physical properties, 

because of the higher optical absorption. Luminescent properties of 

doped ceria were enhanced by redshift and broadening of the peak, 

which is attributed to the creation of new extra oxygen ion vacancies. 

In vitro cytotoxicity assay with Dalton’s Lymphoma ascites cancer 

cells revealed improved cytotoxicity for 10 mol% copper doped ceria. 
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7.1. Introduction 

 Different morphology and dimensionality of ceria nano particle 

has succeeding role on creating ceria with higher performance. CeO2 

with controlled morphology exposes different crystal planes on the 

solid crystallites which exhibits interesting chemical and physical 

properties. Different morphologies of ceria are synthesized and 

studied, which involves nano rods, nano cube, octahedron or 

polyhedron, etc.1 Morphology effect of CeO2 depends on the executed 

synthetic methods. Surfaces of ceria can be activated by different 

factors such as surface area, elemental composition, defects and 

reactive facets2–5. Depending upon the morphology of ceria 

nanostructures, its catalyzing effect also varied. For example, ceria 

nano system such as nanowire, nano rod and nanoparticle has different 

redox behavior towards CO oxidation. One of the major reasons for 

this was due to the exposed crystal plane on the surface of ceria 

nanostructures6 . Exposed crystal planes of some ceria nano structures: 

like nano rod and nanowire {(100) and (110)}, nano cube {(100)}, 

ceria nano particle and polyhedron {(111)}1. Nano rod like CeO2 

possessed higher activity for CO oxidation and NO reduction7, 8 . But 

nanocubes show superior properties in soot combustion9, hydrogen 

oxidation10 and preferential oxidation of CO11. But due to the existence 

of large proportion of reactive planes on the surface of ceria nanowire, 

made it as potential redox catalyst for CO oxidation. Presence of 

oxygen vacancies and mobility of oxygen in the lattices are 

significantly altered with morphological parameters 6.  
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 The design and synthesis of rare earth oxide ceria with 

chelating ligand oxalate have found rare works in the literature. Ceria 

nano particle from cerium oxalate can be prepared by microwave 

heating assisted thermal decomposition method12. Upon thermal 

decomposition of oxalate, it followed stepwise thermal decomposition 

strategy13–15. It is more important to have a fair knowledge on thermal 

decomposition behavior of surface modified cerium oxalate up to the 

formation of CeO2/Ce2O3. Morphological dependency on activation 

energy can be derived in terms of conversion fraction α. Up to now, no 

exploratory work has done to deal the effect of morphological aspects 

of cerium oxalate on the creation of ceria with unique surface textures. 

Hence it has substantial interest to synthesis ceria in different design 

with appropriately choosing input reactant and surfactant. Besides it is 

equally important to understand the influence of structural features as 

the thermal stability or rate of decomposition of oxalate samples. It 

was investigated that surface modification of a polymeric material is an 

important tool to tune its degradation rate16. This happens because 

thermal conductivity of the surface functionalizing agents has pivotal 

role on reducing thermal stability of polymeric material, thereby 

increasing rate of its degradation process17. It was noted that the size of 

oxalate nanoparticle of calcium has noticeable effect on the kinetics of 

thermal decomposition process. On reducing the size of oxalates, the 

amount of activation energy needed for the decomposition process was 

decreased18. Bogatyreva et al19 studied the effect of surface 

modification of the nano diamond on its thermal stability. High 

temperature activation followed by chemical treatment with mineral 

acids reduced the impurities on the top of the surface of diamond, 
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thereby reducing the chance of oxidation. Hence it was suggested that 

up to 773K, nano diamond with stands oxidation process at its 

surfaces.  

 Since the radical scavenging and antioxidant properties of 

ceria, it is worth to note the importance of ceria in anticancerous field. 

It was investigated that CeO2 nano particles (Nps) are toxic to cancer 

cells and non-toxic to living cells20. Besides, it can inhibit invasion and 

sensitize cancer cells to radiation therapy and chemotherapy. This Nps 

are able to protect from cell damage indirectly by priming cells to 

respond to ROS (Reactive oxygen species) attack or directly by 

scavenging cellular ROS. It can save healthy cells from radiation 

induced damage during radiation therapy and provides neuro 

protection to spinal cord neurons. PEGlycated ceria nanoparticle 

showed enhanced radioprotection on human liver cell under γ-

irradiation21. Shape effect of ceria on the cytotoxic properties is not 

well studied yet. Therefore, in the present work, different surface 

modified cerium oxalate (Ce-Ox) was prepared by co-precipitation and 

hydrothermal methods. Shape effect of cerium oxalate on thermal 

decomposition behavior for the formation of ceria nano structures is 

studied. Besides, how the anticancerous and optical properties of ceria 

are altered with the different surfaces of the ceria nano materials. Fig. 1 

represents the comparison of synthesis of Nps with and without using 

stabilizers.  
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Fig. 1 Comparison of synthesis of Nps with and without using 
stabilizers 

7.2. Experimental 

7.2.1. Method of preparation 

In the present work, cerium oxalate is prepared through simple 

precipitation and hydrothermal route. 3.07mmol cerium nitrate is 

dissolved in 60mL of distilled water. Add 1.02mmol CTAB and stirred 

the solution for 2h. The resulting supernatant solution is transferred 

into a sealed autoclave and kept at 120ºC for 24h. Similar procedure is 

also conducted with PEG as surfactant. Cerium oxalate is also 

synthesized through simple precipitation route using sodium oxalate as 

the precipitating agent and the above mentioned surfactants. The 

precipitate is filtered and washed with ethanol and water. The 

precipitate is kept at 80ºC. Fig. 2 shows the PEG assisted synthesis of 

ceria Nps. 
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Fig. 2 PEG assisted synthesis of ceria 

Designation of oxalate samples  

H1 (Ce-Ox- simple precipitation- PEG -800 as surfactant), H2 

(Ce-Ox-hydrothermal-PEG-800as surfactant), H3 (Ce-Ox- simple 

precipitation- CTAB as surfactant), H4 (Ce-Ox- hydrothermal-CTAB 

as surfactant). 

Designation of prepared oxide samples 

 P1 (synthesized branched hexagonal nanorod ceria from H1), P2 

(synthesized multi branched nano ceria from H2), P3 (synthesized nano 

disc/flower of ceria from H3), P4 (synthesized 2D nano sheets of ceria 

from H4). 

The chemical composition and crystal structures of cerium 

oxide (prepared via thermal decomposition) were studied by XRD. 

(FT-IR) spectra of the samples was recorded by transmittance method. 

The prepared cerium oxalate precursor was calcined at 450ºC in muffle 

furnace for 5h. The morphology and topographical studies of the oxide 

samples were brought with TEM and Field emission scanning electron 

microscope. UV-Visible spectra of the oxide samples were taken 

spectrophotometer. Photo luminescent properties are well 
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characterized by using fluorescence spectrometer at room temperature. 

Electronic and crystalline properties are well characterized by using 

HRTEM and SAED pattern. Thermal decomposition properties of 

oxalates were analyzed by DSC and TG analysis in N2 (50mL) 

atmosphere. Raman spectra of the samples were collected using 

confocal Raman microscope with the excitation of 532nm laser. 

7.3. Results and discussion 

7.3.1. Material characterization 

Fig. 3A represents FT-IR spectra of surface modified Ce-Ox. 

Figs. 3Aa, b, c &d respectively show H1, H2, H3 & H4. The broad band 

observed at 3080–3433cm−1 (Fig. 3A) associated with water molecules 

which are removed only at higher temperature22.   

  

  

 

 

 

 

 

 

Fig. 3 FT-IR spectra (A), TG (B) and DTG curves (C) (at 5Kmin-1) in 
N2 atmosphere of surface modified Ce-Ox: H1 (a), H2 (b), H3 (c) & H4 

(d).  
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Table 1 Mass loss (%) for each Ce-Ox upon thermal decomposition 
obtained from TG curves 

Sample  Mass loss (%) 

   H1 53.06 

   H2 49.68 

   H3 54.76 

   H4 42.05 

 

The very strong peak observed at1633.9cm-1corresponds to the 

combined effect of asymmetric bending and stretching of water 

molecule23. The strong peak observed at 1318.4cm-1represents the 

asymmetric stretching of CO2 molecule associated with oxalate ligand 

group23,24. The band observed at 523.8cm-1stands for M-O stretching 

frequency22,24. Thermal decomposition behavior of cerium oxalate 

depends on the nature of surface modifier, its chemical bond with 

surface of the oxalate sample, mechanism and kinetics of thermal 

reaction. From the TG curves (Fig. 3B), it is understood that the 

method of preparation of the sample (history) also depends on the rate 

of mass loss process during thermal decomposition. It can be realized 

from the kinetics of decomposition that, significant variation with 

distinct surface textures of cerium oxalate upon the rate of formation of 

ceria. The mass loss (%) corresponding to each surface modified Ce-

Ox by the thermal decomposition process are displayed in Table 1. It 

was found that mass loss (%) for the sample H4 (42.05%) is lower than 

others indicating lower thermal stability of array of nano hexagonal 

Ce-Ox. Highest mass loss was found for nano disc Ce-Ox (H3), 

54.76% and nano flower petals Ce-Ox (H1), 53.06% prepared by co-
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precipitation method. Ce-Ox synthesized through hydrothermal 

methods (H2 & H4) has lower percentage of mass loss. Theoretical 

mass loss for the formation of ceria from cerium oxalate was found to 

be 52.48%. The higher experimental mass loss was occurred with the 

degradation of surfactant along with Ce-Ox. Fig. 3C shows the DTG 

curves of all surface modified Ce-Ox, H1 (Fig. 3C: a), H2 (Fig. 3C: b), 

H3 (Fig. 3C: c) and H4 (Fig. 3C: d). DTG curves passes through with 

non-homogeneous behavior at several regions of the temperature, 

implying partially overlapped multistep process. Sample H4 and H1 

occur at much lower temperature for the formation ceria nano particle 

than other samples, whereas sample H2 take place at higher 

temperature for the production of nano particle. 

 Fig. 4A represents FE-SEM images of Ce-Ox nano materials 

(sample H1, H2, H3 & H4). Fig. 4Aa shows the Ce-Ox nano flower 

petals (H1). Fig. 4Ab exposes like nano plates of Ce-Ox (H2). Fig. 4Ac 

displays like nano discs/flower of Ce-Ox (H3). Array of nano hexagons 

of Ce-Ox (H4) is represented in Fig. 4Ad. Fig. 4B displays the DSC 

curves of nano materials of Ce-Ox at 2Kmin-1. DSC curve shows two 

main stages up to the temperature 800K, the first stage corresponding 

to the loss of crystallized water of Ce-Ox and second for the 

decomposition of oxalates forming ceria nano structures. 
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Fig. 4 FE-SEM images (A) and DSC curves (B) of oxalate samples at 
2Kmin-1; H1 (a), H2 (b), H3 (c) & H4 (d) 

It is displayed that changing the surface morphology of Ce-Ox, 

changes in the decomposition as well as dehydration temperature was 

occurred (Fig. 4B). This happens due to the difference in the diffusion 

controlled reaction mechanisms of solid state decomposition of each 

nanomaterial of Ce-Ox. Ce-Ox nano flower petals (H1) (Fig. 4A:a) 

undergo dehydration at lower temperature (380.13K) than others (Fig. 

4B:a). The samples H2, H3 & H4 losses water at 394.22K, 395.94K and 

387.4K (Figs. 4B:b, c & d). On moving to the decomposition part at 

2Kmin-1, H4 has lower decomposition temperature 669.46K (Fig. 4B:d) 

than H1, H2 & H3. Hence it is informed that the significant influence of 

morphology of Ce-Ox on the thermal decomposition behavior of Ce-

Ox up to the formation of ceria nano particle.   
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Fig. 5 The DSC curves of Ce-Ox at 2, 4, 6 and 8Kmin-1 in N2 
atmosphere. 

 

   

 

 

 

 

 

 Fig. 6 FT-IR spectra (A) and XRD patterns (B) of ceria: P1 (a), P2 (b), 
P3(c) & P4 (d) 
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 Fig. 5 represents the DSC curves at 2, 4, 6 and 8Kmin-1 for the 

samples H1 (Fig. 5a), H2 (Fig. 5b) H3 (Fig. 5c) and H4 (Fig. 5d). It was 

observed that increasing temperature, the absorbed heat energy was 

decreased than lowest temperature reaction. Besides, increasing 

heating rate, marked increasing in the absorbed heat energy with 

respect to β, but this shift was found to be only at lower reaction and 

rather disappeared at higher temperature reaction. It was noticed that 

the peak width of sample H4 is higher at all heating rates than other 

samples.                                                                                                                                                                           

 Figs. 6A &B show the FT-IR spectra and XRD patterns of 

different surface modified ceria; where a, b, c and d represent 

respectively branched hexagonal nano rod (P1), multi branched (P2), 

nano disc/flower (P3) and array of nano hexagons (P4). The IR band at 

3000-4000cm-1 corresponds to water molecule associated with oxides. 

The band at 520-550cm-1 corresponds to M-O bond. Fig. 6B represents 

the diffraction peaks corresponding to cubic fluorite type structure of 

ceria (JCPDS Card No. 34-0394). Among the different morphologies 

of ceria, intensities of diffraction peaks are comparable. 

Fig. 7 shows the FE-SEM images of formed ceria nano 

materials. Nano ceria P1 (Fig. 7a) have surface morphology of 

hexagonal rod with branching in one direction. But P2 shows nano rod 

morphology with branches in many directions. These branches to the 

surfaces were occurred due to the influence of surfactant PEG. Ceria 

nano material, P3 (Fig. 7c) and P4 (Fig. 7d) display like nano 

discs/flower and array of 2D nano sheets respectively. From the 

surface morphological analysis of ceria, it can be seen that thermal 
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decomposition of Ce-Ox nano materials significantly altered its shape. 

Both the synthetic route and surfactants used affect the morphology of 

Ce-Ox, which has influence on the creation varieties of ceria 

nanostructures. 

 

Fig. 7 FE-SEM images of ceria nano structures prepared from Ce-Ox; 
P1 (a), P2 (b), P3 (c) and P4 (d).  
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Fig. 8 TEM images of ceria nano structures; P1 (a), P2 (b), P3 (c) and  

P4 (d).   

Fig. 8 shows the TEM images of ceria nano materials. Thermal 

decomposition of Ce-Ox nano flower petals P1 yields nano hexagonal 

particles having size 2.11-3.98nm (Fig. 8a). The inter planar distance 

was found to be 0.3nm (Fig. 9a). This indicates the presence of 

branched nano hexagons with lattice fringes similar to inter planar 

distance of cubic fluorite type structure of ceria. Thermal reactions of 

branched Ce-Ox (H2) resulted in the formation of aggregates of 

nanoparticle with size in the range of 3.8-8.39nm (Fig. 8b). The 

distance between two successive planes of this branched ceria was 

found to be 0.32nm (Fig. 9b).  
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Fig. 9 HRTEM images of P1 (a), P2 (b), P3 (c) and P4 (d). 

 

Fig. 10 SAED patterns of ceria:  P1 (a), P2 (b), P3 (c) and P4 (d). 
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The nano disc/flower like Ce-Ox (H3) upon thermal 

decomposition yields nano discs/flower of ceria (P3). These nano 

discs/flower are composed of ceria nanoparticles of size 4.6-8.8nm 

(Fig. 8c). The inter planar distance was observed to be 0.33nm (Fig. 

9c). Array of nano hexagonal Ce-Ox (H4) altered its surface textures 

upon thermal decomposition to yield 2D nano sheets (P4) (Fig. 7d), 

these sheets are composed of ceria nano spheres having size in the 

range of 2.92-9.32nm (Fig. 8d). The inter planar distance of P4 was 

observed to be 0.28nm (Fig. 9d), indicating the cubic fluorite type 

structure. The calculated values of lattice constant for each ceria nano 

structures are listed in Table 2. 

It was observed that lattice constant of each ceria nano structure 

is altered. Changes occurred for each ceria lattice constant and inter 

planar distance is ascribed to the existence of difference in the 

experiencing lattice strain which arises due to the difference in particle 

size and oxygen ion vacancies. Decreasing of particle size and inter 

planar distance for the samples causes the lattices to be relaxed by 

creating new oxygen ion vacancies. Sample P1 acquired lower particle 

size distribution compared to others. Hence, this sample reduces its 

lattice strain by creating more number of oxygen ion vacancies by 

converting more Ce4+ to Ce3+. 
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Table 2 The values of lattice constant, particle size and inter planar 
distance of ceria nanostructures 

Sample 

Lattice 

constant 

(nm) 

Particle 

size 

(nm) 

Inter 

planar 

distance    
(nm) 

P1 0.52 2.11 - 3.98 0.30 

P2 0.55 3.80 -  8.39 0.32 

P3 0.57 4.60 - 8.80 0.33 

P4 0.49 2.92 -9.32 0.28 

 

Fig. 10 shows SAED patterns of each synthesized ceria nano 

structures. P1, P2 & P3 show highly crystalline ceria nano particle. But 

P4, array of nano sheets composed of nano sphere like particles 

exhibited semi crystalline nature as evident from the SAED pattern 

(Fig. 10d). 

7.3.2. Photo physical properties  

7.3.2.1. UV-absorbance 

    

 

 

 

Fig. 11 UV-Visible absorbance spectra of ceria nanostructures (A); P1 

(a), P2 (b), P3 (c) and P4 (d) & Tauc plots (B); P1 (a), P2 (b), P3 (c) and 
P4 (d). 
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Fig. 11A represents UV-Visible absorbance spectra of the 

entire ceria nano structures which show broad strong absorption below 

400nm. The absorbance spectrum shows two absorption maxima. The 

peaks about 256nm correspond to charge transfer from O2-(2p) to Ce3+ 

(4f) orbitals in CeO2, while UV A absorption at 340nm are responsible 

for CT from O2-(2p) to Ce4+ (4f) orbitals25. Fig. 11A: a, corresponds to 

ceria hexagonal nano rods (P1) while Figs. 11A: b, c &d respectively 

represent ceria with multi branches (P2), nano discs/flower (P3) and 

nano sheets (P4). On comparing the UV-absorbance, nano discs/flower 

(P3) show highest UV- absorbance. Fig. 11B displays Tauc plots for 

each ceria nanostructure. Figs. 11B: a, b, c &d respectively represent 

Tauc plots for P1, P2, P3 & P4. Lower Eg value was observed for 2D 

nano sheets (Fig. 11B: d). It is followed that Eg value in the order of P4 

< P1 < P2 < P3. Eg values calculated from the Tauc plots is listed in the 

Table 3. This confirms that UV-absorbance and optical band gap 

significantly altered with respect to morphology of ceria.  

Table 3  The values of optical band gap Eg calculated from Tauc plots 

Sample Eg (eV) 

P1 2.77 

P2 2.87 

P3 2.97 

P4 2.73 

 

7.3.2.2. Luminescent properties 

 Fig. 12 shows the significance of photo luminescent (PL) 

spectra of ceria nano structures at an excitation wavelength of 340nm. 
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It was observed that depending upon the surface morphology of ceria, 

distinct level of intensity of emission band was occurred. Hence 

surface morphology of nanostructures plays significant influence in the 

emission band intensity.  Fig. 12a represents PL of ceria with branches 

in one direction (P1). Figs. 12b, c &d represent PL of ceria P2, P3 &P4. 

Emission band consists of good violet bands at 419nm (2.96eV), blue 

emission band at 483nm (2.57eV) and green emission band at 529nm 

(2.35eV). It was reported that PL emission in the range of 400-550nm 

(< 3eV) are highly associated with oxygen vacancies with trapped 

electrons which localized between Ce (4f) and O (2p) band in CeO2. 

Highest luminescent intensity was observed for P3. 

 

 

 

 

 

 

 

Fig. 12 PL spectra of ceria nano structures; P1 (a), P2 (b), P3 (c) and P4 (d). 
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7.3.3. Thermal properties 

7.3.3.1. Estimation of Ea values for the decomposition process of 

Ce-Ox up to the formation of nano structures 

During thermal decomposition process, self–generated reaction 

condition has predominant role on controlling the reaction path ways26. 

Change in the internal gaseous pressure can alter the smoothness of 

heat transfer process, which affects kinetics of the reaction. Cerium 

oxalate decomposes to ceria through multistage decomposition stages. 

Due to the experimental inconvenience of separately tracking the each 

component process; the deconvolution of overall kinetic information 

into reaction component is the only possible method for interpreting 

multistage reaction scheme27,28. Each kinetically resolved stage is 

studied by formal kinetic analysis. Fig. 13 shows the deconvoluted 

DSC curve of the sample H4 at 2Kmin-1. 

Ea for each independent process was measured by using 

Friedman plots. The determination of Ea values for each stage was 

based on Eq. 1. Plots of ln (dα/dt) vs T-1 known as Friedman plots29–31, 

for the series of kinetic data at different α recorded under linear non-

isothermal condition were examined for determining the values of Ea. 

From the slope of the plot, the values of Ea can be evaluated. A can be 

calculated from the intercept, after incorporating the best reaction 

model f (α) using modified Sestak-Berggren model(SB (m, n)32,33.  
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Fig. 13 The deconvoluted DSC curve of sample H4 at 2Kmin-1. 

Fig. 14 shows the Friedman plots for first (Fig. 14a), second 

(Fig. 14b), third (Fig. 14c), fourth (Fig. 14d) and fifth (Fig. 14e) stages 

of thermal decomposition of array of nano hexagonal Ce-Ox (H4), 

which were used for finding the initial values of Ea and A of the 

sample H4. Similarly, initial values of Ea and A values of other oxalate 

samples were also calculated by the Friedman plot. The contribution of 

each stage was calculated from the area or quantity of heat absorbed in 

the DSC curve. The method of kinetic deconvolution procedure (as 

described in previous chapters) was executed for finding the optimized 

values of Ea.   
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Fig. 14 Friedman plots at different α value of first (a),  second (b), 
third (c), fourth (d) and fifth stages (e) of thermal decomposition of 
array of nano hexagonal Ce-Ox (H4). 
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Table 4 Average values of Ea optimized for each stage of thermal 
decomposition of Ce-Ox; H1, H2, H3 and H4. 

Sample Ea (kJmol-1) 

 1 2 3 4 5 

H1 47.15 48.13 130.37 146.24 68. 40 

H2 42.98 79.59 123.26 134.07 245.03 

H3 89.04 62.47 53.96 162.77 266.26 

H4 36.67 37.67 43.76 69.75 75. 53 

 

The comparison of Ea value for the formation of each nano 

structure is listed in Table 4. Significance of surface characteristics of 

each Ce-Ox upon the thermal reaction condition can be depicted from 

finding the Ea value throughout each stage. From the Table 4, it is 

known that array of nano hexagonal Ce-Ox (H4) takes easiest reaction 

path for removing crystallized water and for forming 2D nano sheets as 

the end product. Comparatively higher amount of activation energy 

was needed by Ce-Ox nano disc/flower (H3) to form as nano 

discs/flower as the reaction product. This means that H3 proceeds 

through the diffusion controlled reaction mechanism which tends to 

higher thermal prevention for the decomposition. Change in Ea value 

was observed throughout the reaction at different extent for samples H1 

&H2. This informs that synthetic route and substrate surface 

characteristics control the thermal reaction programs for forming ceria 

nanostructures. 

The plots used for finding optimized Ea values are represented 

in Figs. 15, 16, 17 and 18 for first, second, third, fourth and fifth stages 

of decomposition of each Ce-Ox. 
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Fig. 15 The Friedman plots at different α value of first (a), second (b), 
third (c), fourth (d) and fifth (e) stages of thermal decomposition of the 
sample H1. 
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The plots at specified α values were drawn only for most 

linearly fitted data. For some plots, slope at specified α values are 

coinciding to each other. Fig. 19 depicts how thermal event occurs in 

the initial stages of the sample H4 (Figs. 19a & b), reminding that Ea 

value decreases with reaction (for first) and Ea value almost constant 

towards the end of the stage (for second). Change in Ea value occurs 

due to the happening of change in reaction pathway as the reaction 

progresses. Fig. 19 also shows the dependence of Ea with respect to α 

for third (c), fourth (d) and fifth (e) stages respectively.  

 

 

 

    

   

 

  

 

 

 

 

 

 

Fig. 16 The Friedman plots at different α value of first (a), second (b), 
third (c), fourth (d) and fifth (e) stages of thermal decomposition of the 
sample H2. 
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Fig. 17 The Friedman plots at different α value of first (a), second (b), 
third (c), fourth (d) and fifth (e) stages of thermal decomposition of the 
sample H3  
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Fig. 18 The Friedman plots at different α value of first (a), second (b), 
third (c), fourth (d) and fifth (e) stages of thermal decomposition of the 
sample H4. 
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Fig. 19 Dependence of Ea vs α for first (a) second (b), third (c), fourth 
(d) and fifth (e) stages for the sample H4 
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7.3.4. Micro Raman spectra 
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Fig. 20 Micro Raman spectra of CeO2 nano structures; P1 (a), P2 (b), 
P3(c) and P4 (d) 

 

 The influence of surface morphology of ceria nanostructures 

are further confirmed by Raman scattering (Fig. 20). The spectrum 

shows the main band at 465.34cm-1, which is responsible for the first 

order triply degenerated F2g mode of vibration characteristic to the 

cubic structure of CeO2
34,35. The weak band near to 600cm-1 is 

associated with the intrinsic oxygen ion vacancies due to the presence 

of Ce3+ ions. Several factors caused for the change in Raman peak 

position and line width of main band. These include phonon 

confinement, strain, broadening associated with size distribution, 

defects, and variations in phonon relaxation with particle size35. It was 
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observable from the spectrum that comparatively higher intensity for 

the sample P1 (Fig. 20a), P2 (Fig. 20b) and P3 (Fig. 20c). But lower 

intensity for the band was appeared for P4. The increased intensity of 

the band is associated with increased oxygen ion vacancies. For the 

sample P4, widening of the characteristic peak was observed than 

others. Therefore this sample experiences lattice strain by the creation 

of more oxygen ion vacancies. Presence of more oxygen ion vacancies 

in the lattice of ceria, make it as better radical scavenger. Raman 

intensity ratio was calculated from the relative intensity of weak band 

near to 600cm-1 and intense peak at 465.34cm-1. Figs. 21a-d displays 

the micro Raman spectra corresponding to the weak band near to 600 

cm-1 for the samples P1, P2, P3 and P4 samples respectively. 

Table 5 Raman intensity ratio for each ceria nanostructures 

Sample Raman intensity 
ratio (I600/I465) 

P1 0.005 

P2 0.005 

P3 0.173 

P4 0.008 
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Fig. 21 Micro Raman spectra of P1 (a), P2 (b), P3(c) and P4 (d) 
corresponding to the weak band at near to 600 cm-1. 

 

 From the Table 5, highest Raman intensity ratio was found for 

sample P3. From the earlier reports36, number of oxygen ion vacancies 

is best described with Raman intensity ratio. Hence, concentrations of 

oxygen ion vacancies are found to be large for the sample P3. 
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7.3.5. Cytotoxicity studies 

 

Fig. 22 Results of in vitro cytotoxic studies for different ceria 
nanostructures: P1 (a), P2 (b), P3(c) & P4 (d) 

Fig. 22 shows the results of in vitro cytotoxicity for different 

surface modified ceria, using Dalton’s Lymphoma ascite cells. 

Procedure for assay is described in chapter 2. This assay exposed 

highest percentage of inhibition for cancerous cell by the sample P1, 

branched hexagonal ceria nanorods (Fig. 22a) than other ceria nano 

materials considered. The value of IC50 was observed at drug 

concentration of 105.3μgmL-1 for sample P1. 73% of inhibition of 

cancer cells by P1 was occurred at concentration of 200μgmL-1. Multi 

branched (P2, Fig. 22b), nano disc/flower (P3, Fig. 22c) & nano sheet 
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(P4, Fig. 22d) like ceria performed comparatively lesser cytotoxicity 

towards cancer cells than nano hexagonal branched rods of ceria (P1). 

Hence the significance of surface morphologies of ceria nanomaterial 

has great influence in performing it as anticancerous drug. Ceria with 

surface modified by PEG, P1 displayed as better anticancer drug. 

7.4. Conclusion  

 Nano flower petals, nano plates, nano disc/flower and array of 

nano hexagonal Ce-Ox were synthesized via simple precipitation and 

hydrothermal methods. Executing thermal decomposition strategy for 

the oxalate precursors; surface modified ceria nanostructures like 

branched hexagonal nano rod, multi branched, nano discs/flower and 

nano sheets were synthesized and characterized. Surface modification 

of Ce-Ox has pivotal role on the thermal decomposition strategy, 

particle size and shape, formation of oxygen ion vacancies, optical and 

anticancerous properties. It was explored that for the formation of nano 

sheet like ceria, Ea values are lowered. But nano discs/flower of Ce-

Ox has higher thermal prevention for the decomposition process to 

produce nano discs/flower of ceria. Enhanced luminescent and UV-

absorbing properties were observed for nano disc/flower like ceria. But 

enhanced inhibition (73%) towards Dalton’s Lymphoma ascite cells 

was performed by ceria (P1), surface modified with PEG (branched 

hexagonal nanorod).  
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8.1. Introduction 

 Ceria, one of the most important rare earth metal oxides exhibit 

unique chemical and physical properties. As a result of its high thermal 

and mechanical stability, excellent oxygen storage capacity and 

enhanced redox properties1, it can find wide variety of applications in 

catalysis2, oxygen sensors3, UV-filters4, solid oxide fuel cell5, 

medicinal fields6, etc. It can perform as better promoters in Three Way 

Catalysts (TWC) 1. Modification of properties of ceria was enabled by 

isomorphous substitution of Ce by other metals (such as Cu, Ni, La, 

Gd, Eu, Pt, Au, Ru, etc.) to form solid solutions. This solid solution 

can withstand the change in the cubic fluorite type structure of ceria up 

to the higher concentration of dopants in the range of 1-50%. Recently 

DFT investigations have given valuable qualitative and quantitative 

descriptions about the structure of ceria and its solid solutions. Using 

this approach many of the properties of the material can be explored by 

solving the Schrӧdinger equation for the electrons of the atom, 

molecule, and assemblies of atoms in solids or liquids. The 

combination of molecular dynamics and electronic structure methods 

called ab initio molecular dynamics which can predict approximate 

solutions for the problems of many electron systems. The plane wave 

based ab initio DFT package of VASP7 is now used for making 

solutions to the problems of many body problems. The calculations are 

based on Kohn-Sham equations8 using exchange correlation functional 

GGA9 or LDA10. In this approach, the employment of pseudo 

potentials are carried out by using relatively small set of plane waves. 

DFT method can simplify the problems of large experimental work 
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regarding which concentration of dopant can be effective for the best 

description of properties of ceria1. Carlos et al1 carried out both 

experimental and DFT studies regarding the addition of Ni and Cu to 

the ceria lattice and calculated the formation energies for a range of 

concentration of dopant. The effect of group IV (a & b) elements (C, 

Si, Ge, Sn, Pb, Ti, Zr, Hf) as dopants to the ceria lattice within the 

frame work of DFT+U was carried out. This study revealed the change 

in formation energies of the solid solution Ce1 – x ZxO2 where 0 ≤ x ≤ 

0.2 with respect to the concentrations of dopants11. Effect of rare earth 

dopants (La, Pr, Nd, Pm, Sm, Eu and Gd) on the bulk properties of 

ceria was investigated within the frame work of DFT+U and found that 

earlier rare earth elements are more suitable for promoting oxygen 

storage capacity and migration of oxygen ion vacancies12. Adsorption 

of Cu, Ag and Au on the CeO2 surface (110) is quantum mechanically 

predicted using the plane wave DFT code of VASP. While adsorption, 

Cu and Au are oxidized to Cu2+ and Au2+ 13. ab initio DFT calculations 

of the structural, electronic, and thermodynamic properties of cerium 

ortho vanadate, CeVO4, were performed utilizing the LDA, GGA-PBE, 

LDA+U, and GGA-PBE+U functional. The LDA+U, GGA-PBE+U, 

LDA, and GGA-PBE methods show deviations of equilibrium volumes 

of about −2.4%, +3.6%, −7.4%, and −0.8% respectively from the 

experimental results14. Jalborg et al15 studied the electronic structure of 

super cells (2×2×2) CeO2-δ within the frame work of DFT+GGA. The 

equilibrium properties of bulk ceria such as lattice constants, bulk 

moduli and magnetic moments of super cells were well characterized 

with exchange correlational GGA. At present a lot of computational 

studies are reported regarding the electronic structure and bulk 
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properties of ceria, studies on quantum mechanical predictions on the 

electronic structure of bulk ceria with single lattice containing 12 

atoms and the substitution of one of its Ce by divalent Cu were carried 

out using plane wave based approach using DFT package of VASP 

5.4.1.  

 In the present chapter, ab initio plane wave DFT package of 

VASP is used for the investigations of electronic structure of ceria 

(1×1×1) unit cell and to find out solution for how the electronic 

properties are varied with respect to Cu in the lattice. Based on this 

structural examination, band structure, total density of states (TDOS), 

projected density of the states (PDOS) and charge density distribution 

of rare earth oxide ceria were established. The results were compared 

by utilizing both GGA and LDA exchange correlation functional. 

8.2.  Computational methods 

   DFT calculations were performed using Vienna ab initio 

simulation package (VASP 5.4.1)16, 7 choosing plane wave basis set 

with an energy cut off 180eV for accounting the valence electrons. In 

order to study the effect of core electron on the valence electron 

density, projected augmented wave approach (PAW) was employed. 

The interaction between the ions and valence electrons are accounted 

by the standard frozen-core potentials which are utilized in the PAW 

method. The exchange correlational functional was introduced by 

generalized gradient approximation (GGA) and local density 

approximation (LDA) of Perdew and Wang (PW91). In order to study 

the convergence calculation of bulk ceria (1×1×1) unit cell, we have 
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computed volume and total energy of the bulk CeO2 using plane wave 

cut off energies in the range of 170-450eV. The Brillouin-zone 

convergence calculations were performed using Monkhorst-Pack grids 

of (7×7×7), (8×8×8), (9×9×9), (10×10×10), (11×11×11), (12×12×12), 

(13×13×13), (14×14×14), (15×15×15), (16×16×16), (17×17×17) and 

(18×18×18). It was found that calculations are well converged for a k-

point grid of (11×11×11) and energy cut off 180eV. Lattice 

convergence calculations show the lattice constant of 5.4Å for the 

cubic fluorite type structure of ceria. After the convergence 

calculations, electronic structure of bulk ceria (1×1×1) single lattice 

was investigated by calculating the band structure, total density of 

states and projected density of states and charge density distribution of 

the material. Further in this chapter, the effect of Cu-doping on the 

total energy, lattice constant, Brillouin zone and plane wave cut off 

energy were measured as same above for the bulk ceria. The volume of 

the defect unit cell was computed from the converged lattice 

parameter. The influence of dopant on the band structure, density of 

states and charge density of the state were also evaluated. DFT+U 

(GGA) methodology with varying values of U in the range of 3-5 eV 

was performed for the evaluation of the contribution of localized 

strongly correlated Ce 4f states. 
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8.3. Results and discussion 

8.3.1. Convergence of lattice parameter, k-point grid, and energy 
cut off 

 The converged plane wave cut off energy, k-point grid and 

lattice constants were investigated. From the bulk convergence 

calculation, the total energy and equilibrium volume were calculated. 

Fig. 1 represents convergence of plane wave cut off (Fig. 1a), k-point 

grid (Fig. 1b) and lattice parameter (Fig. 1c) of bulk ceria. For this 

calculation, DFT based on GGA introduced by PW91 were used. Fig. 

1a shows that the energy cut off for the bulk ceria unit cell (1×1×1) is 

180eV. Brillouin zone grid is converged for (11×11×11) (Fig. 1b) and 

lattice parameter convergence of 5.4 Å (Fig.1c). 

 

 

 

 

  

 

 

 

 

Fig. 1 Plots of convergence of Encut (a), k-point (b) and lattice 
parameter of bulk ceria (c) (calculated based on DFT+GGA). 
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The total ground state energy for the bulk ceria was found to be 

-112.94eV and the volume computed from the lattice parameter was 

157.46Å3. The DFT calculation based on LDA introduced by PAW 

approach is also performed in order to make comparison with 

DFT+GGA.  

 

 

 

 

 

 

  

 

 

 

 

 

 

Fig. 2 The plots of convergence of Encut (a), Encut vs Total CPU time 
(b), k-point (c), k-point vs Total CPU time(d) and lattice parameter of 
bulk ceria(e) and lattice parameter vs Total CPU time(f) (calculated 
based on DFT+LDA). 
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Fig. 3 The comparison of total energy convergence plots made by 
DFT+GGA and DFT+LDA of bulk ceria 

Fig. 2 shows the plots of convergence of energy cut off, k-point grid 

and lattice parameter and total CPU time needed for each convergence. 

The results show that these values are concomitant with those 

evaluated by GGA method. LDA chooses delocalized electron 

interaction while GGA account localized electron interaction. 

Literature reports that for studying bulk properties of materials, DFT 

with GGA is more profound than LDA. Fig. 2a corresponds to the 

convergence graph of plane wave cut off energy in the range of 175-

350eV and total CPU time needed for the plane wave energy 

convergence (Fig. 2b). It was displayed that converged plane wave cut 
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convergence carried out by GGA and LDA exchange correlation 

functional. The converged total energy by LDA methods takes more 

iteration steps for the optimization and the value was found to be -120. 

834eV.  

 Fig. 4 represents the DFT+GGA calculation for the 

convergence of lattice parameter, k-point grid and plane wave cut off 

energy for the copper doped ceria. The presence of displacement of Ce 

with Cu has not made changes to the k-point grid (11×11×11) and 

lattice parameter (5.38 Å). But the energy utilized for the plane wave 

basis set remains unchanged. The presence of Cu2+ increases the total 

ground state energy of the bulk material to -95.82eV. Hence, the 

volume computed from the lattice parameter was found to be 

155.72Å3. The decrease of volume occurs because of the prevailing 

lattice strain due to the introduction of copper. 

 

 

 

 

 

 

 

Fig. 4 The plots of convergence of Encut, k-point and lattice parameter 
of Cu2+-doped ceria (calculated based on DFT+GGA). 
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The same convergence calculations are repeated with exchange 

correlation functional LDA introduced by projected augmented wave 

approach. Fig. 5 shows the results of convergence calculation of 

copped doped ceria made by LDA method. The calculated converged 

values of copper doped ceria was found to be 210eV (Fig. 4a) for the 

Encut value of plane waves with Monkhorst pack grid of 20×20×20 

(Fig. 4c). Figs. 4b&d respectively displays the total CPU time vs Encut 

and k-point grid. The introduction of copper to the ceria lattice 

markedly enhances the value of plane wave cut off and k-point grid. 

But the presence of copper made some lattice strain causing a decrease 

in lattice parameter. This has aroused the total ground state energy of 

the bulk ceria to -106.46eV. 
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Fig. 5 The plots of convergence of Encut (a), Encut vs Total CPU 
time(b), k-point (c), k-point vs Total CPU time(d), lattice parameter of 
copper doped ceria (e) and lattice parameter vs Total CPU time (f)  
(based on DFT+LDA).  
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From the comparison of total energy convergence plots of 

doped ceria (Fig. 6), it has been found that LDA method takes more 

optimization steps than GGA method and hence lowers the 

convergence value of total ground state energy (E0). 

 

 

 

 

 

 

Fig. 6 The comparison of total energy convergence plots made by 
DFT+GGA and DFT+LDA of Cu2+ doped ceria 
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(Fig. 8a). Fig. 8b represents bands of 5p orbitals of Ce in the energy 

range of -11- -20eV (which are below the valence bands). The 5d 

atomic orbitals of Ce are overlapped to form valence band in the region 

of -0.5- -0.45eV (Fig. 8c). The narrow conduction band is formed from 

the overlapping of 4f atomic orbitals of cerium atom; these are above 

the Fermi level in the range of 2.1-2.5 eV (Fig. 8d).  

 

Fig. 7 The band structure of CeO2 calculated from DFT+GGA method 

Fig. 9a consists of bands constructed from the 2s atomic 

orbitals of oxygen atom of CeO2. These bands are occupied just below 

the valence bands in the region of -11- -20eV. Besides, the Figs. 8b & 

9a exposed that there exist interaction between 5p (Ce) and 2s orbitals 

of oxygen atom. Fig. 9b corresponds to the band structure of 2p atomic 

orbitals of oxygen atom in the region of -1.5 - -4.5eV. The valence 

band between -0.5 - 4.5eV are composed of O (2p) and small mixture 

of Ce 5d atomic orbitals. The nature of Ce active site is not well 

described yet since the 4f electrons are laying far above the Fermi 

level.  
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 The width of the band increases as the electronic overlap 

increases. The interatomic orbitals or core orbitals (valence f or d 

orbitals) will tend to form narrow bands with high effective masses. 

The band structure of ceria (Fig. 7) shows non- zero Fermi energy. A 

Fermi level is the highest occupied electronic state, and now in the 

considered work, it is placed just below the zero energy. The range of 

forbidden energy between the energy bands are known as band gaps. 

The lower energy bands are formed from the core orbitals and form 

narrow bands and for most cases, they are treated as a set of localized 

atomic orbitals. This occurs due to the strong interaction of nuclei with 

these orbitals that prevent the overlapping of orbitals of neighboring 

nuclei. For small molecules, the greater overlap leads to greater energy 

difference between valence band and conduction band. Similarly, in 

continuous solids, the greater overlap causes to greater spread of 

energies called band width of the resulting band17. 
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Fig. 8 The band structures of 5s (a), 5p (b), 5d (c) and 4f (d) orbitals of 
cerium atom 
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           The qualitative description of an electronic conduction can be 

predicted for materials with band gaps. If the band gap value is lower 

than the 3eV, the material is semiconductor and if the band gap value 

is wider, it is said to be insulator. The direct band gap between highest 

occupied valence band and lowest region of conduction band indicates 

a band gap of 2.09eV. This value is comparable to the experimentally 

and theoretically observed band gap, 1.82eV, of bulk CeO2 crystals18. 

Hence the bulk CeO2 is a semiconductor material. For the metals, the 

forbidden region is also occupied with energy bands. 

 One important quantity which can be used to define electronic 

state of a material is the electronic density of the material. Electronic 

density of state ρ (E) dE = number of electronic states with energies in 

interval E, E+dE.  Plane wave DFT calculation expresses the electronic 

density in function of the form exp (ik.r). Electron associated with 

plane wave has the energy E = hK2/2m. The electronic density is 

determined by integrating the resulting electron density in k-space. 
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Fig. 9 The band structure of 2s (a) and 2p (b) atomic orbitals of oxygen 
atom  

 Fig. 10a shows the total density of states (TDOS) plot 

calculated by non-spin polarized method. As shown in Fig. 10, density 

of states (DOS) can be separated into two regions, valence band and 

conduction band. Valence band is the collection of all occupied 

electronic states while in conduction band; all the states are not 

occupied. From the density plot, the band gap is the region where 

valence band and conduction band have no density of states. The slope 

of the plot varies discontinuously in a number of places (hence 

indicates the presence of van Hove singularities). Fig. 10b represents 
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the electron density calculated by the spin polarized DFT method. But 

the marked difference in electron density calculated by with and 

without spin polarization was absent. This considered that no change in 

the total ground state energy of the bulk material. Calculation 

performing with considering spin of electron tends to lower the energy 

of the bulk material substantially7. Moreover, the density of states of 

spin up and spin down were cancelled to each other giving non-

magnetic ceria unit cell. TDOS calculated without spin of electron 

shows the non-zero Fermi energy, while TDOS performed with 

considering spin of electron indicates zero Fermi energy.  

 

 
Fig. 10 The total electron density of the material (TDOS): calculated 
by non-spin polarization (a) and spin polarization (b) of CeO2. 
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  In order to study the electronic structure of material, it is often 

important to study which state is important in the vicinity of atom. One 

standard method is to do is the calculation of projected density of states 

(PDOS). It is defined as the number of electronic states at a specified 

energy weighted by the fraction of the total electron density for these 

states that appears in a specified volume around the nuclei. For 

performing PDOS computation, need effective radii of atom. PDOS 

predicts the contribution of each band. Fig. 11 shows the PDOS for 5s 

(Fig. 11a), 5p (Fig. 11b), 5d (Fig. 11c) and 4f (Fig. 11d) atomic 

orbitals of Ce.  

   

  

 

 

 

 

 

 

 

 

Fig. 11 The PDOS of the 5s (a), 5p (b), 5d (c) and 4f (d) of Ce. 
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The PDOS of 5s (Fig. 11a) and 5p (Fig. 11b) shows the low 

lying core electron density. The electron densities of these orbitals are 

also higher compared to other PDOS. Towards the valence band 

regions, the contributions of 5d electrons are predominant (Fig. 11c). A 

small contribution of 5d electrons are also found in the above Fermi 

energy level. The electron density of 4f orbitals is far above from the 

Fermi level (Fig. 11d). Fig. 12 shows the PDOS plots of 2s and 2p 

orbitals of oxygen atom in ceria. 2s bands are overlapped with 5p 

atomic orbitals of Ce in the region of -10 - -20eV, whereas 2p bands 

are overlapped with 5d bands of Ce in the valence band region. Fig. 13 

shows the PDOS plots of 5s (Fig. 13a), 5p (Fig. 13b), 5d (Fig. 13c) and 

4f (Fig. 13d) atomic orbitals of the copper doped ceria. 

 

 

 

 

 

 

Fig. 12 The PDOS plots of the 2s and 2p orbitals of oxygen. 
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Fig. 13 The PDOS plots of the 5s (a), 5p (b), 5d (c) and 4f (d) atomic 
orbitals of copper doped ceria. 
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broadening is observed for 4f orbital (Fig. 13d). These changes were 
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The 2s atomic orbital of oxygen atom is retained its DOS, but 2p 
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in the Fermi energy of the doped ceria than the undoped ceria. Fig. 15 
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indicates that valence shell atomic orbitals (3d, 3p & 4s) and 2p atomic 

orbitals take part in the overlapping with valence shell orbital 5d of Ce. 

Hence the 5d peaks of doped ceria get broadened and increase the 

Fermi energy level of ceria. Besides, rather smaller overlapping of 4f 

orbital with 5d, 2p, 3p and 4s orbitals, the narrow peak of conduction 

band is get broadened. This led to reduction of the forbidden region. 

Hence the electron transport and conductance properties of copper 

doped ceria shows enhanced performance than the pure ceria. Fig. 16 

displays the calculated TDOS plot of Cu-Ce-O calculated by non-spin 

polarized DFT with exchange correlation functional GGA. 

 

 

 

 

 

Fig. 14 The PDOS plots of 2s and 2p atomic orbitals of Ce 

Upon doping the density of the mixed oxide was decreased 

markedly as seen from Figs. 10a &b and Figs. 16a&b. Moreover, the 

ground state energy calculated by considering both spin of electron in 

the copper doped ceria shows lowering of the ground state energy by 

small fraction. Also, the DOS of spin up and down are unequal, 

imparting some un paired character in the single unit cell of ceria due 

to the overlapping of the orbitals of Cu2+. The electronic state 

-30 -20 -10 0 10

0.0

0.5

1.0

1.5

2.0

E (eV)

D
O

S
 (

S
ta

te
s/

u
n

it 
ce

ll/
e

V
)

 2s
 2p



 282 

concentrated in wider range of energies and higher electron density of 

un-occupied or partially occupied electronic states above the Fermi 

energy level specifies that Cu-Ce-O has gained enhanced chemical 

reactivity7. 

 

 

 

  

Fig. 15 The PDOS plots of 4s (a), 3p (b) and 3d (c) atomic orbitals of 
Cu2+ in ceria. 

 

 
 Fig. 16 TDOS plot of Cu-Ce-O non-spin polarized (a) and spin 
polarized (b) 
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Fig. 17 The total band structure of copper doped ceria 

 Fig. 17 exposes the total band structure of copper doped ceria 

unit cell. As indicated in figure, the valence bands are moved nearest to 

the conduction band. Hence energy of highest occupied energy levels 

increases, causing a decrease of band gap to 1.54eV. Presence of metal 

impurities in the ceria lattice can enhance the electron hole 

recombination rate since it enhances the electronic states within the 

band gap. This can generate increment in conducting properties of the 

ceria. Fig. 18 displays the significant changes in the band structures of 

Cu-Ce-O for the atomic orbitals of 5s, 5p, 5d, and 4f. Fig. 19 reminds 

the effect of copper doping on the individual bands of 2s and 2p atomic 

orbitals of oxygen atom of Cu-Ce-O. The band width of 2s (Fig. 19a) 

and 2p (Fig. 19b) orbital band were increased. The 2p bands were 

moved towards the forbidden region of ceria whereas the 2s bands to 

low lying energy region. 
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Fig. 18 The band structures of 5s (a), 5p (b), 5d(c) and 4f (d) atomic 
orbitals of Ce of doped ceria 
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The 4s orbital bands of copper lie in the region of energies of -3 

to -5.25eV just below the valence band (Fig. 20a). The 3p orbital bands 

are spread out in the range of -0.9 to -4.5eV (Fig. 20b). The more 

electron dense 3d orbital bands are lying in the energy range of 0.75 - 

4.25eV (Fig. 20c).  

 

 

Fig. 19 The band structures of 2s (a) and 2p (b) atomic orbitals of 
oxygen 
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Fig. 20 The band structures of 4s (a), 3p (b) and 3d (c) atomic orbitals 
of Cu                     
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The broadness of the band near Fermi energy level increased 

due to the presence of electronic contributions from the Cu 3d, 4s and 

3p (Fig. 20) atomic orbitals with 5d orbitals of Ce. The core electron 

orbital 5s of Ce decreases its band width upon doping whereas; the 

band width of 4f orbital enhances which makes the oxide more 

chemically reactive.  

 

 

Fig. 21 The DOS plot of copper doped ceria: non-spin polarized (a) 
and spin-polarized (b) (DFT+LDA method) 

Density of states (Fig. 21) and band structure (Fig. 22) 

calculated by the DFT+LDA shows much difference compared to that 
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depicted by using GGA correlation functional. Fig. 21a expresses the 

DOS of non-polarized spin, while spin polarized DOS is expressed in 

Fig. 21b. LDA is best suitable for giving correction to the contribution 

to delocalized electrons, while GGA contribute gradient in density and 

more suitable for localized electron contribution. From the figures one 

can ensure that GGA correlation functional predict more accurately the 

DOS and band structure to an extent.  For the purpose of studying bulk 

properties of a material, GGA provides more accurate predictions than 

LDA method. 

 

Fig. 22 The band structure of copper doped ceria calculated by 

DFT+LDA 

The calculated band gap between O-2p valence band and 4f conduction 

band is found to be 1.7eV, which is higher than that predicted by 

DFT+GGA method. 

8.3.3. Charge density distribution 

 Figs. 23 & 24 explains the charge density distribution of ceria 

and copper doped ceria along (011) and (001) planes.  There exists 
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significant change in the distribution of electron density along different 

crystalline planes. This indicates the absence of uniformity of charge 

density along different crystallographic directions. The charge density 

distribution of the doped ceria shows the marked influence of copper in 

the ceria lattice. It increases the charge densities of the bulk ceria, 

besides, the overlapping of Cu-3d with O-2p and Ce-5d atomic 

orbitals. In the charge density distribution plots, red region indicates 

more electron density, while that of blue for more electropositive 

region. 

 

Fig. 23 The charge density distribution of bulk (1×1×1) ceria along 
(011) (a) and (001) (b) planes 



 290 

 

Fig. 24 The charge density distribution of Cu-Ce-O (1×1×1) along 
(011) (a) and (001) (b) planes. 

 The existence of higher charge density in the defect ceria 

clarifies the possibility of bond formation of Cu with Ce and O atoms 

in the lattice. Hence the bulk energy was increased to -95.82eV. 

Therefore, the presence of copper in the ceria lattice can empower the 

performance of ceria to become an eventual material. 

DFT method predicts the structure by considering the electron 

delocalization of the overall Ce atoms in the simulation cell. In order to 

demonstrate the most accurate ground state properties of ceria and 

defect ceria, the strongly correlated Ce 4f states in ceria were 

performed with DFT+U methodology. Coulomb parameter U 

(Hubbard correction) varying in the range of 3-5eV is deployed in the 

GGA scheme. It was arrived at a conclusion that simulation does not 



 291 

change the total ground state energy, band structure, and DOS. This 

happens because the corrections with U effectively work with many- 

body system rather than single lattice structures. However, for single 

lattices, it was observed that variation of U made change in the total 

CPU time needed for the simulation. In the concerned work, simulation 

with U = 3.2 eV required lesser time than other U values.  

8.4. Conclusion 

       The convergence of lattice parameter, k-point grid, and plane 

wave energy cut off for ceria and copper doped ceria was performed by 

DFT+GGA and DFT+LDA. DFT+GGA method is more accurate to 

predict the electronic structures which are comparable with both 

theoretical and experimental studies. The total ground state energy of 

the single cubic unit cell of ceria is -112.94eV (DFT+GGA) and -

120.834eV (DFT+LDA) methods. The computed volume from the 

lattice parameter is 157.46Å3. For the copper doped ceria, the total 

ground state energy is increased to -95.82eV (DFT+GGA) and -

106.46eV (DFT+LDA). The volume of the cell was reduced to 

155.72Å3. The calculated direct band gap between highest occupied 

energy band (O2p band) and lowest unoccupied (4f band) was found to 

be 2.02eV. The presence of Cu2+ in the crystal lattice of ceria caused to 

decrease the band gap to 1.54eV (GGA scheme). Simulation with 

DFT+U (GGA) did not provide any change in the ground state 

properties of ceria and defect ceria single lattices. The charge density 

distribution plots along (011) and (001) planes confirmed the absence 

of uniformity of charge distribution along different crystallographic 

directions. The introduction of Cu2+ increases the electronic charge 

density of the ceria lattice.  
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 Elucidation of kinetics of thermal decomposition of cerium 

oxalate decahydrate (utilizing thermo analytical techniques, 

TG/DTA/DSC in an atmosphere of nitrogen/air) up to the 

formation of ceria micro/nano structures. 

 Established significant influence of various mass % of CaC2O4, 

semiconducting nano metal oxides (5 mass %) of Fe, Co and 

Ni, ferrites of Co and Ni, various molar concentrations of Cu2+ 

dopant and effect of surface morphology and synthetic route of 

oxalate precursors on the kinetics and thermal decomposition 

behaviors.   

 Kinetics of the thermal dehydration of solid state reaction 

between cerium oxalate micro rods and calcium oxalate was 

studied using non-isothermal TG/DTA technique. 

 The introduction of calcium oxalate in varying compositions 

significantly impeded the diffusional removal of incorporated 

water molecules due to the blocking action of surface product 

layer and the interaction of Ca(II).  

 Significant effect in thermal stability was observed for 

compositions containing lower mass % of calcium oxalate (10 

mass %). The average values of Eai for each independent 

process of thermal dehydration of mixed oxalates are in the 

order CC4 < CC3 < CC2.  

 Kinetic and mechanistic features of the synthesis of micro 

structural rods of CeO2 via the oxidative thermal decomposition 
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of cerium oxalate in air and the effect of dry mixing of 10 mass 

(%) calcium oxalate with cerium oxalate upon the reaction 

pathway and mechanism were investigated.  

 The in situ Ca2+interaction and the consequent increase in the 

internal gaseous pressure varied the temperature range of the 

reaction to higher values and hence higher value of Ea was 

needed for the mixed sample. Mixed cerium oxalate (CC2) 

undergoes reaction with increased rate even if the temperature 

of the reaction shifted to higher region. 

 Nano iron oxide promotes the dehydration stages by lowering 

the Ea value to 35-36 kJmol-1. Nano Co3O4, CoFe2O4 and 

NiFe2O4 promote both the dehydration as well as 

decomposition stages, by decreasing the Ea value. But nano 

NiO shows retarding effect on both dehydration as well as 

decomposition stages.   

 Cerium oxalate discs/flower was synthesized through the 

surfactant assisted precipitation method. Following the 

stepwise thermal decomposition strategy of the oxalate 

precursor, ceria nano discs/flower were synthesized and 

characterized.  

 Significant influence of various reactant molar ratios of 

Cu2+:Ce4+ have pivotal role on the creation of new oxygen 

vacancies, decomposition strategy, particle size and shape.  
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 Homogeneous distribution of Cu2+ on the oxalate precursor 

have significant role on the catalyzing activity for the 

destruction of oxalate bond to oxide. Doped ceria with Cu2+ (x 

= 0.02) promoted breaking of oxalate bonds in nitrogen 

atmosphere.  

 Raman intensity ratio and hence the concentration of oxygen 

ion vacancies were highest for the ceria lattice containing 

higher concentration of copper (x = 0.3). 

 In vitro cytotoxicity study reveals doped ceria (x = 0.1) 

exposed enhanced anticancerous properties towards Dalton’s 

Lymphoma ascites cells.  

 Effects of synthetic route (simple precipitation and 

hydrothermal) and surface characteristics of the oxalate 

precursor (nano flower petals, plates, discs/flower and array of 

nano hexagonal Ce-Ox) on the kinetics of thermal 

decomposition process were investigated 

 Upon thermal decomposition, ceria nano structures with 

branched hexagonal nanorod, multi branched, nano 

discs/flower and 2D nano sheets were synthesized. The values 

of Ea were found to be lowest for the production of 2D ceria 

nano sheets. 

 Highest luminescent and UV-absorbing properties were 

observed for ceria nano discs/flower.  
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 Raman intensity ratio and hence the concentration of oxygen 

ion vacancies were highest for the nano disc/flower like ceria. 

 In vitro cytotoxicity assay reveals that medicinal properties of 

ceria are largely dependent on the surface characteristics of 

ceria nano structures. The sample P1 exhibits enhanced 

inhibition (73%) towards Dalton’s Lymphoma ascite cells. 

 Computation of electronic structure (DOS and band structure) 

of bulk ceria (1×1×1) and copper doped ceria were performed 

by plane wave based DFT method using Vasp 5.4.1 version.  

 The comparisons of electronic structure were made by 

introducing different exchange correlational, GGA and LDA.  

 Presence copper in the ceria single unit cell enhanced the 

ground state energy, decreases the value of band gap and 

increases the charge density along (001) and (011) 

crystallographic direction.  
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Future Outlook 

 Concerning the medicinal field, it is more profound to pass 

through the modification of anticancerous properties of ceria by 

doping with various reactants molar ratios of rare earth 

elements. 

 In vitro and in vivo cytotoxicity and genotoxicity studies with 

ceria nano particle having various surface modifications. 

 As the extension of the computational investigations, 

simulation of surface reactions of ceria nano clusters for 

removing the pollutants such as CO, NOx and organic 

molecules such as benzene, toluene, etc. can be performed and 

hence to go through catalytic design based on DFT.  

 First principle calculation based on DFT for the elastic and 

thermo electric properties, oxygen vacancy formation and 

migration in ceria nano clusters can be brought out. 

 DFT studies relating the reactivity of size dependent cerium 

oxide nano clusters for the redox and photo dissociation 

reactions. 

 


