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                                                 CHAPTER 1                                                          
                                          INTRODUCTION

 Crystal structure determination from powder diffraction data is extremely challenging due to the overlap of reflections in a powder experiment. The crystal structures of known materials can be refined, i.e. as a function of temperature or pressure, using the Rietveld method. The Rietveld method is a so-called full pattern analysis technique. A crystal structure, together with instrumental and micro structural information is used to generate a theoretical diffraction pattern that can be compared to the observed data. A least squares procedure is then used to minimise the difference between the calculated pattern and each point of the observed pattern by adjusting model parameters. Techniques to determine unknown structures from powder data do exist, but are somewhat specialized. A number of programs that can be used in structure determination are TOPAS, Fox, DASH, GSAS, EXPO2004, and a few others. (David and Shankland 2002)[20] 

 Diffractometers:
 Diffractometers can be operated both in transmission and in reflection configurations. The reflection one is more common. The powder sample is filled in a small disc like container and its surface carefully flattened. The disc is put on one axis of the diffractometer and tilted by an angle θ while a detector (scintillation counter) rotates around it on an arm at twice this angle. This configuration is known under the name Bragg–Brentano.
 
Another configuration is the theta-theta configuration in which the sample is stationary while the X-ray tube and the detector are rotated around it. The angle formed between the tube and the detector is 2theta. This configuration is most convenient for loose powders.

 
The availability of position sensitive detectors and CCD-cameras is making this type of equipment more and more obsolete.
X-ray Powder Diffraction (XRD):
 X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase identification of a crystalline material and can provide information on unit cell dimensions. The analyzed material is finely ground, homogenized, and average bulk composition is determined. 

Fundamental Principles of X-ray Powder Diffraction (XRD):
 X-ray diffraction is based on constructive interference of monochromatic X-rays and a crystalline sample. These X-rays are generated by a cathode ray tube, filtered to produce monochromatic radiation, collimated to concentrate, and directed toward the sample. The interaction of the incident rays with the sample produces constructive interference (and a diffracted ray) when conditions satisfy Bragg,s law (nλ=2d sin θ). This law relates the wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing in a crystalline sample. These diffracted X-rays are then detected, processed and counted. By scanning the sample through a range of 2θangles, all possible diffraction directions of the lattice should be attained due to the random orientation of the powdered material. Conversion of the diffraction peaks to d-spacing  allows identification of the mineral because each mineral has a set of unique d-spacing. Typically, this is achieved by comparison of d-spacings with standard reference patterns. 

 
All diffraction methods are based on generation of X-rays in an X-ray tube. These X-rays are directed at the sample, and the diffracted rays are collected. A key component of all diffraction is the angle between the incident and diffracted rays. Powder and single crystal diffraction vary in instrumentation beyond this. 
X-ray Powder Diffraction (XRD) Instrumentation:

X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder, and an X-ray detectors. X-rays are generated in a cathode ray tube by heating a filament to produce electrons, accelerating the electrons toward a target by applying a voltage, and bombarding the target material with electrons. When electrons have sufficient energy to dislodge inner shell electrons of the target material, characteristic X-ray spectra are produced. These spectra consist of several components, the most common being Kα and Kβ. Kα consists, in part, of Kα1 and Kα2. Kα1 has a slightly shorter wavelength and twice the intensity as Kα2. The specific wavelengths are characteristic of the target material (Cu, Fe, Mo, Cr). Filtering, by foils or crystal monochrometers, is required to produce monochromatic X-rays needed for diffraction. Kα1and Kα2 are sufficiently close in wavelength such that a weighted average of the two is used. Copper is the most common target material for single-crystal diffraction, with CuKα radiation = 1.5418Å. These X-rays are collimated and directed onto the sample. As the sample and detector are rotated, the intensity of the reflected X-rays is recorded. When the geometry of the incident X-rays impinging the sample satisfies the Bragg Equation, constructive interference occurs and a peak in intensity occurs. A detector records and processes this X-ray signal and converts the signal to a count rate which is then output to a device such as a printer or computer monitor. 
                                          

                                              Figure 1.1: X-ray Diffraction instrument
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                                        Figure1.2: 
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X-ray powder diffractogram.
 Peak positions occur where the X-ray beam has been diffracted by the crystal lattice. The unique set of d-spacings derived from this pattern can be used to 'fingerprint' the mineral. 

The geometry of an X-ray diffractometer is such that the sample rotates in the path of the collimated X-ray beam at an angle θ while the X-ray detector is mounted on an arm to collect the diffracted X-rays and rotates at an angle of 2θ. The instrument used to maintain the angle and rotate the sample is termed a goniometer. For typical powder patterns, data is collected at 2θ from ~5° to 70°, angles that are preset in the X-ray scan.(Dutrow and Clark)[26]
Applications:
X-ray powder diffraction is most widely used for the identification of unknown crystalline materials (e.g. minerals, inorganic compounds). Determination of unknown solids is critical to studies in geology, environmental science, material science, engineering and biology. 
 Other applications include: 

· characterization of crystalline materials

· identification of fine-grained minerals such as clays and mixed layer clays that are difficult to determine optically

· determination of unit cell dimensions

· measurement of sample purity

With specialized techniques, XRD can be used to: 

·  determine crystal structures using Rietveld refinement

· determine of modal amounts of minerals (quantitative analysis)

Characterize thin films samples by:
· determining lattice mismatch between film and substrate and to inferring stress and strain
· determining dislocation density and quality of the film by rocking curve measurements

· measuring superlattices in multilayered epitaxial structures

· determining the thickness, roughness and density of the film using glancing incidence X-ray reflectivity measurements
· make textural measurements, such as the orientation of grains, in a polycrystalline sample

Advantages:
                  X-ray crystallography is a technique in crystallography in which the pattern produced by the diffraction of X-rays through the closely spaced lattice of atoms in a crystal is recorded and then analyzed to reveal the nature of that lattice. This generally leads to an understanding of the material and molecular structure of a substance. The spacing in the crystal lattice can be determined using Bragg's law. The electrons that surround the atoms, rather than the atomic nuclei themselves, are the entities which physically interact with the incoming X-ray photons. This technique is widely used in chemistry and biochemistry to determine the structures of an immense variety of molecules, including inorganic compounds, DNA and proteins. X-ray diffraction is commonly carried out using single crystals of a material, but if these are not available, microcrystalline powdered samples may also be used, although this requires different equipment, gives less information, and is much less straightforward.

Strengths and Limitations of X-ray Powder Diffraction (XRD): 
Strengths
· Powerful and rapid (< 20 min) technique for identification of an unknown mineral 
· In most cases, it provides an unambiguous mineral determination 

· Minimal sample preparation is required 

· XRD units are widely available 

· Data interpretation is relatively straight forward
Limitations
· Homogeneous and single phase material is best for identification of an unknown

· Must have access to a standard reference file of inorganic compounds (d-spacings, hkls)

· Requires tenths of a gram of material which must be ground into a powder 

· For mixed materials, detection limit is ~ 2% of sample

· For unit cell determinations, indexing of patterns for non-isometric crystal systems is complicated

· Peak overlay may occur and worsens for high angle 'reflections'
· XRD also has size limitations. It is much more accurate for measuring large crystalline structures rather than small ones. Small structures that are present only in trace amounts will often go undetected by XRD readings, which can result in skewed results.

Reason for the widely use of XRD:
· Measurements in the air or necessary atmosphere are allowed.

· The preparation of the sample is easier

· The average crystal structures can be quantitatively evaluated

· The diffracted beams of  neutron cannot be recorded on filim like X-rays. This must be measured with the help of a counter  therefore, the whole apparatus must be heavily shielded, making it  very massive as compared to X-ray diffraction equipment. Besides the facility of neutron beam is relatively rare. This is the reason for the widely use of XRD.(Hosokawa et al., 2007)[16]
ESSENTIALITY OF CeO2:
                 Cerium dioxide (CeO2) has found a number of applications in industry. It is critical in three way catalysis in the removal of vehicular exhaust gases . CeO2 has also been used as a catalyst for the removal of SOx from fluid catalytic cracking flue gases . CeO2 has also been studied and is used in the inner coating of self-cleaning ovens as an oxidizing agent. A number of recent publications  have addressed the role of ceria and doped ceria due to their importance in oxygen vacancy migration in possible automotive applications of solid oxide fuel cells (SOFC). 
Cerium oxide and ceria-based materials have attracted much interests due to their particularly high performance in a variety of applications such as three-way catalysts and solid oxide fuel cells SOFCs.One of the most important properties of ceria is the oxygen storage capacity OSC; the ability to release and storage oxygen under oxidizing and reducing conditions. In addition, ceria is found to promote noble metal activity and dispersion. Substitution of Zr, Ti, and Sn in CeO2 forming solid solution of Ce1−x Mx O2 M=Zr, Ti, Sn is found to increase the OSC and ionic conductivity.The high OSC and ionic conductivity closely related to oxygen vacancy formation and migration properties of doped ceria make it an attractive electrolyte for intermediate temperature SOFCs. Therefore, understanding the physical properties of CeO2-based materials is imperative to develop novel ceria-based materials for the intermediate temperature SOFC application.
The special functionality of CeO2: 

· promotion of noble-metal activity and dispersion, 

· promotion of combustion and exhaust removal through oxidation via.,CeO2 lattice oxygen and

· storing and releasing oxygen (Hull et al.,2009)[3]
Structure of CeO2:
                 Ceria (CeO2) crystallizes in the fluorite structure. It has a face-centered cubic unit cell with space group Fm¯3m with a = 5:4113 A° . This structure can be regarded as a ccp array of cerium ions with eight oxygen ions occupying all the tetrahedral holes for a total of 12 atoms per unit cell (Fig. 1). In this structure each cerium cation is coordinated by eight equivalent nearest-neighbor oxygen anions and each anion is tetrahedrally coordinated by four cations.  [29] 


                                           The 12 atoms in cubic cell 

                   Red and yellow atoms represent the oxygen and Cerium atoms

  As a fuel cell electrolyte
In the doped form (it comes from cerium and oxygen), ceria is of interest as a material for solid oxide fuel cells or SOFCs because of its relatively high oxygen ion conductivity (i.e. oxygen atoms readily move through it) at intermediate temperatures (500–800 °C). Undoped and doped ceria also exhibit high electronic conductivity at low partial pressures of oxygen due to the formation of small polarons. However, doped ceria has an extended electrolytic region (area of predominant ionic conductivity), over that of ceria, that allows its use as an electrolyte in SOFCs. Substituting a fraction of the ceria with gadolinium or samarium will introduce oxygen vacancies in the crystal without adding electronic charge carriers. This increases the ionic conductivity and results in a better electrolyte.
            Under reducing conditions, those experienced on the anode side of the fuel cell, a large amount of oxygen vacancies within the ceria electrolyte can be formed. Some of the cerium(4) oxide is also reduced to cerium(3)oxide under these conditions, which consequently increases the electronic conductivity of the material. The lattice constant of ceria increases under reducing conditions as well as with decreasing nano crystal size in nano crystalline ceria, as a result of reduction of the cerium cation from a 4+ to a 3+ state in order to charge compensate for oxygen vacancy formation.

As a catalyst
         Ceria has been used in catalytic converters in automotive applications. Since ceria can become non-stoichiometric in oxygen content (i.e. it can give up oxygen without decomposing) depending on its ambient partial pressure of oxygen, it can release or take in oxygen in the exhaust stream of a combustion engine. In association with other catalysts, ceria can effectively reduce NOx  emissions as well as convert harmful carbon monoxide to the less harmful carbon dioxide. Ceria is particularly interesting for catalytic conversion economically because it has been shown that adding comparatively inexpensive ceria can allow for substantial reductions in the amount of platinum needed for complete oxidation of NOx and other harmful products of incomplete combustion.

          Due to its fluorite structure, the oxygen atoms in a ceria crystal are all in a plane with one another, allowing for rapid diffusion as a function of the number of oxygen vacancies. As the number of vacancies increase, the ease at which oxygen can move around in the crystal increases, allowing the ceria to reduce and oxidize molecules or co-catalysts on its surface. It has been shown that the catalytic activity of ceria is directly related to the number of oxygen vacancies in the crystal, frequently measured by using X-Ray Photoelectron Spectroscopy to compare the ratios of Ce3+ to Ce4+ in the crystal.

        Ceria can also be used as a co-catalyst in a number of reactions, including the water-gas shift and steam reforming of ethanol or diesel fuel into hydrogen gas and carbon dioxide (with varying combinations of rhodium oxide, iron oxide, cobalt oxide, nickel oxide, platinum, and gold), the Fischer-Tropsch reaction, and selected oxidation (particularly with lanthanum). In each case, it has been shown that increasing the ceria oxygen defect concentration will result in increased catalytic activity, making it very interesting as a nanocrystalline co-catalyst due to the heightened number of oxygen defects as crystallite size decreases—at very small sizes, as many as 10% of the oxygen sites in the fluorite structure crystallites will be vacancies, resulting in exceptionally high diffusion rates.[26,23]
Defects:
In the most stable fluorite  phase of ceria, it exhibits several defects depending on partial pressure of oxygen. The primary defects of concern are oxygen vacancies and small polarons (electrons localized on cerium cations) because these two are located in the "useful" range of ceria. In the case of oxygen defects, the increased diffusion rate of oxygen in the lattice causes increased catalytic activity as well as an increase in ionic conductivity, making ceria interesting as a fuel cell electrolyte in solid-oxide fuel cells. Oxygen vacancy atomic point defects are formed easily on the surface of cerium dioxide than in the bulk material and hence high surface area material has asubstantially higer catalytic activity than bulk . A high surface area is the key factor which allows ceramic based catalyst systems to compete with metals such as platinum or palladium as combustion catalysts. [24]
The oxygen defects provides the oxygen storage capacity of ceria in the catalytic converters. In experimental this is do difficult and high cost of instruments. But in theoretical this is easy and understandable so we use rietveld software. The rietveld refinement were performed for the diffraction data of  ceo2 . In this study effect of O vacancy formation in a ceria of CeO2 and the modification caused in X-ray pattern is studied using  Rietveld  Refinement method.

                      [image: image5.png]



                                       Figure 1. 4: Oxygen vacancy of ceo2
              White and Black  atoms represents the oxygen and Cerium atoms

CHAPTER II

                                   REVIEW OF LITRATURE
             Literature review refers to any collection of materials on a topic and it discusses published information in a particular subject area. This chapter  discusses about studies on Rietveld analysis.
Mamontov and Egami (2000) suggested that Pulsed neutron diffraction measurements on nano-scale powder of ceria, CeO2, uncovered new structural features which appear to be intimately related to  the function of this material as an oxygen storage medium in automotive three-way catalytic converters. The results of the pair-distribution function (PDF) analysis and the Rietveld refinement of the neutron diffraction data indicate the presence of interstitial oxygen defects in the octahedral sites of the fluorite structure. The defects were found to disappear following high-temperature treatment. It is suggested that these weakly bound interstitial oxygen defects provide oxygen mobility that facilitates the oxygen storage capacity of ceria in the catalytic converters. 
Hull, et al.,(2009) have been studied the structural properties of anion deficient ceria, CeO(2-delta), as a function of oxygen partial pressure, p(O(2)), over the range 0 >= log(10)p(O(2)) >= -18.9 at 1273(2) K using the neutron powder diffraction technique. Rietveld refinement of the diffraction data collected on decreasing p(O(2)) showed increases in the cubic lattice parameter, a, the oxygen nonstoichiometry, delta, and the isotropic thermal vibration parameters, u(Ce) and u(O), starting at log(10)p(O(2))similar to-11. The increases are continuous, but show a distinct kink at log(10)p(O(2))similar to-14.5. Analysis of the total scattering (Bragg plus diffuse components) using reverse Monte Carlo (RMC) modelling indicates that the O(2-) vacancies preferentially align as pairs in the < 111 > cubic directions as the degree of nonstoichiometry increases. This behaviour is discussed with reference to the chemical crystallography of the CeO(2)-Ce(2)O(3) system at ambient temperature and, in particular, to the nature of the long-range ordering of O(2-) vacancies within the crystal structure of Ce(7)O(12).
Andersson,  et al.,(2007)   have used density functional theory calculations within the LDA+U formulation to investigate how small amounts of dissolved SiO2, GeO2, SnO2, or PbO2 affect the redox thermodynamics of ceria _CeO2_. Compared to pure ceria, reduction is facilitated and the reducibility increases in the sequence of CeO2-SnO2, CeO2-GeO2, and CeO2-SiO2, which correlates with the decrease of the ionic radii of the solutes. For low solute concentrations, there is an inverse relation between high reducibility and the solution energy of tetravalent solutes. CeO2-PbO2 is unique in the sense that the initial reduction occurs by Pb_IV_⇒Pb_II_ instead of the usual Ce_IV_⇒Ce_III_ reaction. Among the investigated ceria compounds, CeO2-PbO2 has the lowest reduction energy and rather low solution energy. We have studied how the solution and reduction energies depend on the concentration of Si, Ge, Sn, Pb, Ti, Zr, Hf, and Th solute ions. While the solution energy increases monotonously with concentration, the reduction energy first decreases, as compared to pure ceria _except for Th, which exhibits a small increase_, and with further increase of solute concentration, it either remains almost constant _Zr, Hf, and Th_ or slightly increases _Ti, Si, Ge, and Sn_.
Yashima,  et al.,(2006) has been investigated the scattering amplitude distribution of an yttria-doped ceria material (Ce0.93Y0.07O1.96, space group: Fm[image: image6.png]


m) between 23 and 1434 °C by the maximum-entropy method (MEM) combined with a Rietveld aalysis using neutron powder diffraction data. The refined unit cell and atomic displacement parameters increased with an increase in temperature. The results of the MEM analysis reveal that the oxide ions have a positional disorder spreading over a wide area. One possible diffusion path of the oxide ions lies on the tie line along the 〈100〉 directions. The other pathway of the oxide ions can be seen along the 〈110〉 directions. The curved feature in the diffusion path would be common in various ionic conductors.

Yashima,  et al.,(2003) have investigated the temperature dependence of unit-cell and structural parameters of ceria (cerium dioxide, [image: image7.png]


) from room temperature to 1770 K by neutron powder diffraction and the Rietveld method. The unit-cell parameter increases continuously with temperature. It was confirmed that the Debye–Waller factor of oxygen B(O) is larger than that of cerium B(Ce) at any temperature from room temperature to 1770 K. Both B(O) and B(Ce) increase with an increase of temperature.
Coduri,  et al.,. (2012) suggested that Yttrium doped ceria materials (Ce1−xYxO2−x/2) are widely studied for their application in Solid Oxide Fuel Cells devices. An anomalous decrease in the isothermal ionic conductivity at increasing Y3+ concentration above a critical value has been observed and attributed to the formation of defect clusters / domains at the nanometric scale, the crystallographic structure of which is still under debate. In this context we present a combined Synchrotron Radiation and Neutron Powder Diffraction study. In particular, neutrons allow to determine accurately oxygen related parameters, the contribution of which in terms of X-ray scattering power is almost negligible when compared to that of cations. The effect of doping on the average structure is investigated using conventional Rietveld analysis, while the Pair Distribution Function (PDF) technique is used to explore structural distortions and the spatial extent of disorder as well. The local structure observed in the real space is not consistent with the mean crystallographic one and is better modeled considering a biphasic model.
Masatomo Yashima (2007)  Presented the crystal structures, structural disorders and diffusion paths of mobile ions in various bulk ionic and  mixed conductors,which was presented in the Keynote Lecture of SSI-16 international conference. The reported studies were conducted based on the nuclear/electron density distributions obtained by a combined technique including Rietveld refinement, the maximum entropy method (MEM) and the MEM-based pattern fitting (MPF) of the neutron/synchrotron powder diffraction data measured at high temperatures. Diffusion paths along the b100N directions are observed in various ionic conductors with fluorite-type structures such as δ-Bi1.4Yb0.6O3, Ce0.93Y0.07O1.96, Y0.785Ta0.215O1.715 and α-CuI. The diffusion paths of oxide ions in the cubic perovskite-type (La0.8Sr0.2)(Ga0.8 Mg0.15Co0.05)O3−δ exhibit an arc shape away from the (Ga0.8Mg0.15Co0.05) cation, forming a three-dimensional network of curved diffusion paths. Double perovskite-type La0.64(Ti0.92Nb0.08)O2.99 shows a similar diffusion path near the (004) planes, forming a two-dimensional network of curved diffusion paths. The curved feature of the diffusion paths is observed in various oxide-ion conductors such as δ-Bi1.4Yb0.6O3, (La0.8Sr0.2)(Ga0.8 Mg0.15Co0.05)O3−δ and La0.64(Ti0.92Nb0.08)O2.99, as well as in the copper-cation conductor α-CuI and lithium-cation conductor La0.62Li0.16TiO3.
Shi, et al.,(2010) reported  that  atomic and electronic structures of  CeO2 (111),(110)and(100)surfaces are  investigated using the first-principles density functional theory taking into account the on-site Coulomb interaction. Both the stoichiometric and O-deficient surfaces are examined in order to clarify the over all features.The CeO2 (111) is found to be the most stable surface, followed by the(110)and(100) surfaces, consistent with experimental observations. Three surfaces exhibit different features of relaxation. Large relaxations are found at the(110)and(100)surfaces, while very small changes are observed at the (111) surface. It is found that the O-vacancy occurs more readily at the(110)surface as compared with the(111) surface. Furthermore, the formation energies of the O-vacancy in the surfaces are lower than that in the bulk. The energetically favorable O-vacancy locates in the second O-atomic layer for the (111)while at the surface layer for the (110). The excess electrons left with the removal of the O atom  are  distributed in the first two layers with certain(a considerable) fraction filling the Ce-4f states.
Masatomo Yashima  (2009)  obtained Crystal structures and electron-density distributions of ceria-zirconia CexZr1-xO2 compounds have been studied by the maximum-entropy method (MEM) and MEM-based pattern fitting combined with the Rietveld method using high-angular-resolution synchrotron x-ray powder diffraction data. The isotropic atomic displacement parameter of the oxygen atoms U(O) in Ce0.5Zr0.5O2 has a maximum value in CexZr1-xO2 (0.12≤x≤1.0). Electron-density distribution of Ce0.5Zr0.5O2 shows a large spatial distribution of the oxygen ions. The greater U(O) and large spatial distribution of oxygen ions in Ce0.5Zr0.5O2 are possible factors of its higher catalytic activity
Yashima and Syuuhei (2003) reported that accurate nuclear density distribution of ceria, CeO2 has been studied between 1005 and 1497 °C by the maximum-entropy method-based pattern fitting combined with the Rietveld method using neutron powder diffraction data. The results reveal that the oxygen ions have a complicated disorder spreading over a wide area and shift to the 〈111〉 directions from the ideal fluorite position. This feature is more significant at higher temperatures, which is consistent with the higher ionic conductivity
Yang, et al.,(2008) suggested that the electronic and chemical reduction properties of the Ce0.75Zr0.25O2(110) surface are presented based on DFT + U calculations, i.e. density functional theory with the inclusion of on-site Coulomb interaction. Experimental studies in the literature have shown that redox activity and thermal stability of ceria are significantly enhanced by the presence of zirconia dopants. In the present theoretical study it is found that mixing zirconia into ceria leads to important structural and chemical consequences such as non-equivalent O atoms at the surface, lower reduction energy and larger surface relaxation. The electronic mechanisms behind these modifications are analysed.
Wakita and Yashima (2008) described Nuclear-density distribution of cubic Ce0.5Zr0.5O2 compound has been studied at 1832 K by the maximum-entropy method (MEM) and MEM-based pattern fitting combined with the Rietveld method using in situ neutron powder diffraction data. The oxygen ions show a large positional disorder and shift to the ⟨111⟩ directions. Possible bulk diffusion paths of the oxygen ions can be seen along the ⟨100⟩ and ⟨110⟩ directions. The spatial distribution of oxygen ions in Ce0.5Zr0.5O2 is greater than that of CeO2, which is consistent with the higher bulk diffusivity of oxygen ions in Ce0.5Zr0.5O2. It is suggested that the greater disorder of Ce0.5Zr0.5O2 is a factor of its higher catalytic activity.
Burbano, et al., (2011) reported that the defect structure and ionic diffusion processes within the anion-deficient, fluorite structured system Ce1–xYxO2–x/2 have been investigated at high temperatures (873 K–1073 K) as a function of dopant concentration, x, using a combination of neutron diffraction studies, impedance spectroscopy measurements, and molecular dynamics (MD) simulations using interionic potentials developed from ab initio calculations. Particular attention is paid to the short-range ion–ion correlations, with no strong evidence that the anion vacancies prefer, at high temperature, to reside in the vicinity of either cationic species. However, the vacancy–vacancy interactions play a more important role, with preferential ordering of vacancy pairs along the [image: image8.png]
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 directions, driven by their strong repulsion at closer distances, becoming dominant at high values of x. This effect explains the presence of a maximum in the ionic conductivity in the intermediate temperature range as a function of increasing x. The wider implications of these conclusions for understanding the structure–property relationships within anion-deficient fluorite structured oxides are briefly discussed, with reference to complementary studies of yttria and/or scandia doped zirconia published previously.
Wang et al., (2011) reported that Phase concentrations, crystalline structures and surface or bulk reduction properties of zirconia and ceria-doped zircoina nanophases prepared via a sol–gel method were studied by X-ray diffraction (XRD) and temperature-programmed reduction (TPR) techniques. Rietveldrefinement showed that both the phase composition and crystallite size of the solids depended on ceria content which related to the degree of surface and bulk reducibility. The pure zirconia and the solid doped with 1 wt% ceria consisted of tetragonal and monoclinic phases, while, the solids doped with 25 and 50 wt% ceria contained only one phase with cubic structure. Cerium incorporation into zirconia led to a crystalline structure distortion and reducibility enhancement of the resultant solids. The Rh loaded zirconia and ceria-zirconia solids would dissociate hydrogen and spillover it onto the support, lowering the temperature for both surface and bulk reduction of the support.Astructural dependence of the catalytic activity for CO oxidation upon the catalysts support was observed. Catalytic activity of the Rh loaded zirconia-ceria solid solution with cubic phase is quite higher than for the catalysts with the support containing tetragonal and monoclinic phases of zirconia. The latter exhibited an inducing period in the reaction temperatures below 180 ◦C on the catalytic activity profile that might be a result of the relatively low reducibility of these support.

                                              CHAPTER III                                            

                                          METHODOLOGY

Rietveld Refinement :
           Histroy: Rietveld refinement is a technique devised by Hugo Rietveld for use in the characterisation of crystalline  materials. This method was applied originally by H.Rietveld in 1967 to the refinement of neutron intensities recorded at a fixed wavelength. Subsequently, it has been used successfully for analyzing powder data with neutrons or X-rays as the primary radiation and with scattered intensities measured at a fixed wavelength(and variable scattering angle) or at a fixed scattering angle (and variable wavelength) . The neutron and X-ray diffraction of powder samples results in a pattern characterised by reflections (peaks in intensity) at certain positions. The height, width and position of these reflections can be used to determine  phase and position of the materials structure.[18,19]
          The goal of Rietveld analysis is to fit a structural model ("crystal structure") to powder diffraction data. To do this requires determining the structural parameters [unit cell, atom positions and displacement (thermal) parameters, etc.] for all crystalline phases present, as well as a variety of instrumental and sample parameters that describe the experimental and sample conditions: scale factors, peak broadening, the background, preferred orientation, etc. In most cases Rietveld analysis is performed to determine the structural parameters, but increasingly, the method is also used to determine relative amounts of the crystallographic phases, the amount and type of peak broadening, the preferred orientation, or similar types of sample characterization.[37]
The Rietveld method uses a least squares approach to refine a theoretical line profile until it matches the measured profile. The introduction of this technique was a significant step forward in the diffraction analysis of powder samples as it is possible to deal reliably with strongly overlapping reflections.

· Rietveld refinement is a very powerful technique for analyzing powder diffraction data
· The entire diffraction profile is calculated (model) and compared with the observed profile point by point
· A trial structure (model) is used to calculate the intensities of the peaks in the experimental pattern     

· The parameters of the model are then adjusted using the Least-Square method to obtain the best fit
Reason for the widely use of Rietveld Refinement:
· It uses directly the measured intensities points

· It uses the entire spectrum (as wide as possible)

· Less sensible to model errors

· Less sensible to experimental errors[35]
MATHEMATICAL ANALYSIS:
 Method of least squares:

            
 In many methods of accurately measuring lattice parameters depend in part on graphical extrapolation. Their accuracy therefore depends on the accuracy with which a straight line can be drawn through a set of experimental points, each of which is subject to random errors. However, different persons will in general draw slightly different lines through the same set of points, so that it is desirable the line which best fits the data. This can be done by the method of least squares. Since this method can be used in a variety of problems, it will be described here in a quite general way.
                 If a number of measurements are made of the same physical quantity and if these measurements are subject only to random errors, then the theory of least squares state that the most probable value of the measured quantity is that which makes the sum of the squares of the errors a minimum.

               This theorem is applied as follows to the problem of finding the straight line which best fits a set of experimentally determined points. If there are only two points, there is no problem, because the two constants which define  a straight line can be unequivocally determined from these two points .But, in general there will be more points available than constants to be determined. Suppose that the various points have coordinates x1y1,x2y2,x3y3,….and that it is known that x and y are related by equation of the form

                                                Y = a + b x---------------------------------------------------- 1
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Our problem is to find the values of the constants a and b, since these define the straight line. In general, the line will not pass exactly through any of the points since each is subjected to a random error. Therefore each point is in error by an amount given by its deviation from the straight line. For example equation 1 states that the value of y corresponding to x = x1 is (a +b x1). Yet the first experimental point has a value of y = y1.Therefore e1, the error in the first point, is given by
                                                e1 = (a + b x1) - y1
Calculate the errors in the other points in similar fashion, and then write  down the expression for the sum of the squares of these errors;

                                               ∑ (e2) = (a + b x1-y1 )2+( a + b x2-y2 )2+--------------------- 2

According to the theory of least squares, the “best” straight line is that which makes the sum of the squared errors a minimum. Therefore, the best value of a is found by differentiating equation 2 with respect to a and equating the result to zero: we get

                                             2 ( a + b x1 - y1 + 2 ( a + b x2-y2 )+---- =0
                                             ∑ a + b ∑ x - ∑ y=0-----------------------------------------------3
The best value of b is found in a similar way:
                                            2x1 ( a + b x1 - y1 + 2x2 ( a + b x2-y2 )+---- =0
                                            a ∑ x + b ∑ x2 -∑xy =0---------------------------------------------4 
equations (3),(4) are called the normal equations. Simultaneous solution of these two equations yields the best value of a and b, which can be substituted into equation(1)to give the equation of the line.

                       The normal equations as written above can be rearranged as follows: 
                                             ( y= ∑ a + b ∑ x------------------------------------- 5

                                          ∑ xy = a ∑ x + b ∑ x2-------------------------------------------------- 6
A  comparison of these equations and equation(1) shows that the following rules can be laid down for the formation of the normal equations:

(a). Substitute the experimental values of x and y into equation(1). If there are n experimental points, n equations in a and b will result. 

(b). To obtain the first normal equation, multiply each of these n equations by the coefficient of a in each equation,and add.

(c). To obtain the second normal equation, multiply each  equations by the coefficient of b, and add.[15]
The principle of the Rietveld Method:

The principle of the Rietveld Method is to minimize a function M which analyzes the difference between a calculated profile y(calc) and the observed data y(obs).  Rietveld defined such an equation as:
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where Wi is the statistical weight and c is an overall scale factor such that [image: image13.png]catc

[0S



[18,19]
General Structure Analysis System(GSAS):
                    General Structure Analysis System (GSAS) is a set of programs for the processing and analysis of both single crystal and powder diffraction data obtained with x-rays or neutrons. It is capable of  handling all of these types of data simultaneously for a given structural problem. In addition, it can handle powder diffraction data from a mixture of phases refining structural parameters for each phase.
EXPGUI:
EXPGUI is a graphical user interface (GUI) editor for GSAS experiment (.EXP) files and shell which allows all the other GSAS programs to be executed with a GUI. EXPGUI is not a replacement for the GSAS program EXPEDT. EXPGUI can do at best 10% of what EXPEDT can do -- but that 10% covers most of the actions that I use frequently (and that I could code without a major effort). EXPGUI is written in the Tcl/Tk scripting language, so it is largely platform independent. 
Rietveld Refinement of Powder Diffraction Data by using GSAS/EXPGUI:
How to use the GSAS software package  with EXPGUI interface to perform Rietveld analysis.X-ray diffraction file of  as prepared CeO2  by co-precipitation method is acquired from shimadzu 6000 diffractometer. Preparation and characterization were carried out by co-worker and the analysis alone is done by the auther. 

Rietveld analysis works using non-linear least-squares fitting to optimize (refine) parameters. This means that we must start with approximate values for all parameters that will be fit. We then allow the software to optimize a small subset of the parameters−a minimal number of parameters that must be fit before any progress can be made. Slowly, additional parameters are selected to be refined, until all parameters in the model(if the data support that) are refined. 
To perform this software we will also need the following three files:

1.Raw data file (GSAS format) (this is created using the X-convex software)

2.The instrument parameter file(this is created using the expedt)

3.Unit cell and atomic coordinates information (from X-ray diffraction data of    (CeO2)

PROCEDURE:  
· Create a GSAS Experiment File
· Adding a phase
· Specifying Powder Diffraction Data (Adding a histogram)
· Changing the background function
· Run powpref and Genles
· Initial fitting: Refine scale factor and background
· Plotting the Initial fit

· Fitting the unit cell

1. Create a GSAS Experiment File:

In this exercise we will use the EXPGUI interface to access the features of GSAS. On windows, EXPGUI is started by clicking on the appropriate desktop icon. After starting the EXPGUI, a GSAS Experimental (.EXP)file must be selected. The .EXP file is the heart of a GSAS refinement.  While other files are used by GSAS programs, all structural information and control parameters are contained within this file.
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            The window shown above is opened when EXPGUI is started, where .EXP file to be used is selected.
The first step is to type the file name(ceo2) in text box and click read button is selected in  figure window to create  the .EXP file.
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In this window select create button another window is opened
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At this point, the Experiment file, cerium. EXP, has been created and EXPGUI displays the little information found in this file.In the next step we will start adding information to this experiment file.
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2.Adding a phase:
When a GSAS experiment file is first created, a fair amount of information must be supplied before the refinement of parameters can be started. At a minimum, a crystallographic phase must be defined, a set of diffraction data must be loaded and a starting values for experimental parameters must be defined. Fortunately, this can be a fairly simple operation with GSAS and EXPGUI. To enter information about a crystallographic phase, modify crystallographic parameters, or select crystallographic parameters to be optimized, the "Phase" panel must be selected by clicking on the "Phase" tab in the upper left of the EXPGUI window. The window then appears as shown on the next page.
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In this panel we entered a,b,c,value and  angles.After this we selected add phase button the window then appears as shown on the  below and add unit cell information in this window.
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After entered the information we selected add atoms button the informations are add to 

the phase panel  the window then appears as shown on the  below
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3.Specifying Powder Diffraction Data (Adding a histogram):

GSAS can use powder diffraction data, either neutron or x-ray in this XRD data is used. Two files are needed to load a powder diffraction histogram. The first is a file containing the powder diffraction data, often called a GSAS raw data file (often using the extension .RAW, .GSA or .GSAS) and the second file is an instrument parameter file (.INS or .INST) that defines what type of data is included in the raw file (x-ray/neutron, CW/TOF/ED, etc.) as well as starting values for the diffractometer constants and peak shape parameters. There are a number of available formats for the raw data files and types of records in the instrument parameter file; this information is defined in the GSAS documentation.The Histogram panel is selected by clicking on the Histogram tab, as is shown below. 
[image: image21.png]8 EXPGUL C:/gsas/MyWork/CEO2(A).EXP.

File Options Powder Xtal Graphs Results Calc ImportExport

expnam | expect | genies | powprer

powpiot | istview | iivepiot
LS Controls | Phase Histagram | Scaling | Profile | Constraints | MD Pref Orient | SH Pref Orient |

Select a histogram No Selected Histograms
M type bank angjveve _title

~|-Background

[

Refine background I~ Damping _ —

Diffractometer Constants

~Absorption/Reflectivity Correction———

Refine Abs./Refl. ™ Damping _— J

Add New | Set Data Limits &

Set Histogram
Histogram | Excluded Regions

Use Flags





In this case, no data has been defined, as can be determined by the absence of entries in the histogram selection box, in the upper left. The "Add New Histogram" button, at the lower right, is used to add [additional] powder diffraction data sets to the refinement, as will be demonstrated in this page. The histogram panel is used to modify various parameters associated with each set of diffraction data, for example the diffractometer constants (such as wavelength), the background function and terms.And Press the "Add New Histogram“, the dummy histogram file was created.
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4.Changing the background function:

GSAS offers approximately 10 different background functions (not all are implemented in EXPGUI). For each of these functions, the number of terms to be used is adjustable. The more terms the more complex the shape that can be fit. Each of these background functions has different shapes, and in theory, each function will have advantages under different circumstances. However, we find that the Shifted Chebyschev (type #1) is preferable to the others for the vast majority of Rietveld refinements and almost never used any other function.
When a histogram is first added in GSAS, the background function is set to the Cosine Fourier series option (type #2) with two adjustable terms.  Note the "Refine background" check box has been selected --this means that the background parameters will be refined (optimized) when GENLES is run. The damping parameter to the immediate left is set to 0 --this means that the full computed shift will be applied. In cases where a refinement has trouble reaching a minimum, it may be advantageous to increase damping (a setting of 1 implies 90% of the computed shift will be applied and a damping setting of 9 yields a shift of 10%.)Every refinable parameter in GSAS has a refinement flag (either for the group, as in this case, or for each individual parameter) and a damping parameter.

To change the background function, press the "Edit Background" button on the histogram panel.After the "Edit Background" button is pressed, the "Edit Background" window opens. In this window both the function type and the number of terms can be changed.Clicking on the "Function type" menu offers a choice of function types. Choose function type #1, the Shifted Chebyschev function.Also in the "Edit Background" window, press on the "Number of terms" button and change this number to 6. Note that with the Chebyschev polynomial arbitrary (including zero) starting values for the background terms is acceptable.After the "Set" button is pressed, the changes are then seen on the histogram panel, as shown on next page. Note that by default, the refine background flag is set, allowing these parameters to be optimized.
5.Run Powpref and Genles:

At this point we are almost ready to start fitting parameters, but before we do that the POWPREF program must be run. In GSAS, each data point has a list of reflections that contribute to that data point. This assignment must be made in POWPREF before the least squares fit can be performed in the GSAS program GENLES. The program must also be rerun if a new phase or histogram is added to the refinement. POWPREF should also be rerun if the lattice constants or profile terms change significantly. 

Powpref window:

[image: image24.png][C:\gsas\Myllork>REM a hatch file to a DOS command and pause

C:\gsas\Myllork>C:\gsas\exe\poupref .exe CEO2(A)
Histogran no. "1 Bank no. 1 Lambdal,lambda? = 1.54868 8.86008
Title: 1i.0080 68
Histogran is not ready to be used in least-squares
Histogran needs to he processed by POWPREF
Header on file:

1.0000 68

Histogran no. 2 Bank no. 1 Lamhdal,lanbda? = 1.54868 8.80008
Title: Dummy histogram data set

Histogran is not ready to be used in least-squares

ISTOP POWPREF terminated successfully statement executed

C:\gsas\Myllork>pause
[Fress any key to continue . .





GENLES window
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6.Initial fitting: Refine scale factor and background
We want to refine the background and the scale factor to get started. The scaling parameters are shown on the Scaling panel. GSAS offers us an overall scale factor for each histogram, plus a phase fraction scale factor for each phase. These two factors have exactly the same effect for a single-phase refinement, so only one can be used. By default, the scale factor refinement flag is turned on and the phase fraction is off. This is what we will use.
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The other change that we will make in the default refinement options is to lower the number of refinement cycles to 2. Also, make sure the "Extract Fobs" check box on the least-squares panel is selected.
We are now ready to start running programs. First run POWPREF by pressing the POWPREF button on the tool bar. That causes a window, such as the one below to open as POWPREF runs.
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When POWPREF has completed, press the ENTER key to continue and the window should close

The POWPREF program makes changes to the experiment (.EXP) file and this is noted by EXPGUI by the display of the warning message to the right. At this point you do want to accept the changes made by POWPREF, so click "Load New" and EXPGUI will reread the revised file. Note that the displayed history record has been updated to reflect the running of POWPREF.

7.Plotting the Initial fit:

The GSAS program POWPLOT and the EXPGUI program LIVEPLOT allow the fit to be examined graphically. In this, LIVEPLOT is used to examine the results. Press the LIVEPLOT button on the button bar (or use a menu command) to start LIVEPLOT. We should then see a plot like the one below.
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In this plot, the data are "X" characters, the calculated values are a red line. The fitted background is shown as a green line. Offset below, the observed pattern minus the computed pattern is shown in blue.
7.Fitting the unit cell:
On the Phase panel, turn on the flag to refine the unit cell parameters U,F,X(location)  in phase panel and scale parameters in scaling panel and other parameters were changed and then the genless was  run. After that the peak positions are more better than before. Several such cycles of refinement are done systematically to arrive at a minimum error. To monitor the error chi2 values are noted. A value less than 2 is expected for better fit. Least the value better would be the matching.
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O-vacancy formation:
               One oxygen is removed from the phase panel and run genless it was repeated for the other 7 oxygens. In next step 2 oxygens was removed and run genless and chi2 values were noted and also the liveplot changes were noted for each  oxygen vacncy. These values were compared to the before oxygen vacancy.
 GENLES for first oxygen vacancy:
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Calculating the bond length and angle :

For this we selected the  DISAGL button in the Result menu. The window then appear as   

Shown in the below. It was used to calculate both the angles and bond length between the 

cerium-cerium atoms and cerium oxygen atoms.
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                                                       CHAPTER IV                                       

                                           RESULTS AND DISCUSSION


In the present study Influence of O2 content and vacancy on ceria structure  using Rietveld Refinement was examined. The obtained result were discussed as follow.

Struture of CeO2:

CeO2 has a fluorite structure. The unit cell of ceria is an face centered cubic structure and face group is fm3m. This is shown in figure 5.

                                   [image: image33.png]



                                Figure 4.1: Structure of CeO2

                   Red and white atoms represent the oxygen and Cerium atoms

It has six face centered and eight corner atoms. The six face centered atoms at six faces of the cube are shared by their adjacent cubes. Hence, a total of 6/2=3 atoms as such belong to the cube. Also each corner atom is shared by eight surrounding cubes, hence share of each cube comes to one-eighth of an atom and it has eight oxygen atoms.

The total number of atoms per cube is

1/8*8+1/2*6+8*1=1+3+8=12 atoms per unit cell.

Co-ordination number:


The co-ordination number is defined as the number of  equidistant neighbor that an atom has in the given structure. Greater is the co-ordination number, the more closely packed will be the structure.


In the case of fcc lattice, there are eight atoms at the eight corners of the unit cell and six atoms at the face center as origin, it can be observed that this face is common to the two cubes and there are 12 points surrounding it situated at a distance equal to half of the face diagonal of the unit cell. In this way we can say that the co-ordination number of  the fcc lattice is twelve and the distance between the two nearest neighbor is a/
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                                              Figure 4.2: XRD INPUT DATA

Experimental data has been acquired and compared with JCPDS data to confirm the structure as fm3m. The atomic positioning and the over all difference caused in the structure due to any oxygen vacancy in a unit cell is estimated using the Rietveld software there are many  softwares  available among which GSAS with EXPGUI is used for this study.


But in our present study, fitting the unit cell was conducted and analyzed through the software, proliferating the adjustable changes in the fitting unit cell. Scale was changed in the scalling panel and GU,GW,GV values were adjusted in the profile panel. In the phase panel X(location), U(potential), F(coloumb force) were included to all cerium atoms. After those changes were made, the calculated value matched upto 30% with that of the observed value. This is shown in the XRD spectrum. (liveplot window) After running of the program, the value of  chi2 is 0.8438. This is shown in genles window 1.Though the chi2 value is lees than 2, fitting was not very well while looking into the liveplot (Showing the co-incidence of experimental and theoretical values).
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                                  Figure 4.3: GENLES window 1
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                          Figure 4.4: Live plot window 1


Further the fitting iteration was repeated for more than 30 times. Finally the values of  GU=162310,GV=-159.110,GW=-6217.1800 were obtained. While adjusting the scale to 0.16333 70% of matching with the calculated value was observed which gives a maximum percentage of fitting. This is shown in liveplot window 2.
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                                   Figure 4.5:GENLES window 2
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                                Figure 4.6: Live plot window 2

At the final run of the program, the expected  chi2 is lessthan 2. But in our study the obtained chi2 value was 0.5169 which is further smaller than the expected value. This was the maximum fit that could only be reached.


In the phase panel, the O atom was removed in an orderly fashion and then powpref and genles was run for analysis. Results were observed, after running the program DISAGL to calculated bond angles  and bond length and atomic positioning. These values are then compared with the stoichiometric data (Experimental fit).


Mamontov and Egami  (2000) also reported that the frenkel type defects formed by oxygen interstitial vacancy got settled at high temperatures. He suggested that these weakly  bound interstitial oxygen defects provide oxygen mobility that facilities the oxygen storage capacity of ceria in the catalytic converters.

Before oxygen vacancy:

 
After  run the genles the chi2 value of was 0.5169 and the RF2 value of histogram 1 was 0.1081. This values shown in the genles window 3. 

Bond length between the Cerium-Cerium=3.77960Ao

Bond length between the cerium –oxygen=2.31452Ao

The atom type radii are:

	TYPE
	BOND Ao
	ANGLE

	O
	1.0900
	0.89000

	Ce
	2.0200
	1.82000
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                                   Figure 4.7: GENLES window 3
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                              Figure 4.8: Live plot window 3

First oxygen atom vacancy:

 
X-ray diffraction spectrum when compared with the before oxygen vacancy, there were changes observed in the peaks corresponding to the  <400> <331> <511> and <422> planes that was observed in oxygen vacancy.


After  running the genles the value of chi2 was 0.4968 and the RF2value of histogram 1 was 0.1234. 
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                                         Figure 4.9 : GENLES window 4
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                     Figure 4.10: Live plot window 4

After removing one oxygen from unit cell the structure has slightly change. This change will be reflected in the XRD spectrum that could be visualized in liveplot observation over the planes <400> <331> <511> and  <422> have change in shapes. But there is no difference in the mutual proximity of u<ce6-ce11> u<ce3-ce6> u<o2-ce11> and u<o2-ce8> as per the dimensions. Which means  that the pattern change is only collective and not due to one unit cell.

	           vector
	 length

	 u<Ce11-ce6>
	3.77960

	u< Ce3-ce11>
	3.77960

	u<Ce3-ce6>
	3.77960

	 u<Ce3-ce12>
	3.77960

	  u<Ce6-ce7>
	3.77960

	 u<O2-ce8>
	2.31452

	 u<O2-ce11>
	2.31452


The result was checked for all the other oxygen sites one by one.

CHAPTER V
                                    SUMMARY AND CONCLUSION
An investigation was carried out in the Rietveld software to evaluate the structural changes of CeO2  due to the oxygen vacancy.

X-ray diffraction file of CeO2 as prepared by co-precipitation method which was acquired from shimadzu 6000 diffractrometer. Preparation and characterization were carried out by co-worker and the analysis alone done by the author

Using this X-ray diffraction data the Rietveld analysis was performed by GSAS software package with EXPGUI interface.

During the change of CeO2 structure, one oxygen atom was removed from the site and the structural changes were noted in the XRD spectrum. This was repeated for other seven oxygen atoms . After removal of two oxygen atoms from the site  obtained structural changes were noted. Concordant repetitions were made for other oxygen atoms and genles was run for every oxygen atoms and the calculation values are noted.

From the above calculated values and analysis, I could conclude that there is no major structural variation due to the single oxygen vacancy as all the calculation  have evolved a chi2 value of 0.5169, the matching of oxygen vacant structures did not alter the X-ray diffraction pattern majorly except for the slight variation included in the <400> <331> <511> and <422>  planes  where the oxygen vacancies fall in the planes. However a major variation numerically could not be found using Rietveld analysis. It is also to be noted that the broadened peaks observed could not be accommodated in the theoretical value implying that a major revision is necessary in the Rietveld programming sector to accommodate the peak broadening due to the nano size of the particle.  
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