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ABSTRACT 

OPTIMIZING AND ANALYZING X-RAY POWDER DIFFRACTION OF ORTHOSILICATE 

CATHODES USING A COMBINED SYNCHROTRON X-RAY DIFFRACTION AND ABSORPTION 

SPECTROSCOPY SETUP 

Vincent Emond       Advisor: 

University of Guelph, 2018     Dr. De-Tong Jiang 

Lithium ion batteries have become ubiquitous in the modern world, powering devices such as 

cellular phones and vehicles. This thesis seeks to improve the powder X-ray diffraction capabilities of a 

combined X-ray absorption spectroscopy and powder X-ray diffraction (PXRD) experimental setup, used 

for investigating lithium ion battery cathode materials, at the Hard X-ray MicroAnalysis beamline in the 

Canadian Light Source. Determination of the atomic structure of ex situ orthosilicate cathode materials via 

Rietveld refinement is a goal, and provides a data quality benchmark for the improved setup. 

Instrumentation assembled for the improvement of the PXRD data, and equipment allowing for elevated 

temperature in situ measurements are discussed. And, the structure and polymorphism of Li2MSiO4 (M = 

Fe, Mn) from varying synthesis conditions is also explored. 
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Chapter 1 Introduction 
Lithium ion batteries (LIBs) have become widespread in the energy sector, and modern 

technological and automotive industries. This ubiquity has brought about a rapid surge of prototyping, 

and development of LIBs. Synchrotron radiation (SR) techniques have been widely used in the battery 

research field, with applications geared towards elucidating details about the structure of electrode 

materials, and the phase transitions inherent in the charge/discharge cycles of LIBs. Understanding the 

structure of these materials is an important aspect of designing high performing LIBs1,2. To improve the 

current generation of batteries, the development of low cost, safe, and high capacity rechargeable cathode 

materials is necessary3,4.  

1.1 Lithium Ion Batteries and Cathode Materials 
 A rechargeable battery is a device which reversibly converts chemical energy into electrical 

energy. Typically, LIBs are constructed of three components, a cathode, an anode, and an electrolyte. The 

electrodes serve as the source and sink for the lithium ions, and are separated by the electrolyte which 

serves as an ionic conductor and electrical insulator. The potential of a battery is determined by the 

chemical potential of the electrodes. Upon discharge electrons are generated and pass through an external 

circuit (load) to do useful work as lithium ions transfer between electrodes through the electrolyte. During 

charging, a power-supply will drive electrons into the anode where lithium ions are inserted. This is 

shown in Fig. 1.1 below. 

 

Figure 1.1: Basic charging and discharging mechanism of a rechargeable LIB. Al, and Cu are used as current collector5. 
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Traditionally, cathodes are the energy or voltage limiting electrode. As such, the cathode is the 

most important component of a battery since storage capacity mainly depends on how many Li ions are 

extracted from the cathode, and half of the cost of battery manufacturing is related to cathode material 

processing4.  Thus, development of next generation cathode materials that are safe, low cost, and stable 

upon cycling is highly desired for improvement of LIBs. The cycling capability, structural stability, and 

capacity retention of the cathode are determined by the reversibility of the Li ion intercalation/removal 

reactions. Understanding the structure of the cathode, and gaining insight into its phase evolution during 

cycling provides key insights into the development of better materials. 

1.1.1 Previously and Currently Developed Cathode Materials 

There are various materials used for LIB cathodes. Layered oxides such as LiCoO2, have been the 

most widely used cathode materials for LIBs. It was first suggested as a material for rechargeable LIBs in 

1976 by J.B. Goodenough, and was commercialized by Sony Corporation in the early 1990’s4. However, 

the practical capacity of the material is quite low, at only 130 mAh/g. It occurs because only 0.5 Li can be 

reversibly extracted/inserted upon cycling. This material faces other challenges: cobalt’s high cost makes 

it an expensive cathode; and there are safety concerns due to its poor thermal stability leading to risk of 

combustion from possible exothermic reactions occurring at operating temperatures above 130ºC, or upon 

overcharging6.  

Many different types of cathode materials have been studied, such as LiMnO2 spinel materials, 

and LiFePO4 olivine materials4. However, none have been able to provide significant gain in theoretical 

capacities relative to LiCoO2, and each possess challenges of their own in terms of safety, cyclability, and 

cost effectiveness. One way to achieve higher capacities is to create a material that can reversibly 

exchange two lithium ions, as proposed by M. Armand in 20012. Lithium metal orthosilicates, Li2MSiO4 

(LMS, M=Fe, Mn), are a novel class of cathode material that meets the proposed criteria to surpass 

current technologies. 
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1.1.2 Lithium metal silicates, Li2MSiO4 

LMS cathodes have attracted much research interest and are ideal for large-scale energy storage 

applications like electric vehicles or stationary renewable energy storage. Due to the strong binding of 

oxygen and silicon in SiO4, the stability of the Li2MSiO4 (M = Fe2+, Mn2+) lattice is high, which increases 

its safety. Furthermore, because two lithium ions can (in principle) be extracted, it has a theoretical 

capacity of over 300 mAh/g, which is double that of some previously developed cathode materials (like 

LiFePO4)7. 

These cathodes however, are polymorphic and can exist in a range of metastable phases 

depending on the arrangement of the cations within the tetragonally packed oxyanion scaffold. The 

structures can be divided into the β, and γ families, which can be further subdivided into the βI, βII, γ0, γII, 

and γs substructures. These structures and their respective space groups are outlined in Fig. 1.2 below. 

 

Figure 1.2: Structures of Li2FeSiO4 polymorphs along two orthogonal views. Key: SiO4 (blue); FeO4 (brown); LiO4 (green); 

oxygen ions (red).8 

The difference between (c) and (d) is explained as follows. In the ideal βII phase, Li+ and Fe2+ occupy 

different crystallographic sites, however in the inverse βII phase, the site normally occupied by Fe2+ is 

occupied exclusively by Li+, with the remaining Li+ sharing the conventional Li site with Fe ions8. 
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Interestingly, the polymorphs exhibit different cycling voltages, and these differences are not yet fully 

understood at the local atomic structural level. Elucidating this is important in future optimization of 

Li2FeSiO4 as a cathode material8. The cathode materials studied in this work were mostly synthesized to 

possess the Pmn21 phase. 

 Like the Li2FeSiO4 case, Li2MnSiO4 is also polymorphic. Known structures of LMS include two 

orthorhombic phases: Pmn21, and Pmnb, and two monoclinic phases: P21/n, and Pn9. These can be seen 

below: 

 

Figure 1.3: Structures of the four known polymorphs of Li2MnSiO4 (a) Pmn21, (b) Pmnb, (c) P21/n, (d) Pn. Key: Li tetrahedra 

(green); Mn tetrahedra (purple); Si tetrahedra (blue), oxygen atoms (red).9 

 It is apparent that further study on the structure of orthosilicate cathode materials is necessary for 

developing the next generation of LIBs. Synchrotron radiation is a commonly used tool in the study of 

LIB cathode materials. 

  



 

 

5 

 

1.2 Synchrotron Radiation Techniques in LIB Research 
There are many studies investigating LIBs using synchrotron radiation techniques, for in situ 

studies X-ray absorption near edge spectroscopy (XANES), and X-ray diffraction (XRD) are popular. 

These techniques are usually done separately on electrochemical cells of the same prototype. In these 

cases, it is hoped that the two systems being analyzed have accounted for enough controls to be 

comparable. There are nonetheless concerns about sample reproducibility. To alleviate these, an 

experimental setup for rapid measurement of in situ and ex situ LFS samples by both XANES and XRD 

has been devised. The two measurements can be performed subsequently on the same sample spot within 

a 100 μm spatial uncertainty, in less than 30 minutes.  

In this work, the XRD capabilities of the experimental setup are sought to be improved. Rietveld 

refinement is used as a benchmark for the ex situ data quality. Rietveld refinement of ex situ LMS (M = 

Fe, Mn) data is also useful for structural determination of samples. In turn, if the structure of samples can 

be reasonably determined, the data can be used to create improved models for the in situ samples from 

which phase evolution and structural behaviour can be elucidated.  
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Chapter 2 Experimental Techniques and 

Instrumentation 
2.1 Powder X-Ray Diffraction 

Powder X-Ray diffraction (PXRD) is a powerful, and widely used analytical technique. The basis 

for XRD is relatively simple. It is predicated on the fact that some solid-state matter is constructed from 

crystals. A crystal is a solid composed of an array of atoms with periodic structure in 3D space. Crystals 

are defined by their fundamental unit cell, a set of basis vectors describing the positions of points in 

space. This array of points is arranged such that each point has identical surroundings. This constitutes 

what is known as a Bravais Lattice. There are 14 such lattices which are shown below (Fig. 2.1). 

 

Figure 2.1: The 14 Bravais Lattices and their crystal classes 

   These 14 Bravais Lattices belong to seven crystal systems: cubic, tetragonal, orthorhombic, 

monoclinic, hexagonal, trigonal, and triclinic, whose characteristics can be seen in the figure. We can 

further subdivide the lattices by considering the symmetry operations that can be performed which leave 

one point unmoved, and the appearance of the crystal structure unchanged. From these operations we 
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determine the point groups, of which there are 32. We can also consider translational symmetry 

operations on these point groups to attain the space groups used to describe crystal structures. Further 

details on crystal structure organization can be found in virtually any crystallography or XRD text. The 

important thing to consider is the space groups. In 3D there are 230 space groups. Space group symmetry 

is the most powerful way to describe and classify the structure of a crystal. Now, Miller indices must be 

introduced to bridge the knowledge of classifying structure, to determination of structure from powder 

diffraction.  

 

Figure 2.2: Miller planes of a simple cubic unit cell. 

Miller indices allow for the classification of planes within a crystal system. Consider a cubic cell, 

as shown in Fig. 2.2. We can assign the position of the points which make up the plane using the variables 

h,k,l such that they lie along the (x,y,z) axes at 
𝑎

ℎ
,

𝑏

𝑘
,

𝑐

𝑙
, where a,b, and c are the the unit cell basis vectors; 

in the cubic case they are lying along x,y and z respectively. In Fig. 2.2 (a) we see the Miller index for the 

shaded plane is (100). This means the plane is defined by the points x=a/1, that is the plane intercepts the 

x axis a unit length away from the origin, and does not touch the y, or z axes since b/0=c/0=inf, whereby 

the “intercept” with the y, and z axes can only be described as “infinity”. As another example, consider 

(c): the plane is defined by the points (a,0,0), (0,b,0), and (0,0,c), and 
𝑎

ℎ
=

𝑎

1
 , thus ℎ = 1, likewise,  𝑘 =

𝑙 = 1, and the Miller index is (111). Essentially, the Miller indices are defined as the reciprocals of the 

fractional intercepts which the plane makes with the crystallographic axes10. 
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Now, given our ability to classify a given structure, we can understand how X-rays are used to 

determine what those structures might be. Given that X-rays can interact with planes of atoms we can use 

Bragg’s Law to determine the spacing between atomic planes: 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆 

where 2𝜃 is the scattering angle, n is the diffraction order, 𝜆 is the wavelength of the incident X-ray 

beam, and 𝑑ℎ𝑘𝑙 is the spacing between atomic planes. The d-spacings of crystal planes can serve as 

fingerprints to identify the crystalline phase of a material.  

 

Figure 2.3: Typical setup for Powder X-ray Diffraction in Debye-Scherrer (transmission) geometry. 

The scattering of X-rays arises from interactions of the electromagnetic field with electrons in the 

solid. The diffraction can be explained from scattering with a single electron, the atom, and finally the 

unit cell. Each interaction will not be fully explored here as there are many texts and materials which 

cover the subject matter well, but the basic explanation is as follows. X-ray interaction with an electron is 

described by Thomson Scattering (which describes the intensity of the photons after scattering). 

Scattering with the atom results in a modulation of this intensity. At 2𝜃 = 0 the intensity is  

𝐼𝑎𝑡𝑜𝑚 =  𝑍 ∗  𝐼𝑒, where Z is atomic number, and 𝐼𝑒 is the Thomson scattering intensity. Furthermore, this 

intensity is modulated by scattering angle, and leads us to the atomic scattering factor, the typical 

behaviour of which is shown in the Fig. 2.4. Scattering from a unit cell leaves us with a structure factor 

𝐹ℎ𝑘𝑙, which depends on the atoms and their arrangement within the unit cell. This is the factor which 

allows for structure determination through powder diffraction. Our main consideration is with the end 

result of the overall interaction of X-rays with crystalline powder, this interaction depends on form factor, 
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and can be attained directly from XRD measurement. We have below the intensity formula, which 

describes the area under a peak for a reflection in an XRD pattern, and is known as the integrated 

intensity.  

𝐼ℎ𝑘𝑙 = (
𝑁2𝑒4𝜆3𝑉

2𝑚𝑒2𝑐4 ) |𝐹ℎ𝑘𝑙|2 (
𝑇𝐿𝑝

𝐴
). 

 

Figure 2.4: Atomic structure factor curves for Hydrogen, Carbon, Oxygen, and Iron. 

Where, 

𝐼ℎ𝑘𝑙 = integrated intensity for the hkl set of 

planes 

N = number of unit cells per unit volume 

V = volume of crystal 

e = electron charge  

c = speed of light 

m = electron mass 

T = temperature factor 

𝐿𝑝 = Lorentz factor 

A = absorption factor 

𝐹ℎ𝑘𝑙 = structure factor 

Using the integrated intensity and the position of reflections in an XRD pattern we can determine the 

crystallographic phase from a powder XRD measurement.  
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Powder diffraction is mostly used to characterize and identify phases, or to refine details of an 

already known structure. Transforming the information on a 1D axis (from intensity vs scattering angle) 

back into the corresponding 3D crystal can be challenging. Though not as determinative as single crystal 

diffraction, powder diffraction has its advantages. PXRD is useful when single crystals cannot be grown 

or acquired. Measurements, and sample preparation can be done quickly. From PXRD data one can 

analyze and measure mixed phases. 

The advantages to using synchrotron radiation (SR) for powder XRD are mainly the high 

brilliance, flux, and collimation. These can quicken the time required for XRD measurements; what may 

take hours to measure with a lab source can be equivalently measured with a SR source in a matter of 

minutes. Synchrotrons also enable customisable and specialised experimental set ups. The disadvantage 

here is that SR beamlines can have complex beam profiles due to the effects of beamline optics on the X-

ray beam which can greatly complicate the XRD pattern and its analysis.  

Powder diffraction can be an incredibly powerful tool but it should not be treated as a black box 

for materials science solutions. A suitable knowledge and level of expertise commensurate to the 

difficulty of the scientific objective is required. Although powder diffraction may seem relatively easy in 

principle, departing from ideal conditions can result in challenging and time-consuming endeavours. 

There is risk for misinterpretation of data which becomes greater under unconventional or non-ideal 

conditions. Examples of misinterpretation include: assignment of spurious peaks as trace phases rather 

than as artifacts of the instrumentation, misrepresenting poor intensity matching due to preferred 

orientation or temperature factors, explaining away misfits in a Rietveld plot to whatever is convenient, 

and ignoring errant or unorthodox bond lengths or unit cell characteristics in a structure refinement. Lack 

of experience may also result in confusion of what constitutes good data, or which features may or may 

not be artifacts arising from: instrumentation, poor data sampling, or unconventional experimental 

conditions. In the quest to obtain high quality XRD data whilst also performing and obtaining XANES 

data, it is important to keep these limitations in mind.  
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The information outlined here10–14 is sourced mostly from the references 10 to 14.  

2.2 X-Ray Absorption Spectroscopy 
The type of X-ray Absorption (XAS) used in this study was XANES: X-ray Absorption Near 

Edge Structure. XAS, as indicated in its name, is a process of measuring the absorbance of X-rays by 

some sample. In our study, we investigated the absorption of hard X-rays, specifically those at the K-shell 

energies of the transition metals (Fe and/or Mn) found in our cathode material samples.  

 

Figure 2.5: Typical XAS setup for transmission mode. 

The basic XAS experiment contains four components. A monochromatized beam of light, often 

coming from a synchrotron beam line equipped with an insertion device (undulator or wiggler). Second, a 

detector measuring the intensity of the incoming beam (𝐼0), whilst being mostly transparent to the beam. 

This can be achieved using an ionization chamber filled with He gas. Next and most importantly, a 

sample. Finally, another detector which measures the intensity of the beam after interaction with the 

sample (𝐼1).  

Transmission mode was the experimental configuration used in the experiments performed in this 

work. In this mode, a second detector such as an ion chamber, or photodiode can be placed directly 

downstream from the sample to measure the transmitted intensity of the light. As an X-ray penetrates a 

material the intensity of the X-ray is attenuated exponentially as so:  

𝐼1 = 𝐼0𝑒−𝜇∙𝑥 
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where 𝜇 is the absorption coefficient, and x is sample thickness which is generally set to be 𝑥 =
1

𝜇0
, where  

𝜇0 is the resonant absorption amplitude. Taking the natural log and normalizing 𝜇0, we get: 

𝜇 = ln (
𝐼0

𝐼1
) . 

When obtaining XAS data, we measure a sample by scanning over a continuous energy range near the 

edge energy of interest, and measure the absorption vs the energy of incoming photons. Generally, an X-

ray absorption curve is monotonically decreasing, but at energies which coincide with the binding energy 

of an atomic orbital, photons will be strongly absorbed and there will be an increase in 𝜇, which 

represents the orbital’s resonant absorption.  

 

Figure 2.6: Schematic of absorption of a single atom (left) vs a cluster of atoms (right), as shown by the modulation of the 

absorption step function.  

Our interest is in K-edge X-ray Absorption Near Edge Structure (XANES). XANES heretofore is 

defined as the region ~50eV after the edge absorption energy and, relates to the photoelectrons filling up 

the lowest level of empty states. This is achieved by tuning the energy to the range very near the binding 
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energy of the K-shell electron. Upon absorption of a photon by a K-shell electron, a photoelectron is 

ejected from its atomic potential well. Near the edge energy, the photons have just enough energy to 

excite the electron. Thus, in a molecule, the potential due to the neighbouring atoms surrounding the 

excited atom will influence the final state of the excited photoelectron. This creates an intensity 

modulation of the single atom’s absorption profile as seen in Fig. 2.6 (b). The modulation of the spectral 

amplitude contains information about local atomic structure, namely type, distances and symmetry of the 

surrounding atoms.  

XAS is useful in analyzing complex battery chemistries since it is element specific, and can shed 

light on the local and electronic structural environment around a selected absorbing atom. XANES 

features are dominated by multiple scattering resonances of the photoelectrons ejected at low kinetic 

energy and can determine the oxidation state, coordination chemistry, and interatomic distances. XANES 

spectra can act as chemical fingerprints useful in identifying materials through comparison to known 

spectra of reference materials. Also useful is the behaviour of the absorption in the few eV prior to the 

edge jump, known as the pre-edge, which can serve to determine the oxidation state of an atom in a 

molecule. XANES is only a local probe though, and cannot identify long range properties of a material. 

This is where XRD becomes important.  

The brief summary of XANES presented here was sourced mainly from M. Newville’s 

Fundamentals of XAFS15, and G. Bunker’s Introduction to XAFS16.  

2.3 Canadian Light Source Inc. HXMA 
The synchrotron radiation investigations of orthosilicate lithium ion battery cathode materials 

were performed at the Hard X-ray MicroAnalysis (HXMA) Beamline at Canadian Light Source Inc. (The 

CLS) located in Saskatoon, SK. Utilizing the large X-ray energy range (5-40 keV) available at HXMA to 

our advantage, we were able to acquire XRD and XANES measurements, on the same sample spot 

(within ~100-200 μm) within 5-10 minutes of each other. XRD was conducted at energies between 17 

keV and 18 keV and the XANES were done at the edge energies of the atoms of interest which were Fe 
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K-edge (7.112 keV), and Mn K-edge (6.5390 keV). We can easily convert these energies to wavelength 

using Planck’s equation: 

𝜆 =
ℎ𝑐

𝐸
. 

By tuning the energy, wavelength could also be tuned. This is advantageous since the distance between 

Bragg angle peaks depends on wavelength, which means the resolution of the diffractogram can be 

changed without moving our detector. Energy tunability can be used to also avoid edge energies of any 

atoms in the molecule, avoiding significant absorbance of the X-ray by the sample during XRD.  

The CLS uses a linear accelerator and a booster ring to accelerate electrons to relativistic speeds. 

The CLS has a 2.9 GeV storage ring, with an injected circulating current of 250 mA. The HXMA 

beamline has a wiggler insertion device (1.9 T) in the storage ring – an array of magnets which increase 

the critical energy and flux of the synchrotron radiation. This synchrotron radiation enters the beamline 

through white beam slits into the optical hutch, where the X-Ray beam is focused and monochromated. 

The focusing optics include a 1.2 m water cooled silicon collimating mirror, a double crystal 

monochromator, housing two crystal pairs (Si(111) and Si(220)), and a 1.15 m long silicon toroidal 

focusing mirror – each mirror has separate Rh and Pt coating stripes17. 

The beam then passes to the user hutch, where the instrumentation for specific experiments can 

be set up and installed accordingly. Here we arranged our instruments and our samples. In the multiple 

experiments run throughout the duration of the study pertaining to this thesis, the experimental setup and 

instrumentation evolved with each subsequent run. The general idea and goals of the experiments were 

basically the same. The goal was to acquire XANES and PXRD data of ex situ and/or in situ orthosilicate 

cathode materials. The types of samples observed in this work are ex situ pristine cathode material 

samples: pure unaltered cathode material powder, and in situ samples: coin cell batteries engaged in a 

charging cycle. There were many parameters to consider with these batteries such as: cycling rate, 
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operating temperature, cycle number, position in charge cycle, and variations in synthesis conditions 

including annealing temperature, and synthesis materials used: including precursor material and annealing 

gas environment.  

Here, the general setup of the experiment is shown. The following images are from the most 

recent experimental run which occurred in December 2016. Below, is a block diagram of the optical hutch 

components as arranged in the most recent experimental run. 

 

Figure 2.7: Block diagram of HXMA user end set up for XRD mode. Beam direction shown by red arrow. 

 

Figure 2.8: Upstream end of the user hutch, where the beam enters from the optical hutch. Markers identified in text. Beam 

direction indicated by red arrow. 
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Figure 2.9: Beamline Optics Schematic for HXMA Beamline18. 

From Figs. 2.8 & 2.11: A: Beam exit with Beryllium window. B: Fast Photon Shutter. C: Lead Shield 

Aperture. D: Helium Filled Flight Tube. E: Optical Slits (Horizontal & Vertical). F: Ion Chamber (I0). G: 

Gas environment Collimator. H: Pinhole. I: Sample Holder Mount. J: Beam stop holder. K: Ion Chamber 

(I1). L: Covered MAR345 Image Plate 

  

Figure 2.10: Left: View from upstream towards sample area. Right: Sample area. 
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Figure 2.11: Close-up of the experimental set up. Beam direction is towards the Covered image plate (L). Beam direction 

indicated by red arrow. 

Now the preceding figures are described. First, the beam passes through the optical hutch then 

into the user end hutch. The white beam slits (in the optical hutch) were generally cut down to ~1 mm 

vertically and 6-8 mm horizontally and white beam is collimated vertically using the collimating mirror 

(Pt coating); next the beam is monochromated by using the Si(111) monochromator crystals and then 

focused both horizontally and vertically using the toroidal mirror (Pt coating). Upon entering the user end 

hutch, the beam first passes through a beryllium window (A) and is measured by a photodiode (via air 

scattering) to gauge the beam flux. The beam passes through a fast shutter and lead shield aperture. The 

fast shutter is used in XRD mode to control the exposure time of samples. The beam then passes though a 

long (~2.5 m) aluminum tube which spans the length of the remainder of the first optical table down to 

the second optical table downstream. The flight tube is supplied with a constant flow of helium and is 

sealed using Kapton film at the open ends. The helium reduces flux loss and air scattering. 

The flight tube is attached to a set of motorized optical slits on the downstream optical table. The 

slits are then attached to an ion chamber, which measures 𝐼0, the initial beam intensity for use in XANES 

measurements. The ion chamber is affixed with a hose which connects to the collimator assembly. In 

XANES mode, no collimator is attached to the assembly, and the sample is simply exposed to the beam 
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and an ion chamber or diode is placed downstream of the sample to record 𝐼1, the transmitted intensity of 

the beam. A 4-element solid state fluorescence detector can also be used to measure absorption in the 

fluorescence yield mode. 

In XRD mode, the collimator is placed on the assembly, and a flow of helium gas is applied to the 

tube connecting the ion chamber and the collimator to further reduce air scattering. Immediately 

downstream of the collimator is the pinhole aperture, mounted on an ADC remote translation stage. The 

beam then interacts with the sample, which will diffract the beam. The ion chamber used in XANES 

mode located downstream from the sample is removed in XRD mode. The diffraction pattern is captured 

using a MAR345 image plate. The image plate pixel size is set to 100x100 μm whereby it takes 90 

seconds to scan the 345 mm diameter plate. To protect the image plate from direct beam, a tungsten beam 

stop is placed between the sample and the camera. Generally, the beam stop used is a small tungsten rod 

mounted on a remotely controlled x,z translation and lift stage. 

The process to switch between XANES and XRD modes was rather simple. The equipment 

required for XRD but not XANES includes the beam stop, the collimator, the pinhole, and the MAR345 

camera. These instruments can be remotely moved out of the beam path (or shielded in the case of the 

MAR345 camera). The downstream ion chamber could easily be inserted or removed from the beam path. 

All that is left is to change the setting on the fast shutter depending on mode (default open for XANES, 

default closed for XRD) and change the energy setting of the monochromator.  

In changing the energy of the monochromator, the crystals must move, and the beam spot may 

drift on the order of 100 μm during the energy change. As such the process of acquiring an XRD 

measurement, changing energies and beginning to acquire a XANES measurement could be done within 

less than 10 minutes. This novel experimental setup allows for essentially concurrent XRD and XANES 

measurements on samples. XANES and XRD are both popular tools used to probe battery electrode 

materials. At this time, other studies in the literature perform these techniques separately, usually at 

different beamlines7, as in the case of Lv et. al. With this set up, we offer the capability of obtaining a 
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deeper and more significant look into electrodes, especially for in situ studies where a charging state of a 

singular system can be probed using two methods as opposed to only being able to perform in situ 

XANES or in situ XRD. 

It is also worth mentioning the sample mounting and charging technique. In situ samples (or ex 

situ samples mounted in a coin cell) were mounted on a sample holder which held up to eight samples. 

The samples were each connected to a socket on the sample holder, which could be connected to a 

charger. It was thus possible to remotely control the charging sequence of the batteries while measuring 

them. Prior to this, samples had to be disconnected from the charger to be measured. A heated charging 

sample holder was later designed and assembled and will be introduced in the following section. Ex situ 

powder samples that were not in coin cells were mounted to Teflon XAFS sample mounts and inserted 

into the beam path. 

2.4 Experimental designs 
 The instrumentation and experimental designs created for this work, and the improvement of the 

experimental setup are outlined in this section. Designs include an assembly created for maintaining in 

situ samples at (user-chosen) elevated temperatures throughout charging and XRD/XANES 

measurements. A collimator and pinhole array were also designed and utilized in later iterations of the 

experiment to increase PXRD data resolution. 

2.4.1 Heated Sample Mount 

 To explore the changes in the charging profiles of LFS samples under higher temperature a 

heated sample mount was designed and built. There is evidence that the intrinsic conductivity of 

orthosilicate materials is higher (approximately double of room temperature conductivity) at elevated 

temperatures in the range of 55º to 70º C 19.  Other groups have also found that there is an increase in 

charge and discharge capacity for both Li2FeSiO4 and Li2MnSiO4 when batteries are cycled at elevated 

temperatures (45ºC, or 55ºC), and that the voltage difference between the charge and discharge curves is 
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significantly decreased compared to room temperature. These results also demonstrate the ability to 

extract/insert the second lithium ion completely20,21. 

 

Figure 2.12: The side of the heater board facing the incoming beam. The wires connect to the battery holders. 

.  

Figure 2.13: The downstream face of the board. CR2032 battery holders can be seen. Ribbon cable connections connect to 4 pin 

sockets shown in the following figure. 

   

Figure 2.14: Left: 4pin connections which connect the battery to the charger.  Right: 3D printed clamp used to connect heated 

copper lead to the face of a coin cell. 
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Figure 2.15: Left: Aluminum heater block with attached copper leads. Kapton tape is used for electrical insulation, and securing 

the copper leads to the aluminum block. Right: OMEGA KHLV heater strip. This is placed beneath the aluminum heater block as 

a heat source 

 

The heated sample mount allowed for temperature control of in situ samples. The holder was 

made of a breadboard which was cut down to a size of 133 mm x 72 mm to fit in our regular sample 

mount stage. The regular sample mount held a total of eight, coin cell batteries – two rows of four cells –  

and the heated sample mount held up to four samples which could be held at the user’s desired 

temperature. 

Four CR2032 coin cell battery holders were installed on the bread board, and soldered to 28AWG 

wires which additionally adhered it to the breadboard. Wires connected to the batteries were led to one 

edge of the bread board where they were soldered and connected to a 4-pin prong aligned with the top or 

bottom row. These prongs could then be attached to the respective 4-pin sockets which were connected to 

32 AWG ribbon cable. The leads from the ribbon cable were soldered and connected to 6pin prongs 

which fit the sockets on the multi-battery charger system.  

Holes of 8mm diameter were bored in the center of each CR2032 holder. Also, the stainless steel 

tine (on the cell holder) which makes electrical contact with the anode was clipped so it wouldn’t be in 

the beam path, but could still touch the anode. This reduced the contact with the cell, so carbon tape was 

placed into the cell holder to increase conductivity between the cell and the anode connection. 
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An OMEGA KHLV heater strip connected to a Lake Shore 325 temperature controller (PID 

mode) was clamped down with an aluminum conduction block and insulated against the bread board 

using a fitted piece of rubber. The heater strip was a 0.5inx2in circuit sealed in Kapton, with two flexible 

leads extending out and connected to cable which was soldered to banana plugs to be connected to the 

temperature controller.  

Copper leads were designed to cover the surface of the coin cell with a matching 8mm hole to 

allow for the transmission of the X-ray through the battery. The leads were clamped to the cathode end of 

the coin cell battery and extended to an aluminum heat reservoir situated in the middle of the board, 

equidistant to the batteries. To electrically isolate the batteries to avoid conduction from the surface of the 

batteries through the conducting copper and aluminum, which would effectively lead to the same charge 

being applied to each battery, the aluminum heating block was lined with Kapton and the copper leads 

were placed between the insulating Kapton sealed heating strip and the heat block. Care had to be taken to 

ensure that the copper leads were isolated from each other. The design of the aluminum block 

accommodates for this, leaving enough space between each of the leads. The aluminum block was also 

heat insulated from the bread board using a 3mm layer of rubber cut to match the shape of the block. This 

prevented heat sinking, and the unwanted heating of the whole assembly. 

The leads were clamped and secured to the surface of the coin cells using 3D printed, plastic resin 

or nylon clamps, fit for each side of the heater, and secured using Teflon screws. Teflon was used as it 

would not sink a significant amount of heat away from the batteries. Two of the Teflon clamps were fitted 

with slots to accommodate a Si-diode temperature sensor, such that it would be pressed flush against the 

surface of the copper lead which was contacting the surface of the positive side of a CR2032 coin cell 

battery. 

Using SD-670-DT-B Silicon Diode Temperature Sensors (Lake Shore Cryotronics)22, 

temperature monitoring of two samples was possible to gauge the constancy of the temperature and to 

approximate the temperature of the other samples. Commercial sensors were used as in-house silicon 
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diode sensors were assembled and tested but could not be made to accommodate space requirements and 

have good contact with the surface of the battery. Type-K thermocouple wires were soldered to the diode 

leads in accordance with manufacturer suggestion. The sensor was attached to a heat sink when soldering 

to avoid damaging the sensor with exposure to very high T which could destroy the sensor, or affect the 

calibration. The soldered connections were insulated using clear nail polish and some electrical tape. 

Electrical tape could be too heavy and damaging which could result in the leads being detached from the 

sensor, or the diode not fitting into the housing designed in the clamp.   

 

Figure 2.16: Model of the Heated Sample Holder Assembly. Mount allows for samples to be heated, and charged, and fits a 

remotely controlled sample positioning stage. 
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Figure 2.17: CAD Drawing of the clamp used for Bottom right and Top left samples, aligned such that the Si diode slot is pointing outwards, away from the center of the assembly. 

The other clamp is a mirror image orientation
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Figure 2.18: Schematic of Lake Shore Cryotronics DT-SD Si-Diode used for temperature control22. 
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Figure 2.19: Aluminum heating block. With copper lead divider. A flush version, without the boss was also made. 
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Figure 2.20: Collimator attached to mount using magnetic mount
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2.2.2 Collimator 

As mentioned, a collimator was situated upstream from the sample and the clean-up pinhole. Two 

tungsten collimators were made with vertical opening diameters of 100 μm, or 200 μm. A nozzle facing 

the incoming beam was added so a hose could be attached and connected to the helium filled beam pass. 

The function of the collimator was to limit the beam angular divergence. And, its housing assembly was 

designed to reduce the air scattering and background noise in XRD measurements, as is shown in Fig. 

2.21. 

The collimator was supported and placed on a remotely customizable assembly (designed by Ryan 

Oglesby, University of Guelph) with five degrees of freedom. The collimators were secured to ThorLab 

kinematic magnetic mounts to speed up the transition between XRD, and XANES modes.  

2.2.3 The Pinhole 

 The pinhole was made for the purposes of further cleaning up the beam, eliminating any 

diffraction cones coming from the tungsten collimator. The pinhole array (Fig. 2.20) was designed with 5 

holes ranging from 50 to 200 μm, laser cut into a piece of Rhenium (Courtesy of Prof. S. Desgrenier 

group, U of Ottawa). As mentioned, the pinhole was placed immediately upstream of the sample and was 

only used in XRD mode.  

 

Figure 2.21: Image of the Rhenium pinhole array. 
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Essentially, the collimator serves to parallelize the incoming beam and in doing so becomes itself 

a source of X-rays, some of which are diffracted by the collimator itself. Here the pinhole becomes 

important in removing the diffracted tungsten rings which would otherwise be captured by the image 

plate, as illustrated in Fig. 2.22 below. 

   

Figure 2.22: Left: Visual representation of the collimator, pinhole, and sample. Incoming beam is from right to left. Right: Visual 

representation of the beam in the collimator, which becomes a secondary source. 

2.5 Samples 
 This section will briefly outline sample types and construction. Mostly ex situ samples were 

analyzed in this work, however given the importance of the in situ capabilities of the experimental setup, 

it is worth making note of in situ sample construction. 

2.5.1 Li2MSiO4 (M=Fe, Mn) Cathode Material Synthesis 

This work was done in collaboration with the HydroMET group led by Dr. George P. 

Demopoulos at McGill University (Materials Engineering Department). All samples were synthesized by 

members of this group. The specific sample synthesis outlined here was performed by Yan Zeng. The 

synthesis as outlined is referenced by personal conversation between Yan Zeng (PhD candidate, McGill 

University) and George P. Demopoulos. 

 Lithium iron silicate (Li2FeSiO4, LFS) was prepared by hydrothermal method from starting 

chemicals of lithium hydroxide monohydrate (98% LiOH·H2O), fumed silica (99% SiO2), iron(II) sulfate 

heptahydrate (98% FeSO4·7H2O), ascorbic acid (99% C6H8O6). In one specific experiment, 
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ethylenediaminetetraacetic acid calcium disodium salt (99% EDTA-Ca-2Na) (EDTA) was added as a 

chelating agent to modify the crystallization and growth of LFS. In a typical synthesis, SiO2 powder was 

dissolved in LiOH aqueous solution in an ultrasonic bath for 1.5 hours. Then FeSO4 solution was drop-

wise added to LiOH/SiO2 solution in glovebox under nitrogen atmosphere to avoid oxidation of ferrous 

ion. Hydrothermal synthesis was performed in a Teflon-lined stirred autoclave (Parr Instruments, Moline, 

IL) at a desired temperature (e.g. 200º C ) for 6 hours at a stirring speed of 300 rpm. After completion of 

hydrothermal precipitation, the autoclave was cooled down to room temperature. The obtained slurry was 

separated in a centrifuge. The wet solid was thereafter rinsed with deionized and deoxygenated LiOH 

solution for two times and with acetone for one time, followed by drying in a vacuum oven at 80ºC for 12 

hours. The dried powders were stored in glove box to minimize moisture and oxygen exposure. 

There are some samples of interest investigated in chapter 4. Further information on their 

synthesis conditions appear in the table below. This explains the sample naming convention seen in 

chapter 4. 

No. Sample [Li+], 

mol/L 

Li:Fe:Si, 

molar 

ratio 

EDTA:Fe, 

molar ratio 

Fe source 

21 LFSEDTA16 0.8 4:1:1 0.16:1 FeSO4 

22 LFSEDTA50 0.8 4:1:1 0.50:1 FeSO4 

23 LFS16MEDTA50 1.6 4:1:1 0.50:1 FeSO4 

33 LFS04MCL 0.4 4:1:1 0 FeCl2 

34 LFS08MCL 0.8 4:1:1 0 FeCl2 

35 LFS12MCL 1.2 4:1:1 0 FeCl2 

36 LFS16MCL 1.6 4:1:1 0 FeCl2 

Refer to: Personal conversation with Yan Zeng (PhD student at McGill University) and her supervisor 

George P. Demopoulos (Professor at McGill University). 

2.5.2 Sample Construction 

Ex situ samples were affixed to Teflon sample holders and placed in the beam path.  On the other 

hand, in situ samples were assembled into active coin cells. The assembly utilized modified stainless steel 

CR2032 coin cells, having 10mm through holes punched into the exiting beam side, and 4mm through 
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holes punched into the incoming beam side of the cell casing. These holes were covered with Kapton tape 

on both the inside and the outside of the casing. Assembled cells were sealed in a glove box under an 

argon atmosphere. Basic construction consisted of LMS nanoparticle cathode material rolled onto Al 

mesh; 25μm polypropylene/polyethylene/polypropylene separators; a lithium anode; and a LiPF6 

electrolyte.   

 

Figure 2.23: : Sample construction schematic as outlined in the text above with direction of incident X-ray shown23. 

 

Figure 2.24: Fully assembled in situ coin cell sample. 
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Chapter 3 Rietveld Refinement: Theory and Data 

Analysis Methodology 
3.1 Rietveld Refinement 

 

 “Rietveld refinement is one of those few fields of intellectual endeavor wherein the more one 

does it, the less one understands.” – R.B. Von Dreele, Advanced Photon Source 

  

 The most common powder XRD refinement technique used today is based on the method 

proposed in the 1960’s by Hugo Rietveld24. The Rietveld method fits a calculated profile which includes 

all structural and instrumental parameters to experimental data. It employs the non-linear least squares 

method and requires a reasonable initial approximation of many free parameters, including peak shape, 

unit cell dimensions and coordinates of all atoms in the crystal structure. Other parameters can be guessed 

while still being reasonably refined. In this way we can refine the crystal structure of a powder material 

from PXRD data. The successful outcome of the refinement is directly related to the quality of the data, 

the quality of the model and respective initial approximations, and the experience of the user.  

The Rietveld method is an incredibly powerful technique and began a remarkable era for powder 

XRD and materials science in general. Powder XRD is at heart a very basic experimental technique with 

diverse applications and experimental options. Though it may be slightly limited by both the one-

dimensionality of the data, and the limited resolution, powder XRD’s power is astonishing: a 1D plot of 

observed intensity vs angle fit to a calculated profile can serve to determine the correctness of a crystal 

structure model. It is important to remember that Rietveld refinement requires a model of a crystal 

structure, and offers no way to come up with such a model on its own. However, it can be used to find 

structural details missing from a partial or complete ab initio structure solution such as unit cell 

dimensions, phase quantities, crystallite sizes/shapes, atomic coordinates/bond lengths, micro strain in 

crystal lattice, texture, and vacancies. 
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This chapter will serve to introduce the basics of Rietveld refinement, and it’s uses in the analysis 

of powder XRD data in this thesis. It will begin with a deeper look into powder XRD, and understanding 

powder patterns, before delving into the ways fitting can elucidate crystal structure. For a more 

comprehensive understanding the reader is directed to peruse at least chapters 2, 6, and 7 of Pecharsky 

and Zavalij’s text Fundamentals of Powder Diffraction and Structural Characterization of Materials12. 

3.1.1 Powder Diffraction Profiles: Peak Positions and Shapes 

 Before exploring Rietveld refinement, it is necessary to establish a greater understanding of 

powder diffraction data and what information is encoded therein in order to establish a notion of how to 

create a model of a diffraction pattern, which is of course necessary in Rietveld refinement. A typical 

diffraction pattern can be described by the positions, shapes, and intensities of multiple Bragg reflections. 

Each of the three mentioned properties encodes some information relating to the crystal structure, the 

properties of the sample, and the properties of the instrumentation. Some of these contributions are shown 

in Table 1, below. 

Table 3.1: Powder diffraction pattern as a function of various crystal structure, specimen, and instrumental parameters.12 

Pattern 

Component 

Crystal 

Structure 

Specimen 

property 

Instrumental 

parameter 

Peak 

position 

Unit cell 

parameters 

(a, b, c, 𝛼, 𝛽, 𝛾) 

Absorption 

Porosity 

Radiation (wavelength) 

Instrument/sample alignment 

Axial divergence of the beam 

Peak 

Intensity 

Atomic Parameters 

(x, y, z, B, etc.) 

Preferred orientation 

Absorption 

Porosity 

Geometry and configuration 

Radiation (Lorentz polarization) 

Peak Shape Crystallinity 

Disorder 

Defects 

Grain Size 

Strain 

Stress 

Radiation (spectral purity) 

Geometry 

Beam conditioning 

The structure of a powder pattern is essentially defined by instrumental parameters and two 

crystallographic parameters: unit cell dimensions, and atomic content and coordination. So, a powder 

pattern model can be constructed as follows: 

1. Establish peak positions: Bragg peak positions are established from Bragg’s law using the 

wavelength and d-spacing for a given unit cell.  
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2. Determine peak intensity: Intensity depends on the structure factor (recall Chapter 2), and 

can be calculated from the structural model for individual peaks. This requires knowledge of 

the specific atomic coordination in the unit cell and geometrical parameters.  

3. Peak shape for individual Bragg peaks: Represented by functions of the FWHM (which 

vary with Bragg angle) called the peak shape functions which will be covered later in this 

chapter. Realistically ab initio modelling is difficult, and so empirically selected peak shape 

functions and parameters are used for modelling. 

4. Sum: The individual peak shape functions are summed and added to a background function, 

leaving behind the resultant powder pattern.  

It is easy to model a powder pattern given the crystal structure of a material. The opposite, 

determining the crystal structure from a powder pattern, is much more complicated. A brief explanation 

of the process follows, though it is not the focus of this work. 

To determine structure from a powder diffraction pattern the following steps should be taken. 

First, Bragg peak positions and intensities should be found by fitting to a peak shape function including 

background. Next, peak positions should be indexed and used to determine unit cell parameters, 

symmetry, and content. Third, peak intensities determine space group symmetry and atomic coordination. 

Finally, the model is used to refine all crystallographic and peak shape function parameters. To do this 

successfully, there is a requirement for excellent data which means good resolution, low background, and 

a large angular range. It will be seen in the following chapters that ab initio structure determination was 

not possible with the data presented in this thesis, though this did not preclude the possibility of Rietveld 

refinement. 

3.1.2 Peak Shape Functions 

For general application of the Rietveld method, irrespective of the software used, the observed 

Bragg peaks in a powder diffraction pattern are best described by the so-called peak shape function (PSF). 

The PSF is a convolution of three functions: the instrumental broadening Ω(𝜃), wavelength dispersion 
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Λ(𝜃), and the specimen function Ψ(𝜃), with the addition of a background function, 𝑏(𝜃). It is represented 

as follows: 

𝑃𝑆𝐹(𝜃) =  Ω(θ) ⊗ Λ(𝜃) ⊗ Ψ(𝜃) + 𝑏(𝜃). 

Where ⊗ denotes a convolution, which is defined for two functions 𝑓, and 𝑔, as an integral:  

𝑓(𝑡) ⊗ 𝑔(𝑡) = ∫ 𝑓(𝜏)𝑔(𝑡 − 𝜏)𝑑𝜏 =
+∞

−∞ ∫ 𝑔(𝜏)𝑓(𝑡 − 𝜏)𝑑𝜏
+∞

−∞
. 

The instrumental function depends on the location and geometry of the source, monochromator, 

and sample. Wavelength function accounts for the distribution of the wavelengths in the source, and 

varies with the nature of the source and monochromatizing technique. The specimen function depends on 

several things. First is dynamic scattering, and secondly the physical properties of the sample such as 

crystallite size, and microstrain.  

A short aside: unlike the other contributions, those from the specimen function can be interesting 

in materials characterization. As such, average crystallite size, 𝜏, and microstrain, 𝜖, effects on Bragg 

peak broadening, 𝛽 (in radians), can be described as follows, where k is a constant:  

𝛽 =
𝜆

𝜏 ∙𝑐𝑜𝑠𝜃
, and  𝛽 = 𝑘 ∙ 𝜖 ∙ 𝑡𝑎𝑛𝜃 

Returning to the PSF, the goal is to correctly model the Bragg peaks which exist in the observed 

powder diffraction data. In the most general form, the intensity, 𝑌(𝑖), of the 𝑖𝑡ℎ point (1 ≤ 𝑖 ≤ 𝑛, where 𝑛 

is the number of measured points) is the sum of the contributions 𝑦𝑘, from the 𝑚 overlapped Bragg peaks 

(1 ≤ 𝑘 ≤ 𝑚), and the background,  𝑏(𝑖), and it can be described as follows: 

𝑌(𝑖) = 𝑏(𝑖) + ∑ 𝐼𝑘[𝑦𝑘(𝑥𝑘)]

𝑚

𝑘=1

 

where: 𝐼𝑘 is the intensity of the 𝑘𝑡ℎ Bragg peak, and  𝑥𝑖 = 2𝜃𝑖 − 2𝜃𝑘. Since 𝐼𝑘 is a multiplier it is possible 

to analyze the behaviour of different normalized peak functions 𝑦(𝑥) independently of peak intensity, 



 

 

36 

 

under the condition that the integral over infinity of the PSF is unity. There are various functions that can 

be chosen to do this with varying degrees of complexity. The most basic functions used in this way to 

represent Bragg reflections are the Gauss, and Lorentzian functions. Most commonly though, is the 

pseudo-Voigt function, a weighted sum of the former two (the full Voigt profile is a convolution of the 

two, but is computationally more demanding). The pseudo-Voigt profile is the most common, and is the 

basis for most other PSF’s. The pseudo-Voigt function can be represented as:  

𝑦(𝑥) = 𝑉𝑝(𝑥) = 𝑛 ∗ 𝐺(𝑥) + (1 − 𝑛) ∗ 𝐿(𝑥) 

Where  

𝐺(𝑥) =
𝐶𝐺

1
2

√𝜋𝐻
𝑒−𝐶𝐺𝑥2

 

𝐿(𝑥) =
𝐶𝐿

1
2

𝜋𝐻′
(1 + 𝐶𝐿𝑥2)−1 

are the Gaussian and Lorentzian contributions. 

Thus, 

𝑉𝑝(𝑥) =  𝜂
𝐶𝐺

1
2

√𝜋𝐻
𝑒−𝐶𝐺𝑥2

+ (1 − 𝜂)
𝐶𝐿

1
2

𝜋𝐻
(1 + 𝐶𝐿𝑥2)−1 

 

Where: 

• H, and H’ are the full widths at half maximum (FWHM) 

• 𝑥 =
2𝜃𝑖−2𝜃𝑘

𝐻𝑘
, is essentially the Bragg angle of the 𝑖𝑡ℎ point in the powder pattern with its origin in 

the position of the 𝑘𝑡ℎ peak divided by the peak’s FWHM. 
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• 𝐶𝐺 = 4𝑙𝑛2, 𝐶𝐿 = 4, and  
𝐶𝐺

1
2

√𝜋𝐻
 and 

𝐶𝐿

1
2

𝜋𝐻′ are normalization factor such that ∫ 𝐺(𝑥)𝑑𝑥 = 1
∞

−∞
 and 

∫ 𝐿(𝑥)𝑑𝑥 = 1
∞

−∞
, respectively. 

• 𝐻2 = 𝑈𝑡𝑎𝑛2𝜃 + 𝑉𝑡𝑎𝑛𝜃 + 𝑊, which is known as the Caglioti formula, is the FWHM as function 

of 𝜃 for Gauss, and pseudo-Voigt profiles. U, V, and W are free parameters. 

• 𝐻′ =
𝑋

𝑐𝑜𝑠𝜃
+ 𝑌𝑡𝑎𝑛𝜃 Is the FWHM vs 2𝜃 for the Lorentz function. X, and Y are free variables. 

• 𝜂 = 𝜂0 + 𝜂12𝜃 + 𝜂2𝜃2 , where 0 ≤ 𝜂 ≤ 1 is the pseudo-Voigt mixing parameter, and 𝜂0,1,2 are 

free variables.  

The pseudo-Voigt function, like the Gaussian and Lorentz functions, is a centrosymmetric function, 

and as such does not model asymmetry. This can be problematic for non-ideal powder XRD data, such as 

those collected at SR sources which generally exhibit asymmetry due to the use of multiple focusing 

optics. For most of this thesis, a modified Finger-Cox-Jephcoat pseudo-Voigt with axial divergence 

correction function (FCJ) was used as the peak shape function. However, because this asymmetry 

correction is derived from the geometry of an experimental geometry using Soller slits and a point 

detector25 (which does not match the geometry of the experimental setup used), the asymmetry parameter 

is rarely refined. In GSAS the profile function used may be chosen; in this case the functions used were 

the pseudo-Voigt (profile number 2 in the software). GSAS-II on the other hand, does not allow for 

choice of the profile function. It uses a modified pseudo-Voigt function (similar to FCJ) with an 

asymmetry parameter called SH/L, which is an average of the FCJ corrections S/L, and H/L26. 

The FCJ function is similar to the pseudo-Voigt, but has better handling of asymmetry12, which is 

treated in terms of axial divergence. The function is a convolution of pseudo-Voigt with the intersection 

of the diffraction cone and a finite receiving slit length using two geometrical parameters, S/L, and H/L, 

where S, and D are the sample and the detector slit dimensions in the direction parallel to the goniometer 

axis, and L is the goniometer radius12. These asymmetry parameters however, do not apply to the 

experimental setup used in this work, and cannot be derived from the geometry of the instrumentation.   
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3.1.3 The Integrated Intensity 

 For a Bragg peak (ℎ𝑘𝑙), the observed integrated intensity, 𝐼ℎ𝑘𝑙, as determined from numerical 

integration is: 

𝐼ℎ𝑘𝑙 = ∑(𝑌𝑖
𝑜𝑏𝑠 − 𝑏𝑖)

𝑗

𝑖=1

 

where 𝑗 is the total number of data points in the range of the Bragg peak. The integrated intensity depends 

on multiple factors, and can be expressed as the following product: 

𝐼ℎ𝑘𝑙 = 𝐾 × 𝑝ℎ𝑘𝑙 × 𝐿𝜃 × 𝑃𝜃 × 𝐴𝜃 × 𝑇ℎ𝑘𝑙 × 𝐸ℎ𝑘𝑙 × |𝐹ℎ𝑘𝑙|2 

where: 

• K: scale factor 

• 𝑝ℎ𝑘𝑙: multiplicity factor. Accounts for symmetrically equivalent points in the reciprocal lattice 

• 𝐿𝜃: Lorentz multiplier, defined by diffraction geometry 

• 𝑃𝜃: polarization factor 

• 𝐴𝜃: absorption multiplier 

• 𝑇ℎ𝑘𝑙 preferred orientation factor 

• 𝐸ℎ𝑘𝑙: extinction factor (often neglected as it is usually insignificant in powders) 

• 𝐹ℎ𝑘𝑙: structure factor as determined by the crystal structure of the material. 

3.1.4 Least Squares Method 

 The fitting method used in Rietveld refinement is the non-linear least squares approach. A 

detailed derivation of non-linear least squares fitting will not be given here. Further detail can be found in 

Chapter 6 of Pecharsky and Zavalij’s text12. There are a few things to note however. First, non-linear least 

squares fitting has an iterative nature for which convergence may be difficult to achieve if the initial 

approximation is too far from correct, or when the minimized function is poorly defined. The latter occurs 

when correlated parameters are being refined at the same time, which may result in divergence and 
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instability of the minimization. This iterative nature also means that convergence to a solution does not 

occur immediately for the method is not exact. Each iteration depends on the results of the last which 

dictate the new set of parameters used for refinement. Thus, multiple refinement iterations are required to 

eventually converge to a possible solution.  

3.1.5 Rietveld Method Basics 

 Using non-linear least squares minimization, the following system is solved: 

𝑌1
𝑐𝑎𝑙𝑐 = 𝑘𝑌1

𝑜𝑏𝑠 

… 

𝑌𝑛
𝑐𝑎𝑙𝑐 = 𝑘𝑌𝑛

𝑜𝑏𝑠 

where, 𝑌𝑖
𝑐𝑎𝑙𝑐 is the calculated and 𝑌𝑖

𝑜𝑏𝑠 is the observed intensity of a point 𝑖 in the powder pattern, 𝑘, is a 

scale factor, and 𝑛 is the number of measured data points. The minimized function is given by: 

Φ = ∑ 𝑤𝑖(𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑖

𝑐𝑎𝑙𝑐)
2

𝑛

𝑖=1

 

where 𝑤𝑖  is the weight, and 𝑘 from the previous equation is unity (since k is usually absorbed in the 

phase scale factor). The summation extends to all 𝑛 data points.  Considering the peak shape functions 

and accounting for the overlapping of Bragg peaks because of the one-dimensionality of PXRD data, the 

expanded form of the above equation for the case of a single phase measured with a single wavelength 

becomes 

Φ = ∑ 𝑤𝑖 (𝑌𝑖
𝑜𝑏𝑠 − [𝑏𝑖 + 𝐾 ∑ 𝐼𝑗𝑦𝑗(𝑥𝑗)

𝑚

𝑗=1

])

2
𝑛

𝑖=1

 

Where,  

• 𝑏𝑖 is the background at the 𝑖𝑡ℎ data point,  

• 𝐾 is the phase scale factor,  
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• 𝑚 is the number of Bragg reflections contributing to the intensity of the 𝑖𝑡ℎ reflection, 

• 𝐼𝑗 is the is the integrated intensity of the 𝑗𝑡ℎ Bragg peak, and 

• 𝑦𝑗(𝑥𝑗) is the peak shape function. 

For a material that contains several phases (𝑝), the contribution from each is accounted for by modifying 

the above equation as follows: 

Φ = ∑ 𝑤𝑖 (𝑌𝑖
𝑜𝑏𝑠 − [𝑏𝑖 + ∑ 𝐾𝑙

𝑝

𝑙=1

∑ 𝐼𝑙,𝑗𝑦𝑙,𝑗(𝑥𝑙,𝑗)

𝑚

𝑗=1

])

2
𝑛

𝑖=1

 

 It can easily be seen from the above equations that experimentally minimizing the background, 

which holds no useful structural information, is paramount for a successful profile fitting. For a low 

background, the functions are defined by contributions from the integrated intensities and peak shape 

parameters. But with a high background, the function being minimized depends on the adequacy of the 

background and not integrated intensities or peak shapes. Thus, a structure refinement cannot adequately 

yield structural information in the presence of a large background. 

 It is also worth noting the increased complexity brought forth by the presence of multiple phases. 

Each additional phase adds to the fitting, more Bragg peaks, and another scale factor tied to 

corresponding structural parameters, and peak shape. Mathematically they are easily accounted for, but 

practically, due to the finite accuracy and limited resolution of experimental data, each new phase can 

lower the quality and stability of the refinement. It is advantageous to use single phase materials when 

interested in finding precise structural parameters of a material. However, since the scale factors of each 

phase are determined independently, Rietveld refinement of multi phase materials can quantitatively 

examine the mixing ratio of each phase in the material.  

3.1.6 Parameters 

 Generally, background is calculated as a Chebyshev Polynomial. In GSAS and GSAS-II they 

appear as follows. Again, background is treated as a Chebyshev polynomial of the first kind (“Handbook 
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of Mathematical Functions”, M. Abramowitz and IA. Stegun, Ch. 22). Where the intensity of the 

background is  

𝐼𝑖 = ∑ 𝑃𝑗𝑇𝑗−1
′

𝑁

𝑗=1

 

where 𝑇𝑗−1
′  are the coefficients of the Chebyshev polynomial taken from Table 22.3, pg. 795 of the 

Handbook. The coefficients have the form: 

𝑇𝑛
′ = ∑ 𝐶𝑚𝑋𝑚

𝑖−1

𝑚=0

 

and the values for 𝐶𝑚 are found in the Handbook. The angular range (2θ) is converted to 𝑋 to make the 

Chebyshev polynomial orthogonal by  

𝑋 = (
2

𝑇
) − 1. 

And, the orthogonal range for this function is -1 to +1.  

 

 Now –  given the considerations of background, peak shape functions, integrated intensity, and 

non-linear least squares minimization – the parameters used in the Rietveld refinement which put these 

things together can be introduced. Below are the groups of independent least squares parameters generally 

refined in a Rietveld refinement. 

• Background parameters: usually 1 to 12 parameters. 

• Sample displacement: sample transparency, and zero shift corrections. (move peak position) 

• Multiple peak shape parameters.  

o FWHM parameters: i.e. Caglioti parameters (see section 3.1.2) 

o Asymmetry parameters (FCJ parameters) 
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• Unit cell dimensions 

o one to six parameters (a, b, c, 𝛼, 𝛽, 𝛾), depending on the crystal family/system, for each 

present phase.  

• Preferred orientation, and sometimes absorption, porosity, and extinction coefficients, which can 

be independent for each phase. 

• Scale factors (for each phase) 

• Positional parameters of all independent atoms in the crystal model (generally 0 to 3 per atom). 

• Population parameters 

o Occupation of site positions by atoms. 

• Atomic displacement parameters 

o Isotropic and anisotropic (temperature) parameters. 

Each Rietveld refinement is unique and there is no prescribed sequence of parameters to include 

in a refinement. It is up to the user to determine and find the best sequence of parameters for refinement. 

It is worth noting that it is rarely possible to refine all relevant variables simultaneously from the 

beginning of a refinement, nor near the end since the least squares fitting will be destabilized or lead to a 

false minimum. It is important for the user to determine a stopping point for a given refinement. Given the 

complexity of Rietveld refinement it is important to have a clear grasp of the system being studied 

(sample, and instrumentation) to ensure that results are accurate, realistic, and meaningful. High data 

quality, a large enough 2theta range, and a good model – to serve as the initial approximation in the least 

squares fitting – are necessary for a successful, reliable, and meaningful Rietveld refinement. 
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3.1.7 Figures of Merit 

 

Stephen’s Law: “A Rietveld refinement is never perfected, merely abandoned.” 

 

 Since refinement depends on finding the best fit between a calculated and experimental pattern, it 

is important to have a numerical figure of merit quantifying the quality of the fit. Below are the figures of 

merit generally used to characterize the quality of a refinement. They provide insight to how well the 

model fits the observed data. 

Profile Residual (reliability factor): 

𝑅𝑝 = ∑
|𝑌𝑖

𝑜𝑏𝑠 − 𝑌𝑖
𝑐𝑎𝑙𝑐|

∑ 𝑌𝑖
𝑜𝑏𝑠𝑛

𝑖

𝑛

𝑖

× 100% 

Weighted profile residual: 

𝑅𝑤𝑝 = ∑ [
𝑤𝑖(𝑌𝑖

𝑜𝑏𝑠 − 𝑌𝑖
𝑐𝑎𝑙𝑐)

2

∑ 𝑤𝑖(𝑌𝑖
𝑜𝑏𝑠)

2𝑛
𝑖

]

1
2𝑛

𝑖

× 100% 

Bragg Residual:  

𝑅𝐵 = ∑
|𝐼𝑗

𝑜𝑏𝑠 − 𝐼𝑗
𝑐𝑎𝑙𝑐|

∑ 𝐼𝑗
𝑜𝑏𝑠𝑚

𝑗

𝑚

𝑗

× 100%  

Expected Profile Residual: 

𝑅𝑒𝑥𝑝 = [
𝑛 − 𝑝

∑ 𝑤𝑖(𝑌𝑖
𝑜𝑏𝑠)

2𝑛
𝑖

]

1
2

× 100% 

Goodness of fit: 

𝜒2 = ∑
(𝑌𝑖

𝑜𝑏𝑠 − 𝑌𝑖
𝑐𝑎𝑙𝑐)

2

𝑛 − 𝑝

𝑛

𝑖

= [
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
]

2
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It is worth mentioning that all but one (𝑅𝐵) figure of merit include a contribution from the 

background. There are some concerns about the reliability of these figures, as well there is no threshold or 

accepted value which dictates what represents a good fit. The most popular and conventional figure of 

merit used is the goodness of fit which should approach unity given a perfect fit, though this is rarely the 

case. In practice, the best way to assess quality is a visual analysis of the fit by plotting the difference 

between the observed and calculated data plotted on the same scale.   

3.2 Data Analysis Methodology 
This section will explore the practical approach to the XRD data analysis and the application of 

the Rietveld method on data collected for this thesis. Further analysis and results will appear in the next 

chapter. Here the goal is to introduce how the Rietveld method is actually applied by outlining the 

refinement of an LaB6 standard used to both calibrate the XRD camera, and determine instrumental line 

shape parameters.  The LaB6 standard is first used to calibrate the integration parameters of 2D image 

captured by the XRD camera. Then by Rietveld refinement with the known structure of the LaB6, the line 

shape parameters (FWHM parameters) of the beam are determined. In this step, only the instrumental 

parameters are refined; all those parameters associated with the sample are omitted since the sample 

parameters of the standard material are known. By refining geometric and instrumental parameters and 

keeping the sample parameters unchanged, the profile function and line shape that is characteristic of the 

beam for the respective experimental set up are determined.  

3.2.1 Energy Calibration/Wavelength Determination 

The XRD data analysis begins with XANES to provide the accurate wavelength being used. 

Monochromatized synchrotron radiation is used, thus the exact wavelength of the light used for the XRD 

is variable and must be measured. For the experiments done as part of this thesis, the XRD data was 

measured at energies of 17 keV to 18 keV. For each experiment a reference material with a known K-

edge (transition energy) was measured to calibrate the energy of the monochromatized beam. 

Accordingly, zirconium or yttrium reference samples were used for 18 keV or 17 keV respectively, 

because their K-edges are close to these energies (Zr = 17.999 keV, Yt = 17.079 keV)27. Calibrating the 
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energy of the monochromatized beam is equivalent to calibrating the wavelength of the beam. The 

conversion of energy to wavelength is simply given be Planck’s equation as outlined in Chapter 2:  

𝐸 =
ℎ𝑐

𝜆
≅

12.39

𝜆
 [𝐾𝑒𝑉]. 

A XANES measurement of a Zr reference sample measured for energy calibration in the December 2016 

run appears below (Fig. 3.1). The LaB6 refinement which follows, and much of the data shown in the 

following chapter is also from that experimental run.  

 

Figure 3.1: Zr K-edge, taken as the inflection point of the absorption line, indicated by the small yellow point. Beam energy was 

found to be 18.002keV, corresponding to a wavelength of λ=0.6889 Å 

3.2.2 XRD Camera Calibration and Data Reduction 

A Debye-Scherrer transmission geometry was used meaning raw data is captured as a set of rings 

with varying intensity, as shown below. The 2D raw data must be converted to a 1D diffractogram by 

integrating the rings using data reduction software. The programs used in this work was GSAS-II28.  
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Figure 3.2:LaB6 data. Left: Raw data collected with MAR345 Image Plate. Right: Image 'cake' used to verify validity of 

integration: straight lines indicate proper calibration, green line is straight for reference. Bottom: The resulting LaB6 1D 

diffractogram obtained from the data reduction (angle is in degrees). 

LaB6 is a Standard Reference Material (SRM) powder that does not exhibit any structural defects 

or strain, and has a well-defined structure and diffraction pattern. NIST has produced three batches so far, 

and the material used was SRM 660c29. To confirm that SRM 660c indeed was used, and that the 

calibration was accurate, the LaB6 data was compared to the expected peak positions provided by the 

NIST certificate for the material, shown on the right. To compare the peak positions, the Bragg angles of 

observed and expected data were converted to q-space (reciprocal space) using the following equation:  

𝑞 =
4𝜋

𝜆
sin (𝜃). 

 It is seen below that the LaB6 used is indeed SRM 660c. 
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Figure 3.3: LaB6 observed data and expected peak positions according to the SRM 660c Certificate provided by NIST, in Q-

Space. The peaks appear at their expected positions. 

The software compares a calculated LaB6 pattern to observed data to calibrate the image 

integration parameters. It is used to calibrate parameters such as: sample to detector distance, camera tilt 

and rotation angles, and the beam centre coordinates. It can also be used to calibrate the wavelength but in 

this case, it cannot reliably calibrate both the wavelength and the distance, hence the XANES energy 

calibration. The calibrated parameters are saved and are used to analyze samples that match the 

experimental conditions of the standard (i.e. ex situ/in situ, same sample position, similar sample 

thickness) whereby the integration compiles using the same parameters. Below are select image 

integration control parameters; the code for the image integration control used in GSAS-II (derived from 

the calibration of the ex situ LaB6 (December 2016) sample) is located in Appendix A. 

Table 3.2: Select MAR345 detector image integration parameters 

Wavelength 0.6889 Å 

Sample to detector distance 375 mm 

Beam center [172 mm, 159 mm] 

 

A good reference scan is important since these integration parameters can only be attained from 

calibration with a standard, and are used for all subsequent measurements which match the conditions of 
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the calibrant. The measurement must also be used to determine the line shape parameters characteristic of 

the instrument. 

3.2.3 Refinement Model: Crystallographic Information File (CIF) 

 Structural models used for Rietveld refinement come in the form of a crystallographic 

information file (CIF). These include the complete model for atomic structure of a molecule: the atomic 

types, positions, unit cell parameters, symmetric parameters, space group symbol, etc. CIFs can be created 

manually, using software, or sourced from a database. The LaB6 SRM 660c CIF, and corresponding 

atomic structure is shown in Fig. 3.4. The model is imperative to Rietveld refinement, and the 

approximation to the actual structure must be very close. In the case of a calibrant, the model and actual 

structure are equivalent. The CIF used for the LaB6 refinement can be found in Appendix A.  

 

 

Figure 3.4: LaB6 unit cell structure. Red: Lanthanum atoms. Blue: Boron atoms. 

 

3.2.4 Refinement Software, Briefly 

There are many available programs for use in XRD data analysis. For Rietveld refinement, other 

than reduction software which was outlined previously, profile matching software is also necessary. For 

this the most common free programs are FullProf30, GSAS31,32, and GSAS-II28. In this case, GSAS, and 

GSAS-II are recommended. Each was used in the research conducted in this thesis. GSAS is most highly 

recommended because it offers the most control over profile function choice, parametrization, constraints, 

and overall refinement procedure; however, this depth can make it rather difficult to work with for new 

users. 
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3.2.5 Line Shape Parameters and Sample Refinement 

 Having now both a model and experimental data, the two can be refined to determine the 

parameterization which results in their profiles matching. Recalling the preceding Rietveld theory section, 

the line shape depends on instrumental, geometric, and structural parameters. With the refinement of the 

standard, the aim is to determine the geometric and instrumental parameters, since there is no need to 

refine the known sample/structural parameters. The only sample parameters that can or should be refined 

are the scaling factor, and the isotropic atomic displacement parameter (sometimes called the temperature 

factor). This relates to the vibration of the atoms about their equilibrium positions. It is useful to note 

whether these parameters refine to reasonable values to verify the validity of the data reduction. If the 

atomic displacement parameters have unreasonable values, it is a sign that something is wrong.  

The profile function parameters are the most important to be refined using the standard, namely 

the Caglioti parameters. These describe the FWHM, essentially elucidating the peak shape and peak 

broadening inherent in the experimental setup. These should remain relatively unchanged throughout the 

refinement of other samples once determined using the LaB6 since any further peak broadening should be 

due to the sample.  

In this case, GSAS-II was used, and the refinement of the LaB6 sample is shown below. Also 

shown are the instrument line shape parameters obtained from the sample refinement. As seen from the 

line plotting the difference between the calculated and observed points, the fit is good. The compiled 

results of the fit are also shown below, this includes the complete details and results of the refinement. 

Table 3.3: Line shape parameters resulting from LaB6 refinement as they appear in GSAS/GSAS-II. 

λ (Å) Zero (μm) U V W Y X SH/L Polarization 

0.6889 0.0005 −506.1425 174.0831 -1.9965 −16.5219 1.6435 0.0005 0.99 
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Figure 3.5: LaB6 refinement using GSAS-II. Blue: Observed Data. Green: Fit. Red: Background. Cyan: Difference between observed and calculated data. The green and red 

dashed lines represent the integration limits. Angle in degrees.
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Chapter 4 Refinement Results and Discussion 
 

Here the results of the analysis will be discussed. The effects of using the collimator and the 

pinhole will be discussed as data from different experimental runs are presented and compared. The 

application and viability of the Rietveld method will be explored, as well as the results of some ex situ 

data refinements. In comparing some ex situ data of different experimental runs, some suggestions for 

optimizing the experimental set up will be made. One of the goals of this work were to improve the XRD 

data quality and to attain data that could reliably be refined to show that this novel experimental set up 

could acquire both XANES and XRD, thereby increasing efficiency without sacrificing data quality. 

There were some difficulties and issues with the data that will be outlined, which affected the 

ability to properly apply the Rietveld method, and limited its capabilities. However, it can be shown that 

data acquired using the experimental setup outlined in this work provides refinable data.  

4.1 Ex situ Refinement: Applicability of the Rietveld method 
Picking up from the last chapter, this section will to explore some LIB cathode sample 

refinements. Later, there will be a more thorough investigation of specific practical elements of the 

Rietveld method and how they affected the data collected in this work.  

Here, some of the samples that were most adequate for refinement will be outlined, along with the 

results of the refinement and the respective experimental conditions. It should be noted that there were 

many challenges facing the refinements. These will be outlined in following sections.  

4.1.1 Li2FeSiO4 Cathode Material synthesized using EDTA, December 2016 

Given that parameters are subject to change during and between experimental runs, this section 

will begin with data from the December 2016 run. The LaB6 refinement outlined in the previous chapter 

corresponds to the December 2016 data as well. In this experiment, the pinhole and collimator that were 

introduced in Chapter 2 were used. The 100 μm collimator was used and the clean-up pinhole was set to 

100 μm. The ex situ samples in this run were pellets pressed to ~200 μm in thickness and placed on 
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Teflon sample holders with a wide slit to allow transmission. The edges of the pellets were affixed to the 

Teflon holder using Kapton tape such that the tape did not cover the transmission opening to avoid a 

Kapton background in the XRD pattern. 

The pristine ex situ samples measured in this run are listed in Table 4.1, along with notes on their 

synthesis conditions. The samples were synthesized by collaborators at McGill University. The aim of 

this thesis is not an investigation of synthesis conditions, but an investigation into the feasibility of 

applying the Rietveld method to the data collected using the nearly concurrent XRD and XANES set up 

outlined in this work, and improving data quality. In this way, structural variations in synthesis are a by-

product to be explored. 

Table 4.1: Ex situ Samples measured during December 2016 experimental Run. LFS = Li2FeSiO4. All samples were synthesized 

at 200ºC unless otherwise stated. Expected phase is Pmn21. The highlighted samples will be investigated. 

No. Label Note No. Label Note 

1 LFSPRE Li2FeSiO4 phase evolution from 

poor-crystaline precusors during 

heating up from room 

temperature to 200oC 

19 LFSAA Organic 

additives 

EDTA Samples: 

Refer to section 

2.5.1. 

2 LFS100C 20 LFSCTAB 

3 LFS120C 21 LFSEDTA16 

4 LFS160C 22 LFSEDTA50 

5 LFS200C 23 LFS16MEDTA50 

6 LFS200C05H 24 LMSCTAB 

7 LFS200C1H Li2MnSiO4 phase evolution  25 LMSEDTA 

8 LMS100C 26 LFS0H Time effect 

9 LMS120C 27 LFS1H 

10 LMS160C 28 LFS2H 

11 LMS200C 29 LFS12H 

12 LMS200C05H 30 LFS150C Temperature 

effect 13 LFS04M Concentration effect 04M 

represents the [LiOH]=0.4 mol/L 

in the starting solution 

31 LFS250C 

14 LFS08M 32 LFSAA50   

15 LFS12M 33 LFS04MCL Concentration of 

ferrous chloride: 

LFS04MCL = 

0.4mol/L Cl 

precursor, etc. 

16 LFS16M 34 LFS08MCL 

17 LMS08M Mg-doped LMS 35 LFS12MCL 

18 LMSMG 36 LFS16MCL 

The samples that will be examined in this work are those highlighted in the table above: numbers 

21,22,23, and 33 to 36. These proved to have the best data quality based on the number of counts, and 

resolution of the peaks. They had the highest potential for a successful refinement. As it will be shown, 
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the samples were capable of refinement. However, the structural information is not completely 

comprehensive as there was the presence of other unexpected, and unknown phases.  

Sample 21: LFS with EDTA Precursor 

First, sample number 21 was the sample with the highest potential for refinement as it had the 

highest concentration of the expected phase, Pmn21.  

The model used in this case was based on papers by Sirisopanaporn, and Yabuuchi as it is a low 

temperature LFS model33,34. In this context high temperature synthesis is done at 700-1000º C, and low 

temperature at 100-300º C. Multiple Pmn21 models were available (corresponding to different synthesis 

temperatures and polymorphs), but since our sample was also synthesized at low temperature (200º C), 

the low temperature model was used. The refinement appears as follows: 

Table 4.2: Unit cell parameters and fit of sample 21 LFS refinement shown in Fig. 4.1 

Data a b c α, β, γ (º) Volume (Å) Phase Fraction wR 

Observed 6.339 5.408 5.021 90 172.14 96% 2.77% 

Model 6.2695 5.3454 4.9624 90 166.304827 - - 
  

 

 

Table 4.3: Atomic coordinates of sample 21. Li2FeSiO4 in Pmn21 phase (space group 31). 

Site Wyckoff x y z Uiso 

Li1 4b 0.76(2)  0. 28(2)    1.05(1)   0.04(4) 

Fe2 4b 1.07(3) 0.19(2) 1.12(1) 0.08(6) 

Fe1 2a 0 0.167(4) 0.440(5) 0.054(8) 

Li2 2a 0 -0.06(4) -1.25(4) 0.2(2) 

Si 2a 0 0.79(1) 0.939(8) 0.02(2) 

O1 2a 0 0.858(9) 0.329(9) 1.42(2) 

O2 2a 0 0.13(1) 0.85(2) 0.005(3) 

O3 4b 0.781(6) 0.656(5) 0.91(1) 0.018(5) 
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Figure 4.1: Rietveld Refinement of sample #21: LFS synthesized using 0.16:1 EDTA:Fe. Low temperature LFS model with Pmn21 phase is used. Blue: Observed data, Green: 

Model, Red: Background, Cyan: Difference. wR=2.77.
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The structure of the low temperature Pmn21 model is shown below. 

 

 

Figure 4.2: Structure of Pmn21 model used. Viewing along (from left to right) a, b, c axes. This is the expected phase for LFS 

samples synthesized at low temperatures (i.e. 200ºC) sourced from references 1 and 2. Space group 31. Red: Oxygen, Green: 

Lithium, Blue: Silicon, Brown: Iron. 

The structural model resulting from the previous refinement is shown below. 

 

    

Figure 4.3: The atomic structure acquired from the Rietveld refinement of sample 21 using the model shown in Fig. 4.2. Phase is 

Pmn21, unit cell, and atomic coordinate parameters appear in Table 4.2, and 4.3, respectively. Red: Oxygen, Green: Lithium, 

Blue: Silicon, Brown: Iron. 
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This fit, though not perfect, shows that it is possible to refine the data given this experimental set 

up. One of the issues with the refinement is that there is another phase present which is not being 

accounted for by the model. In most cases, this could easily be addressed by including the missing phase 

in the model, however the data could not be matched by any available model, as shown below. 

The phases included above comprise each available and known phase of Li2FeSiO4. None could 

account for the peaks at ~5º, ~13º or ~16º. The raw 2D Debye-Scherrer rings captured by the image plate 

are shown below. A portion of the peak at 5º is outlined, this is to show that the other phase exists in the 

raw data and that the peaks mentioned are not due to background or some artifact. It appears that 

synthesis using the EDTA organic additive introduces a new phase. It will be shown later that this phase 

is present in other samples which further confirms that the unrefined peaks are Bragg reflections from the 

sample and not from the instrumentation or background. This new phase deserves further investigation 

but will only be explored briefly here, in the context of this thesis. 

The additional phase in the LFS samples synthesized using EDTA was unexpected. Samples #21-

23 were synthesized using different concentrations of EDTA, as outlined previously in Table 4.1. The 

expected phase was Pmn21, which is an orthorhombic phase common to LFS synthesized at low 

temperature. However, it is apparent that the variations in EDTA concentration alter the structure of the 

material and the concentration of the Pmn21 phase. This can be seen in Fig. 4.6 by noticing the changes in 

peak intensity (which relate to atomic coordination) and peak positions (which depends on the unit cell). 

Thus, the reliability of the atomic coordinates in the above refinement is called into question, though the 

unit cell parameters are not jeopardized. 
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Figure 4.4: Refinement of LFS sample 21, synthesized using an organic EDTA precursor. All available phases were compared to the data with none being able to match the 

unrefined peaks. Phases included: Pmn21, P21, P21/n, Pmnb. 
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Figure 4.5: Raw 2D image of samples 21, LFS synthesized with 0.16:1 EDTA:Fe, captured with a MAR345 camera. 

The diffraction data of the samples synthesized with EDTA are shown in Fig. 4.6, as well as the 

expected Pmn21 model. Highlighted peaks are shown in Fig 4.7; some do not belong to the expected 

phase and are seen to have different intensities, and other peaks are shifted. This further confirms that the 

peaks that don’t belong in the model come from the sample and belong to some new phase which arises 

from the synthesis. It will be seen later that this phase also appears in other samples synthesized with a 

different precursor, but at the same temperature of 200C. 

Based on the data shown in Fig. 4.1 and 4.6, it can be assumed that sample #21 matches most 

closely to the model, and that samples 22, then 23, differ most greatly from the model. Thus, it should 

follow that the phase concentrations are smaller for those samples. Let us call the unknown phase, phase 

A. Unfortunately, the phase A is unknown and so the pattern can only be refined using the available 

Pmn21 model.  
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Figure 4.6: XRD patterns of LFS samples synthesized at 200C using different concentrations of an organic EDTA precursor.  The red line is the calculated pattern of the expected 

Pmn21 phase. 
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Figure 4.7: Zoomed in regions of the XRD pattern shown in Fig. 4.6. Top: ~16-23, Bottom: 12-17. Blue outlines show peaks 

which do not belong to the Pmn21 model. Red outlines some peak position and intensity variations. 
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Figure 4.8: Zoomed regions of the XRD patterns shown in Fig. 4.6. Blue outlines show peaks which do not belong to the expected 

phase. Red outlines show Pmn21 peaks outlining intensity and position variations. 

Samples 22, and 23 

Refinement can be used to determine the fraction of Pmn21 and the corresponding unit cell 

parameters. Since atomic parameters depend on peak intensities, they cannot be reliably determined as 

phase A could affect the peak intensities. The refinement of samples 22, and 23 appear below. As 

predicted, 23 has the lowest concentration of Pmn21 present, and 22 has a lower concentration than 

sample 21, above. The phase fractions, and unit cell parameters follow. 

 

Figure 4.9: Rietveld Refinement of sample 22: LFS synthesized with 0.5:1 EDTA:Fe precursor. Low temperature model of Pmn21 

phase is used for the refinement. 
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Figure 4.10: The observed Pmn21 structure given by the refinement in Fig. 4.9. Red: Oxygen, Green: Lithium, Blue: Silicon, 

Brown: Iron. 

Table 4.4: Unit cell parameters, phase fraction, and refinement figure of merit wR for the refinement shown above. 

Data a b c α, β, γ (º) Volume (Å) Phase Fraction wR 

Observed 6.27 5.36 4.97 90 166.78 91% 3.41 % 

Model 6.2695 5.3454 4.9624 90 166.304827 - - 

 

 The case is similar for sample 23, synthesized using 1.6mol/L of Li+, and 0.50 EDTA:Fe 

precursor. Here the phase fraction is 77%, lower than for samples 21, and 22. 

 

Figure 4.11: Refinement of sample 23, LFS synthesized with 1.6mol/L LFS and 0.50 EDTA:Fe precursor. 
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Figure 4.12: The resulting refined Pmn21 structure for sample 23 from the refinement in Fig. 4.11.  

 

Table 4.5: Unit cell parameters, phase fraction, and figure of merit from the refinement of sample 23 shown in Fig. 4.11. 

Data a b c α, β, γ (º) Volume (Å) Phase Fraction wR 

Observed 6.29 5.38 4.97 90 168.35 77% 5.68% 

Model 6.2695 5.3454 4.9624 90 166.304827 - - 

 

These data sets show that the Rietveld method is applicable to the data collected in this 

experiment and that it can help elucidate structural changes based on synthesis conditions. In this case, the 

refinements were limited by the availability of an adequate model, which reiterates the importance of 

having such a model when applying the Rietveld method.  

The case was similar for the LMS (here M=Mn) sample, which was also synthesized at 200C but 

in this case the material has Mn instead of Fe. Here the expected phase was also Pmn21 but the model 

differed slightly because of the different atomic contents (Mn instead of Fe). Here, the intensity was very 

low, but refinement could still be accomplished. Again, the presence of a few unaccounted peaks 

interfered with the refinement. The CIF for the LMS Pmn21 model, structural model, and complete 

refinement results and parameterization can be found in Appendix B. 
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Figure 4.13: Refined pattern (and zoomed in regions) of Li2MnSiO4 synthesized using EDTA. Refined using a LMS model with 

Pmn21 phase. Red highlights identify measured peaks that did not match the model. Bottom right: Refined LMS Structure. See 

Appendix B for full information. 
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Figure 4.14: Other zoomed in regions) of Li2MnSiO4 synthesized using EDTA. Refined using a LMS model with Pmn21 phase. 

Red highlights identify measured peaks that did not match the model. Bottom right: Refined LMS Structure. See Appendix B for 

full information. 
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Table 4.6: Unit cell parameters, phase fraction, and figure of merit for the refinement of LMS shown in Fig. 4.13, 4.14 

Data a b c α, β, γ (º) Volume (Å) Phase Fraction wR 

Observed 6.29 5.38 4.97 90 168.35 1.000 3.70 % 

Model 6.3109 5.38 4.9662 90 168.616 - - 

There are some improvements that could be made. The resolution and line shape of this data 

appear to be good, and can obviously be refined. The intensity on the other hand, is very low, as is the 

angular range. These two factors reduce the amount of information inherent in the measurement, and can 

limit the capabilities of Rietveld refinement. Low intensity is only a problem if it is concurrent with low 

resolution. In any case it is best to balance resolution and angular range. When dealing with orthosilicate 

cathode materials, refinement can be difficult as it is highly polymorphic. This exacerbates the 

requirement of good resolution to quell excessive peak overlap that could limit the capability to separate 

the Bragg peaks of different phases. It is also worth noting that limited angular range makes it unlikely to 

determine the phase from indexing the peaks and using a peak search program. This was attempted but no 

matching phases could be found. 

4.1.3 Unknown Phases December 2016 

This problem of modelling was prevalent in the data collected in December 2016. Either phases 

were not accounted for, or the model was not close enough to the observed data to be adequately refined. 

However, ab initio phase determination of the data collected in this work is very difficult or impossible 

given the small range of peaks measured. If phase identification is the goal, the angular range should be 

increased, or supplementary XRD using a lab source should be used to determine the phases in the 

material.  

The XRD patterns on the following pages are the measurements from December 2016 with the 

highest intensity and arguably best data quality of the run. Unfortunately, they too expressed unexpected 

phases, this time in greater quantity than the samples shown previously. The pattern of sample 23 has 

been scaled to match the other data below. Since it has the highest concentration of phase A out of 

samples 21, 22, and 23. It has been included here to aid in identifying the presence of phase A in the other 

samples. 
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Figure 4.15:Powder patterns of LFS samples overlaid with the expected low temperature Pmn21 phase calculated pattern. Red outlines show changing Pmn21 peak intensities, and 

blue outlines show some peaks which do not belong to the model.  
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Figure 4.16: Powder patterns of LFS samples, and the expected Pmn21 model. Blue outlines show what seems to belong to phase 

A present in sample 23. Red outlines indicate peaks which may belong to additional phases. 



 

 

69 

 

 

One of the phases seems to be the same as the one appearing in the EDTA samples, this is 

indicated largely by the peak near 5º, 13, and 15.8. However, in this case there seems to be more than one 

additional phase in addition to the Pmn21 phase, and the unknown phase A. For the samples shown above 

the synthesis changed the molar concentration of the ferrous chloride precursor used in the synthesis as 

shown in chapter 2, section 2.5.1. 

Refinements of samples 34 (LFS synthesized using 0.8mol/L Li+) and 35 (LFS synthesized using 

1.2 mol/L Li+) appear below, where each available phase was included to show that none of the models 

matched the data. As shown previously, refinement is possible but is in this case limited by the 

inadequacy of the model. 
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Figure 4.17: Refinement of sample 35. LFS synthesized using a 0.8 mol/L ferrous chloride precursor. Refined phases include the expected low temperature Pmn21, P21, three 

models of P21n, and pmnb. 
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Figure 4.18:Refinement of sample 35. LFS synthesized using a 1.2 mol/L ferrous chloride precursor. Refined phases include the expected low temperature Pmn21, P21, three 

models of P21n, and pmnb.  
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4.2 Comparing experimental runs 
In the interest of determining the optimal experimental setup, it makes sense to review some past 

experiments that were run. Three experiments will be outlined below. The first occurring in January 2015. 

In this run the XRD set up had a crude W collimator (2 mm diameter) located about 1 m upstream to the 

sample and did not make use of a clean-up pinhole. Additionally, a photodiode used to measure the 

transmitted intensity of the beam (for XANES) was used as a beamstop. The photodiode obscured a large 

area of the XRD image plate, and it was not used again. It was replaced by a removable ionization 

chamber to gather XANES; and the beamstop was replaced by a smaller tungsten rod with a lead-tape tip. 

The next examined run, occurred in January 2016, where the collimator and clean up pinhole were first 

used and tested. In the April 2016 and December 2016 run both the pinhole and the collimator were used. 

However, in the December 2016 run, the pinhole was set to a smaller size. The information pertaining to 

some of the experimental parameters is shown in table 4.7 below. 

Table 4.7: Ex situ experimental conditions respective to the data presented in this work. 

Run date Collimator 

(μm) 

Pinhole 

(μm) 

Wavelength 

(Å) 

Detector 

Distance (mm) 

White beam 

slits (mm2) 

Optical slits 

(mm2) 

December 

2016 

100 100 0.6889 375.24 1x5 1x1 

April 

2016 

200 200 0.6877 

 

300.76 

 

1x8 1x0.5 

January 

2016 

200 150 0.729 319.26 1x8 0.5x0.5 

January 

2015 

2000 None 0.7293 252.50 1x8 0.25x0.25 

 

 The detector to sample distances and wavelengths for each run were determined from LaB6 

calibrations. It may be worth mentioning that the parameters in table 4.7 are not constant throughout a 

whole experimental run. But for the data shown in this work, these are the parameters used for the 

respective ex situ measurements of the runs mentioned. Below are comparisons of LaB6 powder patterns 

used for ex situ calibration, followed by some orthosilicate samples taken from each experimental run. It 

will be seen that using the collimator and pinhole improve data quality. 
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4.2.1 NIST LaB6 Standard comparisons 
Five LaB6 measurements are shown. The January 2015 run used SRM 660a, a different version of 

the NIST standard used in the other measurements which was SRM 660c. Exposure times also differ. 

Other variations in measurement conditions are shown in table 4.7. Unlisted conditions which may have 

varied are collimator to pinhole distance, and pinhole to sample distance, though this should have a 

negligible effect. The angular range of these measurements has been converted to reciprocal space using:  

𝑞 =
4𝜋

𝜆
sin (𝜃). 

The first thing to notice is the angular range, which is influenced by the detector to sample 

distance. Following from basic geometry, a closer sample will result in a larger angular range. Similarly, a 

shorter wavelength (higher energy) will lead to more closely packed reflections, in turn increasing the 

range of reflections. Following from table 4.7, it is obvious that the experimental runs with a smaller 

detector to sample distance measured samples over the widest angular range. In the context of Rietveld 

refinement, the angular range of the December run is very small. The disadvantage to having a too large 

angular range is peak overlap leading to difficulty in resolving individual peaks, but too small an angular 

range and captured data becomes limited, leaving fewer peaks for refinement. 

 Taking a closer look at the data in Fig. 4.19, some interesting effects of changing the 

experimental parameters can be seen more clearly. Most clearly is the change in the peak broadening 

which was quite drastic in January 2015. The use of the collimator and pinhole greatly increases the 

resolution of the masurements. The April data has slightly sharper resolution than the December data. 

This can be an indication that the collimator is not in fact collimating but rather acting as an aperture, 

reducing the size of the beam, and accordingly increasing resolution. This can be seen in Fig. 4.22. 
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Figure 4.19: LaB6 powder patterns. One SRM 600a sample measured January 2015, and four measurements of SRM 660c, two from April 2016, and two from December 2016. 

The measurements from the same runs differ in their exposure times as listed in the legend. Scales were normalized to fit the January 2015 run; scaling: Blue:x1, Green:x12, 

Cyan:x3, Red:x198, Purple:x53. 
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Figure 4.20: Zoomed in regions of LaB6 powder patterns shown in Fig 4.19. Peaks normalized to (100) January 2015 peak. 

Left:(100) peak, April data (green, cyan) have some asymmetry due to background (See Appendix Fig. B4). Right: (110) peak. 
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Figure 4.21: Zoomed in regions of above data. Left: (111), (200), (210) peaks. Right: (210) peaks. 
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Figure 4.22: FWHM in degrees of the experimental runs investigated in this section. April and December 2016 data have FWHM 

that are ~3 times smaller than those of January 2015 where no collimator or pinhole were used. 

4.2.2 Line Shape, Integration range, and axial divergence 
Upon closer inspection, effects of axial divergence were noticed, leading to a justification of full 

azimuthal integration for data reduction. Axial divergence from focusing optics affects the beam on the 

horizontal most greatly. Examining the behavior of a toroidal focusing mirror (Fig. 4.23), it is apparent 

that the beam is not converged until it reaches the focus. Upon interacting with a sample this can have the 

effect of creating asymmetry within the Debye-Scherrer ring most heavily on the horizontal plane. 

 

Figure 4.23: Diagram displaying the behaviour of a toroidal mirror. Note the scale and angle of incidence are exaggerated and 

that divergence is much greater in the horizontal. 
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Since the beam is not focused on the sample, the beam is not completely converged when it 

interacts with the sample. The beam can have a small effect on the Debye-Scherrer rings diffracted from 

the sample as is shown in Fig. 4.23. The origin of the diffraction is slightly different in the horizontal 

plane; thus, the effect can be visualized by two rings with slightly different origins. This calls into 

question the integration limits of the images of diffraction rings captured by the MAR345 image plate.  

As will be shown, the December 2016 data had noticeable axial divergence on the horizontal, but 

in the end by integrating over the whole azimuthal range the contributions did not result in any 

asymmetry. 

 

Figure 4.24: Effect of axial divergence on Debye-Scherrer ring and the resulting integration on each side. 

Considering the April 2016 and December2016 data, determining the line shape through the 

refinement of the LaB6 standard proved to be rather troublesome. The values of the FWHM parameters 

did not appear typical35 for a synchrotron source in either case. This can make the refinement more 

difficult, and less reliable. While investigating this it was found that axial divergence was apparent in the 

December 2016 data. The patterns appearing in Fig. 4.26 and 4.27 are of LaB6 from the December 2016 

and April 2016 runs. The integrations were done over 4 azimuthal ranges as in the Fig. 4.25. This was 

done to investigate the contributions to the line shape from different azimuthal regions. 
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Figure 4.25: Representation of how the integration azimuthal limits were set to investigate the effect of axial divergence. 

In other words, the top, bottom, left, and right, regions of the MAR345 image plate were 

integrated. Ideally, integrating over any two lines or regions should yield the same diffraction pattern, 

however this is not the case. As expected, the axial divergence is more noticeable on the left and right 

integrations. The difference is much more noticeable in December, but this may be due to increased 

resolution from the smaller pinhole. Another factor could be the distance of the sample from the focal 

point. The December 2016 samples were much further away from the camera. Nonetheless, very little 

asymmetry arises when integrating over the whole image since the sum of integrations of the left and 

right side is a mostly symmetrical peak. Therefore, images were generally integrated over the whole 

azimuthal range when performing data reduction. 
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Figure 4.26: December 2016 diffraction patterns of LaB6 integrated over 4 azimuthal ranges as in Fig. 4.25. The numbers in the legend indicate the azimuthal angle integration 

limits. 
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Figure 4.27: Zoomed in portions of Fig. 4.26 displaying the effects of axial divergence. Top: (100) peak. Botom: (210) peak. 

Angle in degrees. 
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The effects of the collimator have been seen, but also worth noting, is the effect of the clean up pinhole. It 

acts to block and absorb the photons diffracting from the collimator, as was shown in Chapter 2. Below, 

Fig. 4.28 shows the differences between samples measured with and without the clean up pinhole. 

 

Figure 4.28: LFS measured in January 2016 using a 100 μm collimator. Red is measured with a 200 μm clean-up pinhole 

between the collimator and sample, blue does not use the pinhole. The peak at ~24º is a tungsten peak from the tungsten 

collimator. 

 Clearly, the pinhole serves its purpose of blocking the diffraction from the collimator, noted by 

the lack of a large tungsten peak visible at ~24º in Fig 4.28. 

4.2.3 LFS Sample comparison 
After observing the LaB6 standard material data, some selected measurements of LFS samples 

from each run are shown below. The samples from January 2016, and January 2015 were synthesized in 

the same way and should be the structurally the same. The sample from December 2016 (#21), is similar, 

but again possesses some concentration of the unknown phase A. The LFMS sample from April 2016 

does not have the same structure as the others but is nonetheless useful in comparing ex situ data.   
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Figure 4.29: Background removed powder patterns of LFS samples captured during three different experimental runs. January 2015 did not make use of a collimator or pinhole, 

January 2016 used only a 150 μm pinhole, and December 2016 used a 100 μm collimator and 100 μm pinhole. Also shown is an LFMS sample from April 2016 where 100 μm 

collimator and 200 μm pinhole were used. Note that this structure is not the same as the LFS samples. Scaling is as follows: Green:x1, Red: x200. Blue:x400, Cyan:x1.1. 
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Figure 4.30: Zoomed in portions of the diffractogram in Fig. 4.28. Legend: Green: January 2015; Red: December 2016; Blue: 

January 2016; Cyan: April 2016 (LFMS).  
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There is a massive improvement in data quality relative to January 2015, which correlates to the 

use of a collimator and pinhole. The background is much worse in January 2015, and January 2016. 

December 2016 and April 2016 runs are comparable in terms of resolution, but the intensity and angular 

range acquired in April 2016 is much larger. It is easy to conclude that the collimator and pinhole increase 

the resolution and decrease the background of the data. 

From this it is recommended that a larger collimator be used in conjunction with a pinhole of 

slightly larger or equal radius relative to the collimator. This should aid to reduce background, while also 

allowing for high enough intensity. 

4.3 In situ samples 
The capabilities and advantages of the experiment are heavily geared towards the potential for in 

situ study. It would be remiss to neglect the inclusion of any in situ data, despite in situ study not being 

the main goal of this work. Here some results of an in situ study which were published will be mentioned, 

but further inquiry into these results should be directed to those works23,36. A short comparison of data 

quality will also be shown. 

4.3.1 XRD/XANES observance of spontaneous reaction between LFS and LiPF6 electrode 

 In situ XANES and XRD measurements of an LIB containing LFS in a ratio of 60% monoclinic 

P21/n and 40% orthorhombic Pmn21 as determined via Rietveld refinement of pristine material, as shown 

in Fig. 4.31. 

The samples were measured 96 hours after being assembled. During this time, whereby the 

cathode and LiPF6 electrode materials are in contact, there is a spontaneous reaction between the two. 

This is evidenced by a phase change in the cathode material noted by XRD and XANES analysis, shown 

in Fig. 4.32.  
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Figure 4.31: Rietveld refinement of LFS. Monoclinic phase: P21/n; Orthorhombic phase: Pmn21
36

. 

 

Figure 4.32: (a) Normalized in situ Fe K-edge XANES of pristine (black); uncharged (red); and cycled (blue) LFS, and 

background removed pre-edge region (inset). (b) in situ XRD patterns with indicated aluminum peaks36. 

In Fig. 32 (a), the LFS XANES is shown. Comparing the uncharged material to the pristine (which would 

be expected to be the same) it is evident that some structural changes have occurred during the 96 hours 

after assembly, prior to cycling. This is noted by the change in intensity, and peak broadening near 

7140eV in the XANES, comparing the pristine to the uncharged cell. This is indicative of increased short-
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range disorder. This is further indicated by the differences in the pre-edge region; the larger intensity of 

the uncharged spectrum indicates larger Jahn-Teller distortions of the Fe tetrahedra in the uncharged case. 

In the end, the difference in intensity is indicative of a difference in the ratio of the ferrous and ferric 

content of the sample. This can be further illustrated below by comparing to the pre-edge of ferrous and 

ferric reference compounds. It can be inferred that in the uncharged (red) material undergoes some 

oxidization during the interaction with the electrolyte. Furthermore, after the formation cycle, the ferric to 

ferrous ratio is mostly restored to a level like the pristine material. 

 

Figure 4.33: zoomed in background subtracted pre-edge with reference spectra pre-edges of FeS4 in rubredoxin in reduced and 

oxidized states36. 

 The in situ XRD in Fig 4.32 (b) also reveals the long range structural differences among the 

pristine, uncharged, and cycled materials. It is evident that there is a structural change that occurs during 

the reaction between the cathode and electrolyte. The new phase is evidenced by the birth of a new peak 

around 10º, and the increase in peak intensity around 22º. The cycled state seems to partially restore to the 

pristine state, though the new phase remains present. In this case the multi phase ratio may not be 

presumed constant between pristine and in situ samples.  
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Chapter 5 Conclusion 
 

The goals of this work were to first, improve the X-ray diffraction capabilities of the combined 

XANES and XRD experimental setup at the CLS’s HXMA beamline. The benchmark for data quality 

was essentially the applicability of the Rietveld method. Additionally, performing Rietveld refinement on 

ex situ PXRD measurements of LMS samples in order determine their structure was a goal. Important 

insights into the structures of these cathode materials can lead to further understanding of their 

electrochemistry, structural stability, capacity retention, and phase evolution leading researchers and 

engineers closer to building better batteries.  

The ability to capture both XRD and XANES was advantageous since two experiments could be 

performed at the same beamline during the same time. This is very useful for in situ studies where the 

efficiency and measurement capabilities of the experiment are more important. Furthermore, there is an 

assurance that the same sample environment is being measured by both the XANES and PXRD 

measurements. This is very useful for in situ studies to ensure the correlation of the XANES and XRD 

data is real and reliable.  

Furthermore, by having refined ex situ data of these cathode materials, the phase and structural 

information can be determined for pristine material, and then used as a model for the in situ 

measurements. In this way, more significant information relating the phase and in situ structural 

behaviour can be acquired.  

5.1 Rietveld Refinement of orthosilicate cathode materials 
Rietveld refinement is the technique used to determine the structure of the cathode materials 

investigated in this work. Lithium metal orthosilicates are promising materials, boasting a theoretical 

capacity that is twice that of other cathode materials used today. They are however highly polymorphic, 

and understanding their structure is important in advancing their potential as cathode materials. The 

usefulness and scientific power of PXRD data is maximized when the Rietveld method can be applied to 
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determine structure. By altering the experimental conditions of the experiment to increase the resolution, 

it was possible to attain refinable high-resolution data. Unfortunately, in the data series exploring the 

effects of using an EDTA precursor in synthesis, a new phase appeared which could not be adequately 

modeled. This opens a new avenue for research. Structural determination of EDTA synthesized cathode 

materials in conjunction with studying the electrochemical behaviour of these cathodes.  

5.2 Experimental setup 
With HXMA’s capabilities and energy range, the ability to measure both XANES and XRD in 

quick succession was realized. Furthermore, the experimental setup designed for combined XANES and 

XRD study was altered to improve the XRD data quality. Because of the constraints and time sensitive 

nature of beamtime at a synchrotron laboratory, it was important to maximize the amount of quality data 

that could be obtained. The December 2016 run had refinable data but the intensity, and angular range 

was very low. Peaks were also quite jagged and not smooth likely due to the low intensity, and high 

resolution. Thus, the refinements and data acquired in general, could benefit from increased intensity. 

This can be accomplished by increasing the size of the collimator and pinhole, or increasing sample 

exposure time. Given what was seen from the previous runs, the elements to maximize the data quality 

should employ the following: 

- Increase the size of the W collimator and use in conjunction with the Rh pinhole apparatus set 

to one of the larger holes. This will aid to reduce background and beam divergence. Too 

small a collimator risks greatly reducing the intensity of the beam, and increases the required 

beam exposure time to acquire data. 

- Balance between angular range and resolution by controlling sample to detector distance and 

energy. Distance of 250-300mm for ~18keV X-ray should prove to provide a good angular 

range and limit peak overlap.  

- Excellent, and multiple LaB6 measurements. 
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- Minimally sized beam stop, with lead at the tip to maximize the absorbance of the incident 

beam. 

- Limit the exposure of Kapton tape by the incident beam. 

- Optical hutch mirror alignment that produces a beam focus near the detector to further 

increase resolution. 

- Minimization of background for in situ samples. This was done by replacing the aluminum 

foil current carrier with an aluminum mesh. This proved effective, however the other 

components of the battery contribute a large amount of background, creating a large 

signal/noise ratio. 

5.3 In situ study 
In situ XRD analysis was possible and benefits from XANES supplementation. In this way both 

short -range and long-range order can be investigated. In this case, the analysis revealed the occurrence of 

an electrochemical reaction between the cathode and electrolyte upon their interaction leading to 

structural changes of the cathode. There is a large amount of in situ data collected leaving an opening for 

further XANES and XRD analysis and study of these systems.  

5.4 Future work 
 There is no shortage of further research to be done on LIB cathode materials using this 

experimental setup. Avenues of research include: 

-  Investigations of structural dependence on synthesis conditions.  

- The relationships between structure and cyclability, capacity retention, and stability through 

delithiation and reinsertion. 

- Elevated temperature in situ studies and investigating temperature effects on battery 

performance and phase evolution through cycling. 

- Other in situ investigations controlling for charging rate, initial cathode structure, 

performance and reaction with different electrolytes. 
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- Experimentation and testing on developing consistent controls and arrangements for 

experimental procedure by explicitly investigating XRD quality by testing various settings 

against measurements of LaB6. In other words, specific testing of different experimental 

parameters to determine their effects on the XRD quality and line shape. For example, 

adjusting the: white beam slit opening; initial mirror configurations and beam focus point; 

optica slit opening; collimator and pinhole sizes; sample to detector distance; and wavelength, 

in order to maximize data quality. Basing from the data collected in this work, ideal 

conditions should be determined and tested for within the following limits: White Beam slits 

1x5mm2 to 1x8mm2. optical slits (downstream) 0.2x0.2 to 1x1mm2, Collimator, 500-100 μm, 

pinhole: equal or larger than collimator, photon energy: 17-18keV, and sample-image plate 

distance: 200-300mm.  

The lithium ion battery research field is rich and teeming with questions to be answered, and 

synchrotron XANES and PXRD offer abundant and useful insights to further the body of 

knowledge in the community.  

Thanks for reading. 
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Appendix A 

Code and files required for LaB6 refinement shown in Chapter 3 
Code (.imctrl file) for image integration parameters: 

type:PWDR  #Integration Controls: LaB6_054.imctrl Dec16 Exsitu 

wavelength:0.6889 

calibrant:LaB6  SRM660c 

distance:375.278 #sample to detector distance 

center:[172.379, 159.974]  #(x,y) coordinates of the beam center 

Oblique:[0.5, False] 

tilt:0.042 #tilt and rotation angles of the MAR345 camera 

rotation:15.14 

azmthOff:0.0 # number of azimuth bins if being used, (usually not) 

fullIntegrate:True #integration region. Full = 360 

LRazimuth:[0.0, 360.0] #integration region 

setdist:375.15 

IOtth:[5.378097785389677, 23.059545055575576] 

outChannels:1725  # number of bins 

outAzimuths:1 

calibskip:0 

pixLimit:10 

cutoff:10.0 

calibdmin:1.0 

Flat Bkg:0.0 

varyList:{'phi': True, 'dist': True, 'dep': False, 'tilt': True, 'wave': False, 'det-Y': True, 'det-X': True} 

binType:2-theta 

dark image:['', -1.0]  #no dark or bkg images used 

background image:['', -1.0]+ 
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LaB6 CIF used for modelling NIST SRM 660c sample used in December 2016 calibrations 

_chemical_name_systematic          'Lanthanum boride (1/6)' 

_chemical_formula_structural       'La B6' 

_chemical_formula_sum              'B6 La' 

_cell_length_a                     4.15704(4) 

_cell_length_b                     4.15704(4) 

_cell_length_c                     4.15704(4) 

_cell_angle_alpha                  90 

_cell_angle_beta                   90 

_cell_angle_gamma                  90 

_cell_volume                       71.8267 

_cell_formula_units_Z              1 

_exptl_crystal_density_meas        4.71(0) 

_symmetry_space_group_name_H-M     'P m 3 m' 

_symmetry_Int_Tables_number        221 

_symmetry_cell_setting             cubic 

loop_ 

_symmetry_equiv_pos_as_xyz          

  'x,y,z'  'y,z,x'  'z,x,y'  'x,z,y'  'y,x,z'  'z,y,x'  'x,-y,-z'  'y,-z,-x'  'z,-x,-y'  'x,-z,-y'  'y,-x,-z'  'z,-y,-x'  '-x,y,-z'  '-

y,z,-x'  '-z,x,-y'  '-x,z,-y'  '-y,x,-z'  '-z,y,-x'  '-x,-y,z'  '-y,-z,x'  '-z,-x,y'  '-x,-z,y'  '-y,-x,z'  '-z,-y,x'  '-x,-y,-z’  '-

y,-z,-x ‘ '-z,-x,-y’  '-x,-z,-y  '-y,-x,-z'  '-z,-y,-x  '-x,y,z'  '-y,z,x'  '-z,x,y'  '-x,z,y'  '-y,x,z'  '-z,y,x'  'x,-y,z'  'y,-

z,x'  'z,-x,y'  'x,-z,y'  'y,-x,z'  'z,-y,x'  'x,y,-z'  'y,z,-x'  'z,x,-y'  'x,z,-y'  'y,x,-z'  'z,y,-x' 

loop_  #These are the columns appearing for the entries below 

_atom_type_symbol 

_atom_type_oxidation_number 

  La    0.000 

  B     0.000 

loop_  #These are the columns appearing for the entries below 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_symmetry_multiplicity 

_atom_site_Wyckoff_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

_atom_site_attached_hydrogens 

_atom_site_calc_flag 

  La1   La    1 a 0. 0. 0. 1.  0 d 

  B1    B     6 f 0.1975(1) 0.5 0.5 1.  0 d 
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LaB6 Refinement controls for GSAS-II (Chapter 3.2.5): 

Least squares controls: 

 Refinement type:  analytic Hessian 

 Maximum number of cycles: 10 

 Regularize hydrogens (if any): False 

 Initial shift factor:  1.000 

 Phases: 

 Phase name:  B6 La 

============================================================================================

=========================================== 

 X-ray scattering factors: 

   Symbol     fa                                      fb                                      fc 

--------------------------------------------------------------------------------------------------- 

 B          2.05450   1.33260   1.09790   0.70680  23.21850   1.02100  60.34980   0.14030   0.19320 

 La        20.57800  19.59900  11.37270   3.28719   2.94817   0.24447  18.77260 133.12400   2.14678 

 Neutron scattering factors: 

   Symbol   isotope       mass       b       resonant terms 

--------------------------------------------------------------------------------------------------- 

 B       Nat. Abund.     10.810    0.530 

 La      Nat. Abund.    138.906    0.824 

 Space Group: P m 3 m 

 The lattice is centrosymmetric primitive cubic 

 The Laue symmetry is m3m 

 The lattice point group is m-3m 

 Multiplicity of a general site is 48 

 The inversion center is located at 0,0,0  

 The equivalent positions are: 

 ( 1)     X,     Y,     Z  

 ( 2)     Z,     X,     Y  

 ( 3)     Y,     Z,     X  

 ( 4)     X,     Y,    -Z  

 ( 5)    -Z,     X,     Y  

 ( 6)     Y,    -Z,     X  

 ( 7)    -Z,     X,    -Y  

 ( 8)    -Y,    -Z,     X  

 ( 9)     Y,    -Z,    -X  

 (10)    -X,     Y,    -Z  

 (11)    -Z,    -X,     Y  

 (12)     X,    -Y,    -Z  

 (13)     Y,     X,     Z  

 (14)     Z,     Y,     X  

 (15)     X,     Z,     Y  

 (16)     Y,     X,    -Z  

 (17)    -Z,     Y,     X  

 (18)     X,    -Z,     Y  

 (19)    -Z,     Y,    -X  

 (20)    -X,    -Z,     Y  

 (21)     X,    -Z,    -Y  

 (22)    -Y,     X,    -Z  

 (23)    -Z,    -Y,     X  

 (24)     Y,    -X,    -Z  

 Atoms: 

   name    type  refine?   x         y         z      frac site sym  mult I/A   Uiso     U11     U22     U33     U12     U13     U23 

--------------------------------------------------------------------------------------------------------------------------------------- 

    La1     La      U   0.00000   0.00000   0.00000   1.000   m3m      1    I 0.01288                                                 

     B1      B      U   0.19750   0.50000   0.50000   1.0004mm(100)    6    I 0.01626                                                 

 Unit cell: a = 4.15704  b = 4.15704  c = 4.15704  alpha = 90.000  beta = 90.000  gamma = 90.000  volume = 71.827  Refine? 

False 
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 Spherical harmonics texture: Order:0 

 Phase:  B6 La  in histogram:  PWDR LaB6_Pellet_120_054.mar3450 Azm= 0.00(1) 

============================================================================================

=========================================== 

 Phase fraction  :     1.0000  Refine? False 

 Extinction coeff:     0.0000  Refine? False 

 March-Dollase PO:     1.0000  Refine? False  Axis: 0 0 1 

 Size model    : isotropic equatorial:       1.000 Refine? False 

  LG mixing coeff.:       1.0000 Refine? False 

 Mustrain model: isotropic equatorial:      1000.0 Refine? False 

  LG mixing coeff.:      1.0000 Refine? False 

 Hydrostatic/elastic strain:  

 names :         D11          eA 

 values:           0           0 

 refine:       False       False 

 Histogram:  PWDR LaB6_Pellet_120_054.mar3450 Azm= 0.00(1)  histogram Id:  0 

============================================================================================

=========================================== 

 Instrument type:  Debye-Scherrer 

 Histogram limits:     5.38 deg to    23.05 deg 

 Sample Parameters: 

 Goniometer omega = 0.00, chi = 0.00, phi = 0.00 

 

 name  :         Scale    Absorption     DisplaceX     DisplaceY 

 value :        0.1806        0.0000        0.0000        0.0000 

 refine:          True          True         False         False 

 Instrument Parameters: 

 name  :     Azimuth        Bank         Lam    Polariz.        SH/L           U           V           W 

 value :   45.000000    1.000000    0.688900    0.990000    0.000500 -506.208522  174.083126   -1.994284 

 refine:                   False       False       False       False        True       False        True 

 name  :           X           Y        Zero 

 value :    1.642673  -16.517876    0.000545 

 refine:        True        True        True 

 Background function:  chebyschev  Refine? False 

 Coefficients:     10.347     0.024     1.044    -0.364    -0.457    -0.014     0.303     0.109 

 Refinement results: 

--------------------------------------------------------------------------------------------------------------------------------------- 

 Number of function calls: 3  No. of observations:  1725  No. of parameters:  9  User rejected:  0  Sp. gp. extinct:  0 

 Refinement time =    0.121s,    0.121s/cycle, for 1 cycles 

 wR =    4.45%, chi**2 =      49.7292, GOF =   0.17 

 

 Phases: 

 Result for phase:  B6 La 

============================================================================================

=========================================== 

 Atoms: 

   name      x         y         z      frac   Uiso     U11     U22     U33     U12     U13     U23 

--------------------------------------------------------------------------------------------------------------------------------------- 

    La1     La: 

 values:   0.00000   0.00000   0.00000   1.000 0.01288 

 sig   :                                       0.00098 

     B1      B: 

 values:   0.19750   0.50000   0.50000   1.000 0.01629 

 sig   :                                       0.00414 
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 Phase:  B6 La  in histogram:  PWDR LaB6_Pellet_120_054.mar3450 Azm= 0.00(1) 

============================================================================================

=========================================== 

 Final refinement RF, RF^2 = 1.86%, 4.02% on 5 reflections 

 Durbin-Watson statistic = 0.408 

 Bragg intensity sum = 6.75e+03 

 Histogram:  PWDR LaB6_Pellet_120_054.mar3450 Azm= 0.00(1)  histogram Id:  0 

============================================================================================

=========================================== 

 PWDR histogram weight factor = 1.000 

 Final refinement wR = 4.45% on 1725 observations in this histogram 

 Other residuals: R = 2.52%, R-bkg = 5.93%, wR-bkg = 4.45% wRmin = 26.21% 

 Instrument type:  Debye-Scherrer 

 Resonant form factors: 

 Element:        B       La 

 f'     :    0.001   -0.332 

 f"     :    0.001    2.327 

 Sample Parameters: 

 names :         Scale    Absorption     DisplaceX     DisplaceY 

 values:        0.1806        0.0000        0.0000        0.0000 

 sig   :        0.0005        0.0026                             

 Instrument Parameters: 

 names :        Bank         Lam    Polariz.        SH/L           U           V           W 

 value :    1.000000    0.688900    0.990000    0.000500 -506.142504  174.083126   -1.996522 

 sig   :                                                   10.591403                0.202824 

 Instrument Parameters: 

 names :           X           Y        Zero 

 value :    1.643509  -16.521923    0.000545 

 sig   :    0.142105    1.102144    0.000089 

 Background sums: empirical 1.84e+04, Debye 0, peaks 0, Total 1.84e+04 
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Appendix B 

Li2MnSiO4 Refinement Details 
Pmn21 structure model and CIF: 

 

 

Figure B.1: Model derived from the CIF used for Pmn21 structure refinement of LMS sample in section 4. Red: Oxygen; Green: 

Lithium; Purple: Manganese; Blue: Silicon. 
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LMS CIF used for refinement. 

data_Li2_Mn_Si_O4 

#Structure and electrochemical performance of Li2 Mn Si O4 and Li2 Fe Si O4 as potential Li-battery cathode materials 

_chemical_name_systematic             'Lithium Mn Silicate' 

_chemical_name_common                 'dilithium Manganese orthosilicate' 

_chemical_formula_moiety              'Li2 Mn Si O4' 

_chemical_formula_sum                 'Mn Li2 O4 Si' 

_symmetry_cell_setting                orthorhombic 

_symmetry_space_group_name_H-M        Pmn21 

_symmetry_Int_Tables_number           31 

loop_ 

_symmetry_equiv_pos_site_id 

_symmetry_equiv_pos_as_xyz 

1 x,y,z 

2 -x,y,z 

3 -x+1/2,-y,z+1/2 

4 x+1/2,-y,z+1/2 

_cell_length_a                        6.3109 

_cell_length_b                        5.38 

_cell_length_c                        4.9662 

_cell_angle_alpha                     90 

_cell_angle_beta                      90 

_cell_angle_gamma                     90 

_cell_volume                          168.616 

_cell_formula_units_Z                 2 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_U_iso_or_equiv 

_atom_site_occupancy 

Li1 Li 0.759 0.334 0.96 0.0139317 0.6 

Mn1 Mn 0.759 0.334 0.96 0.0139317 0.05 

Li2 Li 0.759 0.334 0.76 0.0139317 0.35 

Mn2 Mn 0 0.168 0.505 0.0139317 0.68 

Li3 Li 0 0.168 0.505 0.0139317 0.1 

Mn3 Mn 0 0.168 0.4 0.0139317 0.22 

Si1 Si 0 0.822 0 0.0139317 0.92 

Si2 Si 0 0.822 0.78 0.0139317 0.08 

O1 O 0 0.821 0.345 0.0189977 1 

O2 O 0 0.119 0.918 0.0189977 1 

O3 O 0.781 0.679 0.902 0.0189977 1 

LMS, Pmn21, GSAS-II Refinement results and parameters: 

******************************************************************************** 

  General Structure Analysis System-II Crystal Structure Refinement 

              by Robert B. Von Dreele & Brian H. Toby 

                Argonne National Laboratory(C), 2010 

 This product includes software developed by the UChicago Argonne, LLC, 

            as Operator of Argonne National Laboratory. 

                          Please cite: 

   B.H. Toby & R.B. Von Dreele, J. Appl. Cryst. 46, 544-549 (2013) 

********************************************************************************  
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 Least squares controls: 

 Refinement type:  analytic Hessian 

 Maximum number of cycles: 5 

 Regularize hydrogens (if any): False 

 Initial shift factor:  1.000 

 

 Phases: 

 

 Phase name:  LMS 

============================================================================================

=========================================== 

 

 X-ray scattering factors: 

   Symbol     fa                                      fb                                      fc  

--------------------------------------------------------------------------------------------------- 

 Si         6.29150   3.03530   1.98910   1.54100   2.43860  32.33370   0.67850  81.69370   1.14070 

 Mn        11.28190   7.35730   3.01930   2.24410   5.34090   0.34320  17.86740  83.75430   1.08960 

 O          3.04850   2.28680   1.54630   0.86700  13.27710   5.70110   0.32390  32.90890   0.25080 

 Li         1.12820   0.75080   0.61750   0.46530   3.95460   1.05240  85.39050 168.26100   0.03770 

 

 Neutron scattering factors: 

   Symbol   isotope       mass       b       resonant terms 

--------------------------------------------------------------------------------------------------- 

 Si      Nat. Abund.     28.086    0.415 

 Mn      Nat. Abund.     54.938   -0.375 

 O       Nat. Abund.     15.999    0.581 

 Li      Nat. Abund.      6.941   -0.190 

 

 Space Group: P m n 21 

 The lattice is noncentrosymmetric primitive orthorhombic 

 The Laue symmetry is mmm 

 The lattice point group is mm2 

 Multiplicity of a general site is 4 

 The location of the origin is arbitrary in z 

  

 The equivalent positions are: 

 

 ( 1)     X,     Y,     Z  

 ( 2)    -X,     Y,     Z  

 ( 3) 1/2+X,    -Y, 1/2+Z  

 ( 4) 1/2-X,    -Y, 1/2+Z  

 

 Atoms: 

   name    type  refine?   x         y         z      frac site sym  mult I/A   Uiso     U11     U22     U33     U12     U13     U23 

--------------------------------------------------------------------------------------------------------------------------------------- 

    Li1     Li          0.75704   0.35099   0.98035   0.606    1       4    I-0.09048                                                 

    Mn1     Mn          0.73584   0.32448   0.93105   0.052    1       4    I-0.24307                                                 

    Li2     Li          0.73409   0.29241   0.70646   0.428    1       4    I 0.12184                                                 

    Mn2     Mn          0.00000   0.16803   0.47973   0.684    m(x)    2    I 0.02713                                                 

    Li3     Li          0.00000   0.46844  -0.31219  -0.087    m(x)    2    I-3.12469                                                 

    Mn3     Mn          0.00000   0.15975   0.40656   0.199    m(x)    2    I 0.12995                                                 

    Si1     Si          0.00000   0.82807  -0.00193   0.874    m(x)    2    I 0.01340                                                 

    Si2     Si          0.00000   0.86371   0.91148   0.176    m(x)    2    I 0.28340                                                 

     O1      O          0.00000   0.80949   0.34985   0.993    m(x)    2    I 0.04526                                                 

     O2      O          0.00000   0.13372   0.92632   0.947    m(x)    2    I-0.03992                                                 

     O3      O          0.77967   0.66169   0.88977   1.003    1       4    I-0.03346                                                 
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 Unit cell: a = 6.30561  b = 5.39659  c = 4.95441  alpha = 90.000  beta = 90.000  gamma = 90.000  volume = 168.593  Refine? 

False 

 

 Spherical harmonics texture: Order:0 

 

 Phase:  LMS  in histogram:  PWDR 25_LMSEDTA_120_108.mar3450 Azm= 0.00 

============================================================================================

=========================================== 

 Phase fraction  :     1.0002  Refine? False 

 Extinction coeff:     0.0000  Refine? False 

 March-Dollase PO:     0.9913  Refine? False  Axis: 0 0 1 

 

 Size model    : isotropic equatorial:      10.000 Refine? False 

  LG mixing coeff.:       1.0000 Refine? False 

 

 Mustrain model: isotropic equatorial:     21532.9 Refine? False 

  LG mixing coeff.:      1.0000 Refine? False 

 

 Hydrostatic/elastic strain:  

 names :         D11         D22         D33 

 values:           0           0           0 

 refine:       False       False       False 

 

 Histogram:  PWDR 25_LMSEDTA_120_108.mar3450 Azm= 0.00  histogram Id:  0 

============================================================================================

=========================================== 

 Instrument type:  Debye-Scherrer 

 Histogram limits:     4.03 deg to    23.01 deg 

 

 Sample Parameters: 

 Goniometer omega = 0.00, chi = 0.00, phi = 0.00 

 name  :         Scale    Absorption     DisplaceX     DisplaceY 

 value :        0.7538        0.0464        0.0000        0.0000 

 refine:          True         False         False         False 

 

 Instrument Parameters: 

 name  :     Azimuth        Bank         Lam    Polariz.        SH/L           U           V           W 

 value :   45.000000    1.000000    0.688900    0.990000    0.000500 5105.116058-1260.344751   96.053816 

 refine:                   False       False       False       False       False       False       False 

 

 

 name  :           X           Y        Zero 

 value :    6.689533  -73.237472    0.005767 

 refine:       False       False       False 

 

 Background function:  chebyschev  Refine? False 

 Coefficients:     11.939    -2.349     0.268     0.852 

 

 Refinement results: 

--------------------------------------------------------------------------------------------------------------------------------------- 

 Number of function calls: 3  No. of observations:  3500  No. of parameters:  1  User rejected:  0  Sp. gp. extinct:  0 

 Refinement time =    0.637s,    0.637s/cycle, for 1 cycles 

 wR =    3.70%, chi**2 =      70.9755, GOF =   0.14 

 

 Phases: 

 Result for phase:  LMS 

============================================================================================

=========================================== 
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 Atoms: 

   name      x         y         z      frac   Uiso     U11     U22     U33     U12     U13     U23 

--------------------------------------------------------------------------------------------------------------------------------------- 

    Li1     Li: 

 values:   0.75704   0.35099   0.98035   0.606-0.09048 

    Mn1     Mn: 

 values:   0.73584   0.32448   0.93105   0.052-0.24307 

    Li2     Li: 

 values:   0.73409   0.29241   0.70646   0.428 0.12184 

    Mn2     Mn: 

 values:   0.00000   0.16803   0.47973   0.684 0.02713 

    Li3     Li: 

 values:   0.00000   0.46844  -0.31219  -0.087-3.12469 

    Mn3     Mn: 

 values:   0.00000   0.15975   0.40656   0.199 0.12995 

    Si1     Si: 

 values:   0.00000   0.82807  -0.00193   0.874 0.01340 

    Si2     Si: 

 values:   0.00000   0.86371   0.91148   0.176 0.28340 

     O1      O: 

 values:   0.00000   0.80949   0.34985   0.993 0.04526 

     O2      O: 

 values:   0.00000   0.13372   0.92632   0.947-0.03992 

     O3      O: 

 values:   0.77967   0.66169   0.88977   1.003-0.03346 

 

 Phase:  LMS  in histogram:  PWDR 25_LMSEDTA_120_108.mar3450 Azm= 0.00 

============================================================================================

=========================================== 

 Final refinement RF, RF^2 = 3.08%, 4.39% on 26 reflections 

 Durbin-Watson statistic = 0.053 

 Bragg intensity sum = 9.69e+03 

 

 Histogram:  PWDR 25_LMSEDTA_120_108.mar3450 Azm= 0.00  histogram Id:  0 

============================================================================================

=========================================== 

 PWDR histogram weight factor = 1.000 

 Final refinement wR = 3.70% on 3500 observations in this histogram 

 Other residuals: R = 2.91%, R-bkg = 2.91%, wR-bkg = 3.70% wRmin = 25.96% 

 Instrument type:  Debye-Scherrer 

 

 Resonant form factors: 

 Element:       Si       Mn        O       Li 

 f'     :    0.077    0.329    0.010   -0.000 

 f"     :    0.066    0.690    0.006    0.000 

 

 Sample Parameters: 

 names :         Scale    Absorption     DisplaceX     DisplaceY 

 values:        0.7538        0.0464        0.0000        0.0000 

 sig   :        0.0016                                           

 Background sums: empirical 4.21e+04, Debye 0, peaks 0, Total 4.21e+04  
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LaB6 Refinements, image controls, and line shape parameterizations 

January 2015 

 

Figure B.2: 2D raw ex situ LaB6 image captured with MAR345 camera (January 2016) 

 

Figure B.3: Ex situ LaB6 refinement used for line shape determination (GSAS-II) 

Line shape parameters and fit: 

wR=6.06% 

wavelength:0.7293 

distance:252.496625521 

V:-84.6746833893 

Zero:0.00267832879374 

U:-16.2293709069 

W:62.0010224149 

Azimuth:45.0 

Y:-3.84350009382 

X:-0.063268322679 

SH/L:0.0072 

Bank:1 

Polariz.:0.99 

Complete GSAS-II refinement results for January 2015 LaB6 refinement 



 

 

107 

 

******************************************************************************** 

   General Structure Analysis System-II Crystal Structure Refinement 

              by Robert B. Von Dreele & Brian H. Toby 

                Argonne National Laboratory(C), 2010 

 This product includes software developed by the UChicago Argonne, LLC, 

            as Operator of Argonne National Laboratory. 

                          Please cite: 

   B.H. Toby & R.B. Von Dreele, J. Appl. Cryst. 46, 544-549 (2013) 

********************************************************************************  

 

 Least squares controls: 

 Refinement type:  analytic Hessian 

 Maximum number of cycles: 5 

 Regularize hydrogens (if any): False 

 Initial shift factor:  1.000 

 

 Phases: 

 

 Phase name:  B6 La 

============================================================================================

=========================================== 

 

 X-ray scattering factors: 

   Symbol     fa                                      fb                                      fc  

--------------------------------------------------------------------------------------------------- 

 B          2.05450   1.33260   1.09790   0.70680  23.21850   1.02100  60.34980   0.14030   0.19320 

 La        20.57800  19.59900  11.37270   3.28719   2.94817   0.24447  18.77260 133.12400   2.14678 

 

 Neutron scattering factors: 

   Symbol   isotope       mass       b       resonant terms 

--------------------------------------------------------------------------------------------------- 

 B       Nat. Abund.     10.810    0.530 

 La      Nat. Abund.    138.906    0.824 

 

 Space Group: P m 3 m 

 The lattice is centrosymmetric primitive cubic 

 The Laue symmetry is m3m 

 The lattice point group is m-3m 

 Multiplicity of a general site is 48 

 The inversion center is located at 0,0,0 

  

 The equivalent positions are: 

 

 ( 1)     X,     Y,     Z  

 ( 2)     Z,     X,     Y  

 ( 3)     Y,     Z,     X  

 ( 4)     X,     Y,    -Z  

 ( 5)    -Z,     X,     Y  

 ( 6)     Y,    -Z,     X  

 ( 7)    -Z,     X,    -Y  

 ( 8)    -Y,    -Z,     X  

 ( 9)     Y,    -Z,    -X  

 (10)    -X,     Y,    -Z  

 (11)    -Z,    -X,     Y  

 (12)     X,    -Y,    -Z  

 (13)     Y,     X,     Z  

 (14)     Z,     Y,     X  

 (15)     X,     Z,     Y  

 (16)     Y,     X,    -Z  

 (17)    -Z,     Y,     X  

 (18)     X,    -Z,     Y  

 (19)    -Z,     Y,    -X  
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 (20)    -X,    -Z,     Y  

 (21)     X,    -Z,    -Y  

 (22)    -Y,     X,    -Z  

 (23)    -Z,    -Y,     X  

 (24)     Y,    -X,    -Z  

 

 Atoms: 

   name    type  refine?   x         y         z      frac site sym  mult I/A   Uiso     U11     U22     U33     U12     U13     U23 

--------------------------------------------------------------------------------------------------------------------------------------- 

    La1     La      U   0.00000   0.00000   0.00000   1.000   m3m      1    I 0.01957                                                 

     B1      B      U   0.19750   0.50000   0.50000   1.0004mm(100)    6    I 0.03169                                                 

 

 Unit cell: a = 4.15704  b = 4.15704  c = 4.15704  alpha = 90.000  beta = 90.000  gamma = 90.000  volume = 71.838  Refine? 

False 

 

 Spherical harmonics texture: Order:0 

 

 Phase:  B6 La  in histogram:  PWDR LaB6_4s_jan24_001.mar3450 Azm= 0.00 

============================================================================================

=========================================== 

 Phase fraction  :     1.0000  Refine? False 

 Extinction coeff:     0.0000  Refine? False 

 March-Dollase PO:     1.0000  Refine? False  Axis: 0 0 1 

 

 Size model    : isotropic equatorial:       1.000 Refine? False 

  LG mixing coeff.:       1.0000 Refine? False 

 

 Mustrain model: isotropic equatorial:      1000.0 Refine? False 

  LG mixing coeff.:      1.0000 Refine? False 

 

 Hydrostatic/elastic strain:  

 names :         D11          eA 

 values:           0           0 

 refine:       False       False 

 

 Histogram:  PWDR LaB6_4s_jan24_001.mar3450 Azm= 0.00  histogram Id:  1 

============================================================================================

=========================================== 

 Instrument type:  Debye-Scherrer 

 Histogram limits:     6.83 deg to    33.61 deg 

 

 Sample Parameters: 

 Goniometer omega = 0.00, chi = 0.00, phi = 0.00 

 name  :         Scale    Absorption     DisplaceX     DisplaceY 

 value :       82.4015       -0.0002        0.0000        0.0000 

 refine:          True         False         False         False 

 

 Instrument Parameters: 

 name  :     Azimuth        Bank         Lam    Polariz.        SH/L           U           V           W 

 value :   45.000000    1.000000    0.729328    0.990000    0.007247  -15.931122  -84.811275   62.013122 

 refine:                   False       False       False        True        True        True        True 

 

 

 name  :           X           Y        Zero 

 value :   -0.063830   -3.839407    0.002678 

 refine:        True        True       False 

 

 Background function:  chebyschev  Refine? False 

 Coefficients:    212.452   -44.664    44.136    -6.653 

 

 Refinement results: 

--------------------------------------------------------------------------------------------------------------------------------------- 
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 Number of function calls: 3  No. of observations:  2500  No. of parameters:  9  User rejected:  0  Sp. gp. extinct:  0 

 Refinement time =    0.213s,    0.213s/cycle, for 1 cycles 

 wR =    6.06%, chi**2 =      14583.3, GOF =   2.42 

 

 Phases: 

 Result for phase:  B6 La 

============================================================================================

=========================================== 

 

 Atoms: 

   name      x         y         z      frac   Uiso     U11     U22     U33     U12     U13     U23 

--------------------------------------------------------------------------------------------------------------------------------------- 

    La1     La: 

 values:   0.00000   0.00000   0.00000   1.000 0.01958 

 sig   :                                       0.00026 

     B1      B: 

 values:   0.19750   0.50000   0.50000   1.000 0.03172 

 sig   :                                       0.00108 

 

 Phase:  B6 La  in histogram:  PWDR LaB6_4s_jan24_001.mar3450 Azm= 0.00 

============================================================================================

=========================================== 

 Final refinement RF, RF^2 = 1.25%, 3.44% on 10 reflections 

 Durbin-Watson statistic = 0.080 

 Bragg intensity sum = 3.37e+06 

 

 Histogram:  PWDR LaB6_4s_jan24_001.mar3450 Azm= 0.00  histogram Id:  1 

============================================================================================

=========================================== 

 PWDR histogram weight factor = 1.000 

 Final refinement wR = 6.06% on 2500 observations in this histogram 

 Other residuals: R = 4.60%, R-bkg = 4.30%, wR-bkg = 6.06% wRmin = 2.51% 

 Instrument type:  Debye-Scherrer 

 

 Resonant form factors: 

 Element:        B       La 

 f'     :    0.001   -0.257 

 f"     :    0.001    2.570 

 

 Sample Parameters: 

 names :         Scale    Absorption     DisplaceX     DisplaceY 

 values:       82.4069       -0.0002        0.0000        0.0000 

 sig   :        0.2058                                           

 

 Instrument Parameters: 

 names :        Bank         Lam    Polariz.        SH/L           U           V           W 

 value :    1.000000    0.729328    0.990000    0.007247  -16.229371  -84.674683   62.001022 

 sig   :                                        0.000186   28.760967   11.220117    1.020439 

 

 Instrument Parameters: 

 names :           X           Y        Zero 

 value :   -0.063268   -3.843500    0.002678 

 sig   :    0.061855    0.375687             

 Background sums: empirical 5.68e+05, Debye 0, peaks 0, Total 5.68e+05 
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April 2016  

 

Figure B.4: April 2016 raw ex situ LaB6 SRM660c image captured with MAR345 image plate. Red dots mask background 

 

Figure B.5: April 2016 LaB6 refinement. wR=30.34%. 
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April 2016 LaB6 GSAS-II refinement results 

******************************************************************************** 

   General Structure Analysis System-II Crystal Structure Refinement 

              by Robert B. Von Dreele & Brian H. Toby 

                Argonne National Laboratory(C), 2010 

 This product includes software developed by the UChicago Argonne, LLC, 

            as Operator of Argonne National Laboratory. 

                          Please cite: 

   B.H. Toby & R.B. Von Dreele, J. Appl. Cryst. 46, 544-549 (2013) 

********************************************************************************  

 

 Least squares controls: 

 Refinement type:  analytic Hessian 

 Maximum number of cycles: 10 

 Regularize hydrogens (if any): False 

 Initial shift factor:  1.000 

 

 Phases: 

 

 Phase name:  B6 La 

============================================================================================

=========================================== 

 

 X-ray scattering factors: 

   Symbol     fa                                      fb                                      fc  

--------------------------------------------------------------------------------------------------- 

 B          2.05450   1.33260   1.09790   0.70680  23.21850   1.02100  60.34980   0.14030   0.19320 

 La        20.57800  19.59900  11.37270   3.28719   2.94817   0.24447  18.77260 133.12400   2.14678 

 

 Neutron scattering factors: 

   Symbol   isotope       mass       b       resonant terms 

--------------------------------------------------------------------------------------------------- 

 B       Nat. Abund.     10.810    0.530 

 La      Nat. Abund.    138.906    0.824 

 

 Space Group: P m 3 m 

 The lattice is centrosymmetric primitive cubic 

 The Laue symmetry is m3m 

 The lattice point group is m-3m 

 Multiplicity of a general site is 48 

 The inversion center is located at 0,0,0 

  

 The equivalent positions are: 

 

 ( 1)     X,     Y,     Z  

 ( 2)     Z,     X,     Y  

 ( 3)     Y,     Z,     X  

 ( 4)     X,     Y,    -Z  

 ( 5)    -Z,     X,     Y  

 ( 6)     Y,    -Z,     X  

 ( 7)    -Z,     X,    -Y  

 ( 8)    -Y,    -Z,     X  

 ( 9)     Y,    -Z,    -X  

 (10)    -X,     Y,    -Z  

 (11)    -Z,    -X,     Y  

 (12)     X,    -Y,    -Z  

 (13)     Y,     X,     Z  

 (14)     Z,     Y,     X  

 (15)     X,     Z,     Y  

 (16)     Y,     X,    -Z  

 (17)    -Z,     Y,     X  
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 (18)     X,    -Z,     Y  

 (19)    -Z,     Y,    -X  

 (20)    -X,    -Z,     Y  

 (21)     X,    -Z,    -Y  

 (22)    -Y,     X,    -Z  

 (23)    -Z,    -Y,     X  

 (24)     Y,    -X,    -Z  

 

 Atoms: 

   name    type  refine?   x         y         z      frac site sym  mult I/A   Uiso     U11     U22     U33     U12     U13     U23 

--------------------------------------------------------------------------------------------------------------------------------------- 

    La1     La      U   0.00000   0.00000   0.00000   1.000   m3m      1    I-0.02172                                                 

     B1      B      U   0.19750   0.50000   0.50000   1.0004mm(100)    6    I-0.03266                                                 

 

 Unit cell: a = 4.15704  b = 4.15704  c = 4.15704  alpha = 90.000  beta = 90.000  gamma = 90.000  volume = 71.838  Refine? 

False 

 

 Spherical harmonics texture: Order:0 

 

 Phase:  B6 La  in histogram:  PWDR LaB6_exsitu_040.mar3450 Azm= 315.00 

============================================================================================

=========================================== 

 Phase fraction  :     1.0000  Refine? False 

 Extinction coeff:     0.0000  Refine? False 

 March-Dollase PO:     1.0000  Refine? False  Axis: 0 0 1 

 

 Size model    : isotropic equatorial:       1.000 Refine? False 

  LG mixing coeff.:       1.0000 Refine? False 

 

 Mustrain model: isotropic equatorial:      1000.0 Refine? False 

  LG mixing coeff.:      1.0000 Refine? False 

 

 Hydrostatic/elastic strain:  

 names :         D11          eA 

 values:           0           0 

 refine:       False       False 

 

 Histogram:  PWDR LaB6_exsitu_040.mar3450 Azm= 315.00  histogram Id:  7 

============================================================================================

=========================================== 

 Instrument type:  Debye-Scherrer 

 Histogram limits:     7.19 deg to    25.18 deg 

 

 Sample Parameters: 

 Goniometer omega = 0.00, chi = 0.00, phi = 0.00 

 name  :         Scale    Absorption     DisplaceX     DisplaceY 

 value :        1.6114       -0.0021        0.0000        0.0000 

 refine:          True         False         False         False 

 

 Instrument Parameters: 

 name  :     Azimuth        Bank         Lam    Polariz.        SH/L           U           V 

 value :   67.320000    1.000000    0.696736    0.990000    0.026065  -10.827546  -12.643123 

 refine:                   False       False       False       False       False       False 

 

 

 name  :           W           X           Y        Zero 

 value :    7.823796   -6.751133   -9.267150    0.007281 

 refine:       False       False       False       False 

 

 Background function:  chebyschev  Refine? False 

 Coefficients:     19.363    -1.398     0.425 
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 Refinement results: 

--------------------------------------------------------------------------------------------------------------------------------------- 

 Number of function calls: 5  No. of observations:  1478  No. of parameters:  3  User rejected:  0  Sp. gp. extinct:  0 

 Refinement time =    3.172s,    1.586s/cycle, for 2 cycles 

 wR =   30.34%, chi**2 =      11096.7, GOF =   2.74 

 

 Phases: 

 Result for phase:  B6 La 

============================================================================================

=========================================== 

 

 Atoms: 

   name      x         y         z      frac   Uiso     U11     U22     U33     U12     U13     U23 

--------------------------------------------------------------------------------------------------------------------------------------- 

    La1     La: 

 values:   0.00000   0.00000   0.00000   1.000-0.02247 

 sig   :                                       0.00270 

     B1      B: 

 values:   0.19750   0.50000   0.50000   1.000-0.03425 

 sig   :                                       0.00976 

 

 Phase:  B6 La  in histogram:  PWDR LaB6_exsitu_040.mar3450 Azm= 315.00 

============================================================================================

=========================================== 

 Final refinement RF, RF^2 = 6.15%, 12.48% on 6 reflections 

 Durbin-Watson statistic = 0.273 

 Bragg intensity sum = 7.89e+04 

 

 Histogram:  PWDR LaB6_exsitu_040.mar3450 Azm= 315.00  histogram Id:  7 

============================================================================================

=========================================== 

 PWDR histogram weight factor = 1.000 

 Final refinement wR = 30.34% on 1478 observations in this histogram 

 Other residuals: R = 20.99%, R-bkg = 25.14%, wR-bkg = 30.34% wRmin = 11.07% 

 Instrument type:  Debye-Scherrer 

 

 Resonant form factors: 

 Element:        B       La 

 f'     :    0.001   -0.317 

 f"     :    0.001    2.374 

 

 Sample Parameters: 

 names :         Scale    Absorption     DisplaceX     DisplaceY 

 values:        1.5980       -0.0021        0.0000        0.0000 

 sig   :        0.0342                                           

 Background sums: empirical 2.88e+04, Debye 0, peaks 0, Total 2.88e+04 
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