Understanding the Structure and Reactivity of Solid State
Electrolyte Model Systems

By

Joey Allen Lussier

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba

in partial fulfilment of the requirements of the degoée

DOCTOR OF PHILOSOPHY

Department of Chemistry
University of Manitoba

Winnipeg

Copyright ©2018 by Joey A. Lussier



Abstract

Solid oxide fuel cells (SOFCs) are considered a promising energy conversion technology for the
future. These devices show fuel flexibility, high conversion efficiency, and low emissions. Solid
state electrolytes play a crucial role in improvihg performance of SOFCs. Currently, defect
fluorites are most commonly used as electrolytes for commercial SARGsthesis focuses
primarily on fluorite and fluoriteelated structures with the goal of furthering the understanding
of oxide defect modedystemsThe Y2xPixOsz+ and SexVxOs+ (0 Ox 02.00, andd Ol O1)
systems will be explored with a particular emphasis on synthesis and stnectctigity
relationships. Usingn-situ methods, including powder diffraction (bothrdy and neutron), and
thermogravimetric analysis, allows for a deeper understanding of reaction pathways, and provides
insights into mechanistic details of reactions. Throughout this thesis, comments wadblbeom
the importance of synthesis strategies and understanding structural details when designing

functional materials.
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Table 2.1 Structural parameters for the cubic bixbyite phases (spacelgm(#206)) of
YPrOs.o0 YPrQs.a3@yusing Y/Pr on the Bsite, and YPr@aseyusing Y/Pr on thd 6csite.
Values were obtained from simultaneous Rietveld Refinement against synchrotron powder
X-ray diffraction data and timef-flight powder neutron data measured at room
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Table 2.2 Bond distances and distortion parameters for the cubic bixbyite phases (space group:

lac (#206)) of YPrQ.oo, YPrGs.432)using Y/Pr on thé&b site, and YPr@as@)using Y/Pr on
thel6csite. Values were obtained from simultaneous Rietveld Refinement against
synchrotron powder Xay diffraction data and timef-flight powder neutron data measured
AL FOOM TEMPEIATUIE. . .ccvvii it ieeme ettt e et rmeer e e e e s eeb e e eetnneesannmeenneeees ] 66

Table 3.1 Room temperature structural parameters for the cubic bixhyRe YOs.19¢2)and the
cubic defect fluorite ¥sPr.503.532) phases, obtained from simultaneoustRitl

refinement against synchrotron powderay diffraction and timeof-flight powder neutron

Table 4.2: Structural parameters for the cubic bixbyite phases (spage o (#206)) of Se
xVxOz.00. Values were obtained from simultaneous Rietveld Refinement against powder X

ray diffraction data and timef-flight powder neutron data measured at room temperature.
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Table 5.1: Structural Parameters for the trigonal (A) phase.@P¥ .o503.00. Values were
obtained from a simultaneous Rietveld refinement against powday Hiffraction data
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obtained from a simultaneous Rietveld refinement against synchrotron powsdgr X
diffraction data and timef-flight powder neutron data measured at room temperatLi4é.
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pure within 5% (the approximated error): (red) trigonal (A), (green) monoclinic (B), and
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Figure 1.5: Schematic view of the detector arrangement around the NOMAD sample position.
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Figure 2.2 Room temperature powderay diffractograms of three synthesis attempts of
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Figure 2.3 Evolution of the FWHM of the (222) peak for the YPr®olgel sample as a
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Figure 2.4 Rietveld plots for the refinement of the cubic bixbyite phase6R1@1)
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neutron diffraction data zoom. Red symbols = observed data, black line = fit, blue line =
difference, tick marks = Bragg positions. All crystallographic inforamatan be found in

=1 01 (302 TR 64

Figure 2.5 Y/Pr disorder and thermal parameters for ¥kx@a) Average structure with a large

anisotropic displacement parameter for Y/Pr (blue ellipsoid) directed towatéclosygen
positions (orange). (b) Disordered model with Y/Pr(1) onl#hesite showing both possible
Y/Pr locations along the body diagonal (upper and lower illustratio(ts)). The split site
has 50% occupancy. Red ellipsoids = oxy8bsite, orange ellipsoids = oxygéecsite.

Shorter bond distances are indicated with thicker bonds........ccocoveviiiceceieiei 69

Figure 2.6 (a) Unit cell parameter evolution during oxidationd@@l reduction in 5% #Hn N2

measured ai-situ powder Xray diffractogram using YPr€s@)as the starting material at
room temperature. Alinit cell parameters were obtained from Rietveld refinements.
Heating during oxidation = red solid diamonds, cooling in oxygen = blue solid diamonds.
Reductive heating in 5%24n N2 = red solid circles and cooling in 5% k N2 = blue

solid circles. Errobars are smaller than the symbols and are typically in the rang& of 10
A. Panel (b) is the TGA trace during reduction in 5%rHN2. In panel (c) the TGA trace
during oxidation of YPr@as2)in oxygen flow clearly shows the initial oxygen uptake

folowed by oxygen .l.as.s...abav.e..400..eC..... 70

Figure 2.7 (a) Unit cell parameter evolution derived frorsitu powder Xray diffraction during

oxidation of the fully reduced form YPg@oin Oz. All unit cell parameters were obtained
from Rietveld refinements. Oxidative heating = Red solid triangles, cooling in oxygen =
blue solid triangles. The two solid circleslicate average cell constants while being

oxidized during the Xay data collection. Error bars are smaller than the symbols and are
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typically in the range of 1®A. Panel (b) shows the contour plot for the (222) and (400)
peaks during heating (blue ew intensity and red = high intensity). Panel (c) is the TGA
trace during oxidation of YPrédoin Oz flow indicating full oxidation to YPr®ausfollowed
by gradual redu.c.t.i.on..abaov.e..4.0.0..e.C...... 72
Figure 2.8 lllustration of the linear relation between thé¢ esll dimensions for YPre- and
oxygen stoichiometry. The oxygen stoichiometry was obtained from TGA data and the unit
cell parameters were determined from powdea¥X diffraction based Rietveld analysis.
The dashed [INe is @ lIN@Ar fif............oviiiiiiiiiiiie e 73
Figure 2.9 Magnetic susceptibility data for YRBwo. The zero field cooled data (solid red circles)
and field cooled data (open red circles) were measured in a 0.1 T field. The blue symbols
show the inverse magnetic susceptibility data and the solid blue line is the fit to the Curie
Weiss law for thé.1 T data between 80 K and 300 K. The solid black line (ZFC) and the
open black circles (FC) and were measured in afield of L.T.............cceevvvvveeeee . 74
Figure 2.10 Magnetic susceptibility data for YRk&:) The zero field cooled data (solid red
circles) and field cooled data (open red circles) were medsara 0.1 T field. The blue
symbols show the inverse magnetic susceptibility data and the solid blue line is the fit to the
CurieWeiss law for the 0.1 T data between 300 K and 400.K...........cccoeiviiiimannnnnn. 75
Figure 3.1 Relation between bixbyite and fluorite structures with fcc cation lattices and anions
located in tetrahedral holes. (a) Cubic bixbyite structure in space r@&iark blue =8b
cation site, light blue 24dcation site, grey 48eanion site. (b) Cubic fluorite structure in
space group-m-3mwith all cations (light and dark blue) on thasite and all anions (grey

and white) on th8&c site. The white anions can be thought oinserted into the bixbyite
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structure raising the cation coordination from 6 to 8. Note that the cations in the bixbyite
structure form a slightly distorted fcc lattiCe............ooooeeiiiiiiiieie e 87
Figure 3.2 Top: lllustration of the bixbyite structure emphasizin@keark blue) an@4d
(light blue) cation sés and the oxide (greyBesite. Bottom: Schematic relation between
bixbyite A2Os and its oxidized AOs + gtructure. The oxygen positions are illustrated as an
idealized cubic fluorite sublattice with the grey positions relating td8esite. The white
dashed positions show oxides and vacancies in the partially flepositions to
accommodate the additional oxide anions. The splitting dbluation site into th&6c
(dark blue) positions and the migration of ¥l cation position (light blue)owards the
0,0,% coordinates are illustrated as WElL............ocuoiiieiiiceii e 88
Figure 3.3 Room temperature powderay diffractograms of ¥xPrOs +.iThe insert
emphasizes the disappearance of the bixbyite superstructure peaks with increasing
PraseOdYMIUM CONTEML.........oiiiiiiiiiie i ee e eneeaanaes 93
Figure 3.4 Retveld plot of the simultaneous refinement of theMo.503.19(2) Structure using
powder synchrotron Xay (main) and time of flight neutron (insert) data................... 94
Figure 3.5Example Rietveld refinement plots of2%PrOs + ising laboratory based powder X
ray diffraCtion data...........ccoooiiiiiiii e e rr e 96
Figure 3.6 Volume per formula unit as a function of Pr content and oxygen content in Y
xPOs +.uThe volume decreases during oxidation but the additional oxygen compensates for
the expected volume contraction as a functibpraseodymium content...................... 96
Figure 3.7Evolution of the Y/PR4dsite xcoordinate in the bixbyite structura{3) as a
functionof Pr content. Blue symbols =¥PrOs + bixbyite (as prepared in air), black

symbols = ¥-xP«Os + tluorite (as prepared in air), red symbols =FrOz bixbyite (fully
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reduced). The solid lines are linear fits to guide the eye and the dotted line is an
extrapolation. The open rectangle emphasizes the regime with the largest deviation from the
linear relation for ¥-xPr«Os +.aThe insert illustrates the migration of tbd site towards the
fluorite equivalent position (0,0,%) with increasing praseodymium concentrations..98

Figure 3.88bsite splitthg into16cas a function of praseodymium concentration. The insert
illustrates the migration from the fully occupi8ld site into the half occupietbcsite. The
Pr rich Y2xPrxOs + members with x > 1.3 crystallize in the fluorite structure with no site
S o111 1] o o TR PP PPPPPPRPPPPPPPPPR 100

Figure 3.9 Contour plot ah-situ X-ray diffraction data during the reduction of.¥Pr1.903 +
(fluorite) to Yo.1Pri.90s (bixbyite) in flowing 5% H gas. The bixbyite phase starts to form at

approxi mately 400eC as indicated by the occ

Figure 3.10 Selected powderrdy diffraction peaks durinm-situ reduction of ¥6.1Pr1.903 + i
(fluorite) to Yo.1Pri.90s (bixbyite) in flowing5% Hgas. The 350 to 450eC
illustrate the coexistence of 2 phases at the reductive structural transitian............ 102

Figure 4.11llustration of the structures encountered in thex8¢0s + system. (Note the
reaction byproducts 303 and VWOm are not shown.). The corundum structures (top) Sc
VxOs(x O 1.68) cr yst-&8dahdiuadergoesidinect sxidationgo ter ou p R
zircon structure (space group/@md). The cubic bixbyite structures:$¢xOs( x O 1. 08)
(space group: K8) oxidize topotactically to form either oxidized bixbyites (x < 0.50) or
defect fluorite structures (space group:-Bm) SexVxO3+6 x O 1. 08) (bott om,
Green = SE/V"* sites, blue = S¢ sites, yellow = V* site, red = & sites, orange =
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Figure 4.2a: Room tempegture powder Xay diffractograms (Cu Ku,2) for the compositional
series SexVxOs. Blue peaks belong to the cubic bixbyite phase (space greGpalad red
peaks belong to the trigonal corundum phase (space gredg). Riote: Corundum peaks
areindexed with respect to the trigonal cell. The diffraction patterns for the pure corundum
phases (bottom) use an increment of x = 0.020&and \,Os patterns are provided for a
comparison. Note that only the nominal compositionssa.2503.00 and S6s0V 1.5003.00
show the presence of both phases.............ooo e 118
Figure 4.2bRoom temperature powderrdy diffractograms for the solistate formation of
ScVGs.oofrom SeOs and 203 as a function of reaction time at 1500°C (in 3% show
the compositional change of the bixbyite phase as indicatdtelshift of the (222)
bixbyite peak position. In contrast the (104) corundum peak position only shows an
appreciable change during the first 12 hours, after that the intensity of the peak decreases
until only the ScVQoo bixbyite phase is present. TH#4) bixbyite peak on the right
emphasizes the peak shift and increasing crystallinity of the product phase with prolonged
heating. The most upper data set (black trace) refers to &o8¥hthesized via ScVO
reduction and indicates the high degree géw@ilinity of that phase usg the indirect
SYNENESIS FOULE. ...ttt e e e e emr ettt e e e e e e e e e e e e e e e e e mmne e e e e e e e e e 118
Figure 4.3: Evolution of the bixbyite and corundum phasesyS&Os as a function of x. The
volumes per formula unit were obtained from Rietveld refinements. The miscibility gap
spans from x = 1.08 to 1.68. The dashed Isese as a guide to the eye. The V/Z value for
the ScVQ phase obtained via reduction of SeM®shown as a solid black circle......119
Figure 4.4: Rietveld plot of the powderrdy diffraction data for the refinement of the cubic

bixbyite phase SesVo0.7903.00. The insert shows the timef-flight powder neutron
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diffraction Rietveld plot. Red symbols = observed data, black line = fit, blue line =
difference. All crystallographic information is provided in table.1........................... 120
Figure 4.5: Rietveld plots of the powder diffraction data for the refinements of the cubic bixbyite
phases: &) Sa.75V0.2903; d-f) Sci.s0V0.5003. Refinements are based on a&djay
diffraction data; b,e) timef-flight neutron powder diffraction data (centre wavelength =
2.665 A); c,f) timeof-flight neutron powder diffraction data (centre wavelength = 1.066 A).
Red symbols = observed data, black line = fit, blue line = drife¥eAll crystallographic
information can be found intable.1...............ooo 123
Figure 4.6: Contour plots of high temperature powdeaxinsitu diffraction data showing the
oxidation pathway of a) the bixbyite 56V 0.2603.00, b) the bixbyite Sts0V0.5003.00, C) the
bixbyite Sa.25V0.7903.00d) the biphasic bixbyite S©sV0.9203.00 plus corundum
Swm.32V1.6603.00, and e) the corundum &eV1.7503.00 phases. The intermediate and final
product phases are indicated with the respective temperature ranges on the right. Miller
indices for the diffracdbn peaks are indicated at the bottom and top of the figures.
Intensities are shown as constant increments from blue ta.ted.............ccooovceeee. 125
Figure 4.7:Summarizing diagram of oxidation reactions of the-$¢xOs.cophases as
determined by irsitu powder Xray diffraction experiments. The scandiuichrphases
form cubic bixbyite and cubic defect fluorite structures before fully oxidizing to zircon
phases. Notably between 300°C and 375°C the reduced and partially oxidized phases
coexist. The reduced vanadium rich members (x > 1.68) oxidize diredictm and
partially oxidized vanadium oxides at 500°C. At 650°C oxidationA0s\s observed and

when reaching the melting point ok®5s (670°C) the zircon phase increases crystallinity.
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Figure 5.1: lllustration of the 3 lotemperature polymorphs of the 40s series found in the
trigonal (A) (left), monoclinic (B) (center), and cubic bixbyite (C) (right) structures.
Blue/green spheres = cations, red spheres = oxide; Blue polyhedra-soovdihated
cations, green polyhedra represemmo®rdinated cations................vvvvvvviiiiccseeeeeennnns 138

Figure 5.2: Lanthanide sesquiogighase diagram as presented by Atkingon.................. 139

Figure 5.3: Rietveld plots for the refinement of (i) the trigonal (A) structurePYi.os03 (main)
Laboratory Xray data (inset) timef-flight neutron diffraction data from POWGEN, (ii)
the monoclinic (B) structure o¥sPr1.g03 (main) synchrotron Xay data (insets) timef-
flight neutron diffraction data from NOMAD showing (a) the2Z1bank and (b) the 134
bank. Black symbols = observed data, red line = fit, blue line = difference, tick marks =
BragQ POSITIONS.. ... ..ttt eeeete ettt et ettt e e e e e e e e emmmr e e e e e e e e e e e e e e e e e e e e e mmne e e e e e e e e 147

Figure 5.4: Phase percentages derived from Rietveld refinements against room temperature X
ray diffraction data after 12 hour heatings aP¥%xOs, x = (a) 005, (b) 0.10, (c) 0.15, and
(d) 0.20. Red triangles represent the trigonal (A) phase, green circles represent the
monoclinic (B) phase, and blue squares represent the cubic bixbyite (C) phase...151

Figure 5.5: Phase percentages of the cubic bixbyite (C) phase vs. monoclinic (B) phase derived
from Rietveld refinements against room temperatwr@ydiffraction data after 12 hour
heatngs of %Pr2xOs, x = 0.20 (blue triangles), 0.40 (red circles), 0.60 (green triangles),
and 0.80 (DIACK SQUAIES).......uuuiiiiiiiiiiiiii et 153

Figure 5.6 RGB colour map of the phases found durings# heating experiments. Red =
trigonal (A), Green = monoclinic (B), and Blue = cubic bixbyite (C). The black lines do not

represent a fit to the data and are a guide to the eye.Qly............cccoeeeiveeerieeeeinnnnnn. 154
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Figure 5.7: Contour plots of higiemperature neutrgoowder diffraction data under vacuum
showing the phase transitions of (a)o¥r.9503, (b) Y0.1Pr.903, and (c) ¥6.2Prn.g0s...... 155

Figure 5.8: Phase percentages derived from Rietveld refinements agaitistieutron powder
diffraction data of ¥Pr.xO3, X = (a) 0.05, (b) 0.10, and (c)20. Red triangles represent the
trigonal (A) phase, green circles represent the monoclinic (B) phase, and blue squares
represent the cubic bixbyite (C) phase............uuuuriiiiiicee e 156

Figure 5.9: Contour plots showing the oxidation in oxygen of (a) ando{{P¥X.050s; and (c)
and (d) ¥%.2Pr.g0s. Figures are annotated with the Miller indices of the respective peaks
belonging to the (red) trigonéd); (green) monoclinic (B); (blue) cubic bixbyite (C); and
(black) cubic fluorite phases. Magenta star represents the (111) peak from tungsten
radiation, visible due to the decay of the anode. Intensities are shown as constant increments
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Chapterl.l nt roducti o

1.1.  Solid State Synthesis: Techniques for the Rational Design

of Solids

Solid-state materialshemistry is one of the oldest chemical sciences; however, the ability to
predict composition, structure, and reaction pathways or mechanisms has lagged behind those of
other branches of chemistry, such as organic chemidtofecular chemists have long had kinetic
control of syntheses, concerning themselves with the mechanistic details of reactions in order to
take advantage of activation barriers and kinetically trap the atoms. This allows for molecular
design, and t formation of molecules with desired configuratiéms critical benefit in these
types of syntheses comd®m increased access to molecules due to the use of solvents.
Furthermore, specific portions of the molecules, such as functional groups, are targeted for
transformatiorf. Solid-state methods are adapting to include a variety of approaches which allow
for the synthesis of kinetic products or metastable phases. The structure of materials is often
directly correlatd to the synthesis route used. Pressure, temperature, atmosphere, and the choice
of starting materials and their structures all play a large role in determining the product obtained.

Bulk solid-state materials have been formed in many ways includingnhautimited to,
conventional soliestate synthesis, sgkl synthesis;® microwave synthesiSand hydrothermal

synthesi€?® In this thesis, the synthesis mktastable solidtate materials is a central theme, and

D



therefore, a variety of techniques will be explored. This section will provide an overview of each

of these techniques.

1.1.1.Conventional Solid State Synthesis

The preparation of materials in tiselid-statehasdevelopedthroughout the agedue to the
demands of civilizatio® One d the most common synthesis methods for producing oxide
materials is what has come to be known as the conventohaistate synthesis, or the ceramic
met hod. Coll oquially referred to as tstae fAshal
synthesis method is widely used due to its simplicity. In this method, powders of starting materials,
commonly oxides, carlmates, or nitrates, are ground together stoichiometrically, and heated to
high temperatures. In order to maximize contact between reagents, the materials are often pressed
into pellets prior to heating. The limiting step in most conventional -stditt syptheses is the
diffusion of atoms throughout the system and the difficulty in crossing grain boundaries. High
temperatures are required in order to promote the diffusion of ions, but because of the large amount
of energy being offered to the system, thedgmamic products are commonly found as products.
Therefore, disadvantages of this technique include the difficulty in isolating metastable products,
as well as the challenge of working with low melting point reagents suclagi™.p. ~670 °C)
or Bi203 (m.p. ~817 °C}*'2 Furthermore, at high temperatures reaction with crucibles or other

reaction vessels must be monitotéd.
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1.1.2.SolGel Method

Sols are dispersions of
colloidal particles in liquids,
whereas gels are interconnectt
three dimensional rigid
networks containing porésin
this method, the nature of bott

sols and gels aretaken

advantage of in order to form .

Solvent Solvent
. . R | R I
desired product. An organi emova emeva

reagent (e.g. citric acid) issed

Reaction

to help with the gelation proces

and because it can be easi

Aerogel Xerogel Product

. i i (Mixed Powder) Powder
removed using combustion. Thi
technique involves the Figurel.1 Schematic of the processes in agel synthesis.

dissolution of compounds in order to achieve raamistic mixing, the formation of a gel in order

to avoid inhomogeneous precipitat| followed by the combustion of the organic component, and
the subsequent reaction of the remaining components (the desired metal okies).steps are
visualized infigure 1.1. The main advantage of this technique is that typically lower reaction
temperatures are required. The metal oxide product can be faamednsiderably lower
temperatures than with the conventional sstiste method, because transport between grains is
often a limiting factor in conventional solgtate reactions. This phenomenon was shown in the

synthesis of CoAlD4 by Zayat, et at?
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1.1.3. Topotactic Synthesis

The term topotactical, also referred to as topotactic, or topochemical was proposed by Lotgering
in 1959, to describe a reaction for which the topology of the ions is conserved throughout the
reaction'® Topotactic reactions offer a way to manipulate host materials at significantly lower
temperatures than conventional methods, allowing access to mater@iatinot be made using
high temperature$ These metastable materials are often stable up to temperatures of several
hundred degrees, preserving their usefulness as materials in technologically reéess.
During topotactic reactions, weakly bonded substructures are modified, whereasdalstrongly
bonded substructure is left intdétThe most common topotactic methods are intercalafish,
ion exchangé??° substitutior’*?? and deintercalatiof® Recely, solid-state hydrides such as
LiH, NaH, and Caklhave been used as leemperature reductants. This topotactic technique has
led to many new products with unusual structural features. Rosseinsky and coworkensdthv
this technique to create layered mixed metal oxides and oxyhydfitesageyama and
coworkers have used this technique to form, for the first time, square planar iron oxidé’Il&yers;
and in published work which is not included in this thesis, Lussier et al. reported the reduction of
SrMnOs to SeMnOsz63(1) This article includes comments on the mechanistic details of metal
hydride reductios, including a discussion on the amount of electrons used from each hydride
anion for reductiorr? When combined in seriethese individual techniques can complement one
another, allowing for a powerful toolbox of solithte reaction¥ Wiley and coworkers have
published a comprehensive review on the topic of topotactic reactions, focusing on the

manipulation of perovskite materidls.
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1.2.  The Importance of Structures

1.2.1.StructureProperty Relationships

In order to rationally design functional materials, a good understanding of the relationship
between structures and their properties is necessary. The most relevant example for this thesis is
in the dasign of solidstate electrolytes. The mobility of anions found in the fluorite structure,
partially due to its energetically equivalent anion lattice sites, makes it a promising candidate for
the development of novel fast ion conductors. This will be dsediin more detail ih.3. Other
examples of the use of structysmperty relationships in the rational design of materials include
the design of polar materiddy Halasyamani and coworkers in order to form new second harmonic
generation piezoelectric materials which are also ferroelectric and/or pyroeléatritthe design

of novel thermoelectric materials.

1.2.2.The Fluorite Structure

The cubic fluorite structure refers to the mineral fluorite ({L.afF can be described with the
cations (C&) forming a cubic close packedwstture (found in the FCC sublattice) and the anions
(F) filling all tetrahedral holes. Consequently, R@aits are formed (grey tetrahedronfigure
1.2); however, more commonly shown are thé*Gans found in the cubic hole surrounded by 8
fluorine ions (Cak units). These are shown as green cubdgyime 1.2. This structure is not

limited to 2+ cations and-hnions, and is often found for oxide materials where the cation is in

the 4+ oxidation state. The fluorite structure crystallizes in the &t space group (no. 225),
where the cations are found in thasite and the anions are found in Besite. Fluorite phases

are very tolerant to anion vacancies, which give rise to defect fluorites{MBecause there is

()



only one site for cations in thistructure, in order to maintain thexom symmetry, mixeetation
systems must be disordered. Similarly, with only one anion lattice site, oxide defects and mixed
anion systems must also be disordered. This causes all anion sites to be energeticainequiva
making the fluorite structure an ideal target structure for the construction of oxide conducting

electrolytes (more on this ih3).

Figure1.2: lllustrations of the cubic fluorite structure (space grdtmpom). Green = C# (4asite) and red = K8c

site). a) Emphasis on the ions in the unit cell, the anionic environment,(§@g tetrahedron), and the catio
environment, Cag{green cube). b) lllustrates the cubic fluorite structure as cation polyhedra sharing edges with their
nearest neighbours.

1.2.3.The Bixbyite Structure

The bixbyite structure is very similar to the defect fluorite structure, but irsthusture, the
anions are ordered. The mineral bixbyite ((Mn;Be) has variable Mn:Featios which are
disordered over 2 site8ifand24d) in space groufac (no. 206). The anions in this cubic structure
are found in the general positi@gil8e The bixlyite structure is illustrated ifigure 1.3. Most

importantly for this work, the bixbyite structure is very tolerant toward addition of extra anions.
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These aions are added in tHesc site, which is shown as orange spherefsgiare 1.3b. This, in
combination with the fact that the cation sublattice of the biglamd fluorite structures have very
similar topologies, makes the bixbyifi@orite system an ideal candidate for low temperature

topotactic redox chemistry.

Figure1.3: lllustration of the cubicilibyite structure (space group:dpand the topotactically oxidized produ@lue
= cationsites (dark blue 8b, light blue =24dsites), red ;anion siteg48esite), orange = oxygen/defeciHEsite).

1.2.4.The Zircon Structure

The zircon structure is based on the mine
zirconium silicate (ZrSi@. This is a cation
ordered structure, which crystallizes in tt
tetragonal4i/amdspace group (no. 141). In thi
structure Zr is found in théa sitedodecahedrally

(although distorted) coomhted with 8 oxygen

anions and Si is found in ti#b site tetahedrally

Figure 1.4: lllustration of the zircon structu
(space groupti/amd. Blue = Zr** (4asite), yellov
= Si** (4bsite), red = G (16h site).

coordinated with 4 oxide anions. The isolat
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SiOy tetrahedra share awers and edges with the Zr@odecahedra, which imn share edges
with each othe?® For this thesis, the zircon structure is important due to the compound4ScVO
ScVQuis isostructural with ZrSi@andhas beemvestigatecextensivelyalong with the other rare

earth orthovanadatef&r their interesting optical propertié%3’

1.2.5.The Corundum Structure

The corundum structure, basedtba
mineral corunduma crystalline form of

aluminium oxide (A4Os), crystallizes in

the rhombohedral space groRpc (no.

167). The cations are octahedral
coordinated to 6 oxides and the anio
tetrahedrally coordinated to 4 cation
This structure idased on a hexagon:
close packed array of oxide ions with tf
cation found in two thirds of the
octahedral sites. The vacant sites ¢
ordered in a way that allows eac
octahedron to share a face with anott

along the eaxis. Many oxides are fount

in the corundum structure; SOMiFigure 1.5: lllustration of the corundum structure (space g
_ Roc. Green = Al* (12csite) Red = @ (18esite).
examples include: T0s, V203, CrOs,

and FeOs.
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1.3.  Background Literature and Focus of the Project

Materials sciace has always been an applied science with a strong connection to global and
technological needs. Global energy densamalve constantly risen, and the World Energy Outlook
2017 predicts that global energy consumption will rise by about 28% between the years 2015 and
2040%In order to avoid the use of fossil fuels, alternativergy resources are necessary. Of these
alternative energy resources, those which are clean and sustainable are preferred. Photovoltaics,
thermoelectrics, batteries, and fuel cells can all be used for the conversion or storage of energy. To
design these d&es, a deeper understanding of the materials within is required. To rationally
design these materials, their fundamental functions must first be understood. Good model systems
which are capable of fostering an understanding towards the relationship rbéhsedesired
properties and their structures are important. Particularly important for this thesis is the
understanding of ion conducting materials for use in solid oxide fuel cells (SOFC). A simple
schematic of a SOFC is shownfigure 1.6. Other designs are being used as well, but all SOFCs
follow the same general schedd@he cathode and anode are bwilked conductors, conducting
ions and electrons, whereas the electrolyte is an electronic insulator and an oxide ionic conductor.

To design an efficient electrolyte, many chemical and engineezlated properties must be
optimized. The main requiremerits an efficient electrolyte ar42

(1) High ionic conductivity (0.1 S/cm at operating temperature);

(i) High electronic resistivity;

(i)  Thermal expansion compatible wittetother components of the cell;

(iv)  Chemical stability up to operating temperature (especially in contact with the

electrodes);
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(v) Stability during thermal cycling;

(vi)  Low cost.

02' 02_
02'

02'

Electrolyte

Anode Cathode

Figurel.6: Schematic of a solid oxédfuel cell. The grey arrows show the path of electrons, while the red arrows show
the path of oxide anions. Oxygen is reduced at the cathode and reoxidized at the anode while converting fuel. The
schematic is annotated with all the different components.

In oxide ion conductors, current flow occurs via the movement of the anions through a crystal
lattice as a result of thermalfctivated hopping between crystal lattice sites. The ionic
conductivity is therefore highly temperature depend&imt.order to design a good ion conducting
material, a few important factors must be considered:

1. The structure must contaimoccupied sites equivalent to those occupied by the oxide
anions in the latticét

2. The activation energy for the hoppipgocess from one site to another must be small.
This is difficult to attain because anions are typically the largest ions in the lattice,

making cations a more intuitive candidate for mobility.
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3. Due to the high operating temperatures of SOFCs the matauatde stable up to high
temperatures (at least 800°€).
As mentioned earlier, the fluorite structure has beentifled as one which shows a great deal of
promise for soliestate oxide ion conducting applications.

Over 200 years ago, Faraday observed that at elevated temperatures fast fluoride ion conduction
could be seen in the compound BHF"® This discovery led scientists to investigate the fluorite
structure to understand its conductivityt was f ound t hat because th
lattice pointswhich are consequently energetically equivalenthéf anion site is onlpartialy
occupied overcoming a small energy barriera(s all that is necessary for anions to diffuse.
Goodenoughrepoffst hat oxi de ioocanbedescribedontthi vi ty G

, orYQ 7 (eq. 1.1)

where T is the temperature, k is the Boltzmann constant, and A is a factor represented by:

6 Qlied I tRjQE p & af (eq 12)
where f is ageometrical factor which depends on the jump path, z is the number of near neighbour
sites, N is the number of normal sites per unit volume, q = 2e (the lattice charge of the oxygen
vacancy), nis the fraction of vacardites, | is the distance betweenngh bour i ngissi t es,
the frequency of vibrations of the mobile oxide ion.dBsign a good oxide ion conductor, A must
be maximized, while Hs minimized. An Eless than about 1 elWasbeen shown to be reasonable
for good oxide ion conductivit§? The equivalent anion sites in a fluorite lattice are separated by
a shared edge of the surrounding cation tettam. Therefore, in order for the anion to hop from
site to site, it must squeeze through this edge, as shofigune 1.7. Ea represents the energy
required for the anion to squeeze through this channel, and it has been found to be lowest when

the peripheral cations of this bottleneck are easily polaffz&t. maximize Apne may conclude
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thatdue to the&, p &, term,more defects would make for a better condydtmreasingip to

about 50% holes; however, it has been shown that the elastic strain caused by the mismatch in
cation size lowers the conductivity significantf/® Typically, 5% to 10% oxide defects are ideal

to optimize the mionic conductivity in these fluorite structur®sThis defect creation has been
attempted in two ways: one way is to substitute cations with a lower charge into the host cation
array, creating an extrinsic vacancy concentration; and the other is to choose an oxide with an
intrinsic vacancy concentration (a multivalent catibrijlost commercial soligtate electrolytes

dope with cations which have only one commonly stable oxidation state to create vacancies, which
reduces the risk of redox reactions occurring during operahdrtypically makes synthesis less
complicated. The classic oxide conducting electrolytes are -gtalalizedzirconia (YSZ) or

GOs doped Ce@ Exchanging the zirconium cation (4+) in zirconia with yttrium or scandium
(both 3+) stabilizes the fluoritstructure and creates a valuable oxide ion conductor at elevated
temperatures. Because of the high price of scandium, YSZ is the electrolyte of choice for SOFC
operating at or above 800 *€The same idea is true for S8 or GOz doped Ce@ reducing

the operating tempettae further, to 550 °C.

Figurel.7: lllustration of the oxide hopping mechanism during oxide ion conduction in a fluorite lattice.
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Currently, the main goals of SOFC research is to lower the operagomaérature down to 300
- 400 °C while retaining a reasonable level of conductitfitfowever in this thesis, the goal is to
explore model systems in detail in order to gain a better understanding of stpropzety

relationships, which can be applied to more complex maddeat a later stage.
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1.4. Introduction to Experimental Techniques

1.4.1.Diffraction

1.4.1.1. Introduction

Diffraction techniques have long been used to characterize the structures of crystalline solids.
The long range order found in crystalline materials makes diffra@an ideal probe of the
arrangement of atoms and ions in crystal lattices. Diffraction relies on the interaction of incident
radiation with the material being characterized. Because radiation with wavelengths commensurate
to that of atomic sizes and aratomic spacings is required in order for diffraction to occur,
wavelengths on the order of 0m (angstroms) are typically used. Furthermore, the nature of the
radiation used will also have a drastic effect on its interaction with the material. Dusa/éo
particle duality, the desired wavelength can be achieved using either electromagnetic radiation
(EMR) or particles in motion. The EMR with wavelengths in the range of angstroms is that of X
rays. Xrays interact with the electron density (commonlgnedd to as the electron cloud) of the
sample. Particles such as neutrons or electrons may be used as an alternatasstaben in
motion. The wavearticle duality explains that all physical entities, such as light and matter,
exhibit both wavdike and particlelike properties. The de Broglie equation (eq. 1.3) allows us to

describe the wavelength of any particle in motion.

— (eq. 1.3)

where:hi s Pl anc kld=s6.626al6*sJislamits (t he particledbds rest
particl eds vel ogays rieytrons interaccpanmatily watrstihe nuclei of>atoms; this
leads to a much weaker interaction than found witays, so larger samples are needed. Neutrons

also often Bow the differentiation between neighbouring elements. Furthermore, neutrons have a
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magnetic moment which allows for interactions with unpaired electrons in the material. This
phenomenon allows for both nuclear and magnetic diffraction to be measuiad teatie ability

to measure magnetic structures. Finally, electrons are also commonly used for diffraction, they
interact much stronger than-rdys or neutrons due to their charged nature. As a result, electron
diffraction typically results in multiplecsittering events, which eliminates the ability to use the
kinematical theory (where an approximation is used that only one scattering event occurs) and
complicates the analysis. Electron diffraction was not used in the scope of this work and will not

be dscussed any further.
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(hkl)
(hkl) —
Lattice
Planes dhii
(hkl)
Figurel8Sc hemat i ¢ i | | u s.tThedattidge planespiricideBtrarad giffracted wagefnonts, and all relevant
symbols are annotated on the figure.
Diffraction from crystallographic planes <can

describes the relationship between the wavele
the sets of lattice planes (d), and the incident angle of ingpidin ay s ( d) . These g
described using Miller indices (hkl), where all planes with the same Miller indices are parallel to

one another and separatgflially. Theperiodicspacing of these planes act as a diffraction grating.

(19



¢ _ ¢Qi Q¢ — (eq.14)
When Braggodés |l aw is satisfied, the difference
different lattice planes is an integer multiple of the wavelength. Satisfying this condition will
enable the Xays to interferec onstructi vel vy, producing a Brag
condition is not met, destructive interference will result and no peak will be Begpme 1.8

illustrat es Braggbs | aw.

1.4.1.2. PowderX-ray Diffraction (XRD)
1.4.1.2.1. General

Braggods | aw allows us to identify the spacin
identify and locate the atoms or ions in the unit cell, the intensity of the Bragg peaks becomes
important. The integrated intensity of each peak is a function of the atomic structure; however it
al so depends on a variety of geometri tnal fac
diffraction, the intensity of equivalent peaks (in a powder diffraction pattern) can be expressed
using:

O 0 O g0 s (eq. 1.5)
where: K is the scale factor, a multiplier which normalizes the observed intensities with absolute
intensities da to the fact that scattered intensity is measured in relative and not absolyte units
G represents a variety of geometrical factors includimgmultiplicity factor § ), the Lorentz
multiplier (© ), the polarization factor (), the absorption multiplier §_), the preferrd

orientation factor (), and the extinctioparamete(Oay), The formula for G is:

O O 0 6 Y © (eq. 1.6)
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where: |f® is the structure factor, the square of the absolute value of the structure amplitude
(Fnki). This is the factor which describes the nature, distribution, population, and motion of atoms

or ions in the unit cell, and can be represented with:

O B Qo i Qi Q (eq. 1.7)
where:
n is the total number of atoms or ions in the unit cell, including all symmetrically
equivalent atoms or ions;
si s ngliand
"Qis the occupation factor dfie " atomor ion;

0is the temperature factor, describing the thermal motio# aftgm or ion;

Q W op;

hkl are the Miller indices for the peak;

®, W, & are the fractional coordinates for tHegtom or ion in the unit cell;

and "Qis the atomic scattering factgor form factor) describing the interaction of the
incident wave withthe f" atom or ion.

As was mentioned earlier-pays scatter off the electron clouds of the atoms found in the crystal
lattice. Consequently, the strengthscattering depends on the nature of the atoms or ions found
in the crystalline lattice. The scattering power for any single atom or ion is described with a form
factor"Q i , which depends on the wavelength of thea)s used, the diffraction anglend the
nature of the atom or ion in question. At sin
electrons found in the atom or ion. As the diffraction angle is increased the scattering factor will

gradually decrease, due to the radial distion of electrons in the atom or i6hThis decay was

17



modelled by Cromer & Mart based on HartreEock calculations and fitted to the analytical
function slown in (eq. 1.8). Nine parametersi-{a b4, and c) are used to describe the
approximation to the scattering factor. The parameters for common atoms and ions can be found

published in the International Tables for Crystallography: Volumg C.

i Q¢ — B Ho ) (eq. 1.8)

Figurel9i | l ustrates the scattering factor of mu
Most notably, lighter elements scatter much more weakly than heavier elements, making it
extremely diffiailt to obtain reliable parameters (such as positional coordinates) for light elements
when heavier elements are
present. Furthermore, on
can infer that neighbouring
elements (or those witt
similar electron counts)

will  be difficult to

Scattering Power

distinguish (i.e. VWvs. Ti).

Finally, when comparing

the form factor curves for

T T T T T T l
0.0 0.5 1.0 15 2.0

sind/A

Pr vs. P¥, one can see tha

they are only significantly Figure1.9: Schematic of form factors for H, @j, V, Pr, and P¥ as a function

. of sind/ o&.
different at low angles

(si nd/ & meaning

that different oxidation states also cannot be reliably differentiated
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Powder xray diffraction is typically collected using either lab instruments, which are normally
far more convenient, or synchrotron sources which are much more brilliant. These different types

of instruments will be further discussed below.

1.4.1.2.2. Laboratory Xray Diffraction

Powder Xray diffractometers
found in a laboratory setting

generally generate-¥ays using an ~ Bervlium

Window .
X-ray tube as the source. As can | Cooling
Water
seen infigure 1.10, these Xray )
\ Metal
tubes produce Xays by first Target
X-rays — (Anode)
ejecting electrons from a cathoc ) l L_
Electrons
. . . - T Vi
material by heating the materic \\I e | seuem
e
. . e
beyond its work function. Thest Tungsten
Filament
. . Cathod
electrons eceleratén an electrical (Cathode) @

field from the cathode to a mete

target (the anode) in an evacuat
tube. Upon collision of the Figure1.10: Schematic representation of arra§ tube.

electrons with the anode materiakrys are formed in two ways: firstly, the fast deceleration of

the electron releasespay phobns with a continuous spectrum; and secondly by ejecting a core
electron from the target, causing an electron from a higher shell to take its place, releasing a photon
as it relaxes. The radiation produced in this way is characteristic for the matetiad treanode,

and depends both upon the shell of the vacancy and that of the electron taking its place. Typical
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anode materials include copper, molybdenum, iron, cobalt and silver; however, the most common
anode material used, and the one that was Usedghout this thesis is copper. For copper, the
typical radiation used is KU (aver agaendwakvie!l en
with wavelengths of 1.54056 A and 1.54439 A, resipely.

Once Xrays are produced, they travel through a series of beam dpticgjer to shape the
beam improving the resoluticend final peak shap&his often occurs at the expense of flux.
Using a monochromator dilter helps to select the-Kay wavelengthsised for the measurement.
A monochromator will select a single wavelength, whereas filters will absorb energies higher than
a certain threshold depending on the material used. For a copper source, a nickel filter is used in
order to remove the unwantedira at i on (such as the copper Kb e
reaches the sample, where diffraction occurs, and is collected bysgndstector. There are many
different configurations of diffractometers, including transmission and reflection ggometr
however, for the lab diffractometer used in this thesis, the BBaggtano geometry was used.
Figurel.11 shows a schematic of a diffractometer in the BrBggntan 0 - 2 Wsetting. In this
geometry, the incident beam and the diffracte:q
stage; consequently, the diffracted beam wil/
is irradiated with a divergemtcident beam, and when properly aligned, the beam wilifgelfs
(converge) at the receiving slit, where the detector is located. The focal point ofdlyesiurce
and the receiving slit of the detector are both found on the perimeter of an imagiciarkrown
as the goniometer circfé.

The flat plate saple mount often used for Braggyentano geometry is more susceptible to
preferred orientation, and the divergent incident beam causes an angular dependence on the

amount of sample being illuminatey K-rays. This effect becomes so extreme at low angles that
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beam overspill occurs where a portion of the beam is no longer on the sample, causing unreliable
intensities. However, advantages include that the focusing of the diffracted beam results in both
high diffracted intensities and high restdun. Furthermore, the effects of absorption are reduced

in comparison to transmission geometry, making this setup ideal for samples containing heavier

elements.

X-ray
Source

Detector

ze\ e
~ Sample Stage

-t
------
-------
..............

Figurel.11: Schematic of an Xay diffractometein the BraggBrentano setting.

The | aboratory di ffractometer used t hrougho
(PANalytical B.V., Almelo, the Netherlanpi® BraggBrentano geometry using @uU riand i at
andan X0 Ce éetectorawtitto 128 rdicrostrip detector elements. Using multiple detector
elements allows for faster data collection as all microstrips collect a complete diffractogram
covering the full 2d r an gemountddas thig layars entsiicone s | u
zero background sample holders (Si(510)) and measured on a PW3040/60 sample spinner stage at

1 revolution per secondhcident beam optics includ@ller slits, divergence slits, a mask, and an
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antiscatter slit. The difiicted beam optics include an asdatter slit, Soller slits and a nickel

filter. Details of the experimental setups can be found in each of the individual chapters.

1.4.1.2.3. Synchrotron Diffraction

Currently, the most brilliant Xay sources are synchrotrons, gwoing intensities which are
orders of magnitudes higher than conventionab)X tubes. These synchrotron radiation sources
began to appear in the 196006s and haaygarebeen
produced by accelerating charged p#&tcelectrons or positrons) close to the speed of light using
a linear accelerator (Linac) and booster ring. These charged particles are injected into a storage
ring and, using a magnetic field, forced into a large (almost) circular orbit, typicallyddsdf
metres in diamete Using bending magnets, the path of the particles is curved causing a change
in momentum; consequently, radiation is given off tangentially. Experimental stations are
constructed on these beamlines in order to use the radiatolged.Figure 1.12 shows a
schematic of a synchrotron radiation facility. New generation synchrotron sources also include
insertion devices on the straight sectiowjch produce even brighter light. These insertion
devices include undulators and wigglers, however the beamlines used in this thesis are all from
bending magnets and therefore, insertion devices will not be discussed in detail.

The main properties of sghrotron radiation include very high intensity, broad and continuous
spectral range (allowing for the selection of nearly any desired wavelength), natural narrow
angular collimation, and high brightné€sThese combined properties result in very high

resolution and intense diffraction patterns.
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Figurel.12: Schematic of aynchrotron facility.

Typically, DebyeScherrer geometry is used at synchrotron sources. In this geometry samples
are typically contained in capillaries and parallel beams are used in contrast to a diverging beam
for BraggBrentano. This avoids the anglependence of beam size at the sample, preventing
unreliable intensities from beam overspill seen with the BExgmtano geometry. Furthermore,
error associated with the focusing circle is eliminated and the effect of preferred orientation is
deemphasizedue to the transmission geometry however, care must be taken to deal with highly
absorbing samples via dilution.

In order to produce synchrotronrdys, large scale facilities are required. Some examples of
synchrotron facilities include: The Canadiamgii Source (CLS) in Saskatoon, SK, Canada; the
Advanced Photon Source (APS) at Argonne Natibahalin Argonne, IL, USA; and the European

Synchrotron Radiation Facility (ESRF) in Grenoble, France. Throughout the work carried out in
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this thesis, beamlines1BM-B>¥* and 17-BM-B at the APSwere used extensively. €h
experimental setups for experiments are mentioned in the individual chapters.

11-BM-B IS a
beamline which can be
operated over the energ
rangeof153 5 ke

0.83 1 0.35 A). The

beam optics include &
collimating mirror with
Si and Pt stripes, a 2l
mm offset doublecrystal
Si (111) monochromatotl
(the second of which is

bent for horizontal

focusing), and a 1 m

Figure 1.13 A threedimensional model of the higlesolution diffractometewith
vertical focusing mirror. 12-analyzer detector system: (1) -dBalyzer detector system, (2) towcle
goniometer, (3) supporting table, (4) sample stages, (5) sample mounting rob
stages for cryostreanReproduced with permissi of the International Union o

The X-ray beam at the Crystallography*

sample is approximately

1.5 mm x 0.5 mm ahe sample. The sample is located approximately 5@m fhe source where

a Huber two circle diffractometer mounted on an optical table is used.Zfuealyzer detection
assembly is mounted to the main circle of the diffractometer, where the diffracted beam is received
by 12 independent Si (111) crystal analyzers before hitting the kaei@tillation detectors. A pair

of slits between the sample aedch crystal ensures a separated and collimated diffracted beam.
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There is a 2separation between neighbouring analyzers, and the entire detector system is rotated
around the sample in order to achieve simultaneousdpghd and highesolution data cadiction.
The angular coverage of the detectdr.& 130° and the minimum step size is 0.0001 typical
mai-i n scan is collected at approximately O0.41
range from 0.5 50 ° and a step size of 0.001Figurel.13 shows a 3imensional model of the
diffractometer found on the beamline-BM-B.

17-BM-B is a rapid acquisition powder diffractometer, which is well suitediri-situ, in-
operande and parametric Xay diffraction and pair distribution function analysis. It
accommodates a wide range of sample environments including flow cells, cryosystems, and high
pressure cells, among others. Therays produced by the bend magnet source are
monochromated wusing a Si (311) monochromator
Pinholes are often used to cut down the beam to smaller sizes to match the sample stage or
environment. The monochromator allows the wavelengtietimined from 0.46 A to 0.24 A (27
51 keV). That, coupled with a 2D area detector which can be moved froin 8@ mm from
the sample allows for a large range edhcings to be explored. Typical acquisition times range
from 0.17 30 s depending orolw well the sample diffracts. Diffraction rings from a calibrant are
collected on the 2D area detectas is shown oRigurel.14 (left) for LaBs. The known dspacings
of the calibrant are set in order to determine the detector distance, tilt of the detector, along with
other parameters. Once calibrated, a typical 1D diffraction plot can be achieved by integrating

around the rings, as is seenfiyure 1.14 (right).
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Figurel.14: (left) 2D scan of LaBusing 17BM-B. The diffraction rings can be seen, and integration area is shown.
(right) 1D diffractionplot of LaBs after integration of rings.

1.4.1.3. Neutron Powder Diffraction (NPD)

1.4.1.3.1. General

Neutron powder diffraction uses the same principles-aayXdiffradion; however there are a
few changes required due to the interaction with the nucleus rather tharctteneteoud One of
these differences is that the scattering fact
entire range of diffraction ates. Furthermore, the scattering functions are not proportional to the
atomic number, allowing for contrast between neighbouring elements as well as light elements,
even when heavier elements are present. Finally, scattering functions are also diffditfatdéot
isotopes of the same element. Interaction with unpaired electrons also allows for magnetic
diffraction which is used in order to determine magnetic structures. Magnetic diffraction, although
a very useful technique for materials chemists, veasised in this thesis and will not be discussed

in detail.
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The structure factor for neutron diffraction is similar to that fena}(s (eq. 1.7); however, rather
than using the Xay form factor, the scattering length b is used. This leads to the nsiclesure
factor equation:

O B QOidQ (eq. 1.9)

Where bis the scattering length of th€ jon or atom in the unit cell, and all other symbols are
defined in (eq. 1.7). The scattering length of the nettiarieus system describes the strength and
the character of the interaction of neutrons with different nuclei. Neutrons can also intemact wit
matter by being absorbed. It is therefore important when dealing with neutron diffraction to know
the probabilities of both scattering and absorption occurring. In order to describe these
probabilities, neutron cross sections are used. They are tymzaligssed in units of barns &0
cn?), while scattering lengths are described in units of fm. The scattering cross section is related
to the scattering length using the equatfion:
w (eq. 1.10)

Absorptionc r 0 s s  sag) are measured d{rettly and are used to describe the probability of
absorption occurring. Reliable values for cross sections and scattering lengths are necessary for
determining the viability of neutron experiments, and for interpretation of these expe@men
are tabulated in the literatut®>°

In contrast to Xrays and electrons, neutrons are not easily produced, therefore no small scale
lab based neutron diffractometers are available. Neutrons are generated in large facilities using one
of two methods (which ardescribed in more detail below): by nuclear fission, in continuous

wavelength sources; or by the spallation process, found in spallation sources.
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1.4.1.3.2. Continuous Wavelength Sources

Continuous wavength sources (reactor sources) use nuclear fission togaatutrons. A
thermalneutron is absorbed U, forming 2*®J, which decays intd*Ba, 8%r, gamma ays,
and three neutrons. These neutrons are either absorbed by &fthier continue the nuclear
reaction, or are liberated and used for diffractideutrons produced in this way are very high
energy, on the order of MeV, and need to be slowed before they can be used for diffraction.
Moderators are used for this purpose, the temperature of the moderator controls the speed and
therefore the wavelengtbistribution of the neutrons. Room temperaturgOHor D20 are
commonly used as moderators, giving neutron wavelengths in the range of angstroms. Specific
wavelengths can be selected with monochromators.

Examples of continuous wavelength sources are thiguinsaueLangevin (ILL), in Grenoble
France; and the former Canadian Neutron Beam Centre (CNBC), at the Canadian Nuclear
Laboratories in Chalk River, ON, Canada. In this thesis diffractograms were collected on the 800
wire medium resolution powder neutrdiffractometer at C2, found at the former CNBC.

The C2 diffractometer uses neutrons from the 135 MW NRU reactor at the CNBC. At the
sample, the beam can be up to 3.6560 high and
The monochromator takeff angle is variable from 0 120°, and many monochromators are
available (Be, Cu, Ge, graphites,Si). The wavelength can be varied from 1 A to 4 A, and typically
the (531) reflection of Si is used. A curved 80e BFs position sensitive detector with a wire
spacing of 0.1allows for 80° of scattering angle to be measured simultaneously. The detector can
be moved in 0.01° steps to increase data density. Furthermore, the detector can be positioned in

high- or low-anglesettings allowing for a®range of 120°.
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1.4.1.3.3. Spallation Sources

Spallation sources are pulsed neutron sources which differ from continuous wavelength sources
in many ways. In this method, protons are accelerated using a Linac (and typically kept in a storage
ring) before being collided into a heavy metal target at regular intervals. This causes many neutrons
to be released (spalled or knocked out) with various enéftfRagher than using a monochromator
to select a wavelength, a &t of the neutrons is usamnsisting of many wavelengths, and
therefore energies and speeds. As the packet leaves the target towards the diffractometer the
neutrons will spread owts a function of their velocitieghe faster neutrons wikrrive at the
sample before the sloweeutrons). Therefore the resolution depends on the path length. The
longer the path length, the more time the neutrons will have to spread out, and the higher the
resolution will be. The compromise to this is that as the path length increases the flasegcre
and longer counting times are necessary. Because all the distances are known (target to sample,
and sample to detector) and the tiofdlight can easily be measured the relationship between d
spacing and timef-flight can be calculated (eq. 1.12),si ng Braggoés | aw (eq.

Broglie relationship (eq. 1.1%9.
» . (eq.1.11)

o @ ucl be_ (eq. 1.12

wher e: h i s P hiathearniass sf a neotroms, L ia the total fhght path, t is the-time

off l ight, and d i s t heistged neutamrdiffhaidnahe tetectorgraes i t i
fixed at a known angle, the flight path is known, and the starting time of the neutron packet (or
pulse) is known. Therefore, each time a neutron arrives at the detector the time is registered. Each
detecto receives a full diffractogram with every pulse, which is combined in order to give the final

diffractogram, often reported with intensity on thaxis and timeof-flight or d-spacing on the-x
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axis. The peak flux found in spallation sources is typidatiner than that of reactor sources, but
the peak shapes of spallation diffractograms are much more difficult to model.

Examples of spallation neutron sources include the Spallation Neutron Source (SNS), at Oak
Ridge National Lab (ORNL), Oak Ridge, TN, US#d ISIS, at the Science & Technology
Facilities Council (STFC) Rutherford Appleton Laboratory, Didcot Oxford, UK. This thesis
includes data collected from POWGEN (BILA), and NOMAD (BL1A) found at the SNS.

POWGEN is a high resolution general purposgatitometer, which has a good balance of flux
and resolution. As is shown figure 1.15, it has a 60 m flight path from the liquid: Fhoderator
to the samje and a series of choppers along the path to control the wavelength bandwidth. The
initial chopper (b chopper) cuts out the high energy neutrons which would increase the
background, reducing the quality of data. Three other choppers along the beagh thatinsident
wavelength bandwidth and center wavelengths used throughout the experiment. These choppers
prevent what is known as frarogerlap, where the fast neutrons from one pulse catch up to slow
neutrons of the previous pulse. Typically, all pulaesilable at the SNS (60 Hz) are used for the
experiments, however, the choppers can be used to eliminate pulses reducing the pulse frequency
to 30, 20 or 10 Hz. This would allow for a wider wavelength bandwidth, at the expense of flux.
The POWGEN instruent contains 40 detectors which are found around the sample at distances
of 2.517 4.5 m. Data from all detectors are combined into a single dataset which cover the full
range of dspacings available. It is important to understand that different sectionise of
diffractogram are obtained from different detectors, and resolution differs between the detectors
based on their positions. Therefore, it may be wise to analyze detectors in different groups, or omit
them fram the final diffractogram in order to gdoetter resolution at the expense of flkgure

1.15(ii) shows he detector layout for 2017. The resolution is best for the detectors in the plane of
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the sample (detectors labelled 2). The shaded detectors are often omitted in order to increase

resolution.
. detect
moderator ';'I;'L"t:g beam guide secondary '::_ayo" beam stop
/ To chopper / shutter \
\ -
bandwidth : /
choppers sample POWGEN
position diffractometer
Olm 79m SQm ; qu
6.3m 57m
4 4
3 |3 |3 |3 |3 |3 |3 |3 |3 |3 ]|3]|3
G| 2 2 2 2 2 2 2 2 2 2 2 2
1 1 1 1 1 1 1 1 1 1 1 1
0 0
A B C D E F G H | J K L

Figurel.15: (i) Schematic of the POWGEN beamline annotated with the major components. (ii) Detector bank (as of
2017) showing the 40 detectors used for the POWGEN diffractometer. The steidetbrs are often omitted to
increase resolution.

NOMAD is a highflux, medium resolution timef-flight neutron diffractometer which allows
for the study of a variety of samples including liquids, glasses, polymers, nanocrystalline, and
long-range oré@red crystalline materials. NOMAD uses a liquid moderatoy and with a
moderatoito-sample distance of 19.5 m, this instrument boasts high flux allowing for small
samples (1006s of mg s ) to be measured in typ

Furthermore, typical neutron sized samplesagge) can be measured in minutes. This high flux
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coupled with large angular detector coveragé (B/5’), allows for small sample sizes, high
resolution pair distribution function analysis, and parametnidiss. Neutrons from 0113 A are

used for diffraction, limited by the fast neutrons from the next ptheposition sensitive detector

tubes are arranged into groups of 8. Multiplpa®ks are used at the same angle to form banks.

There are 6 detectianks arranged as showrfigure1.16. Banks 1 and 6 use |
arranged into flat paeabahk &a)da(eadké)?Al ahersdké 4t 2 d
10 detector tubes coveri ng?®%BanksR B3,d.eand5srefodnd c e s

at 28 312 672, and 22, respectively.

Figurel.16: Schematic view of the detector arrangement around the NOMAD sample position. The neutron direction
is indicated with a red arrow and the sample position is indicated with an orange cylinder. The figure is annotated with
the bank numbers. Flat detectonpbs,1 (7°) and 6 (154) are shown in blue. Banks 2 (3f 3 (31°), 4 (67°), and

5 (122°) are shown as cylinders with panels which suppgaéks. The red shaded panel shows an illustration of an
8-pack in place.

1.4.1.4. In-situ Diffraction

Collecting diffraction data at elevated temperatures is becoming more and more common in the
field of solidstate chemistry. The ability to analyze the structures of materials at elevated

temperatures allows for the study of sedtdte reactions, providing insight inteechanistic details
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which are otherwise difficult to deduce. Furthermore, it allows for precision in transition
temperatures, and the exploration of unquenchable or metastable phastesdiffraction also
allows materials with high temperature appiioas to be studied at their operating temperatures.

Typically, in-situ data is reported either as stacked plots, surface plots, or contour plots. In this
thesis,in-situ high temperature powder diffraction expeeints were carried out using laboratory
X-ray instruments, synchrotron-kay instruments, and neutron diffractometers.

Using the PANalytical XoPert 1.RP1.2D2widhiafAntonact o me
Paar HTK2000 high temperature camera equipped with a platinum strip heater allows for
measuring diffractograms at temperatures up to I'80The temperature of this furnace is
accurate within £5°C at all temperatures. Samples are ground, and nobuitectly on the
platinum strip as thin layers using an acetone slurry. Sample height is adjusted with respect to
room temperature data collected on the sample spinner Biggee 1.17 shows pictures of the
HTK2000 furnace mounted on the diffractometer, both with its cover on and off. With this
experimental setip the temperature is increased (or decreased) in steps and diffraction data are
collected at each temperature. Furthermorféerdint gases can be introduced into the furnace in
order to study the effect of atmosphere while heating. This is particularly useful in studying
oxidation using air or oxygen gas, reduction using carbon monoxide or hydrogen gas, and inert
gases such aslum or nitrogen. Temperature increments, data acquisition times, beam optics,
and atmospheric conditions are reported for each individual experiment in their respective

chapters.
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Figurel1.17: Pictures othe HTK2000 hightemperature furnace equipped with esPip heating element mounted to
the PANalytical X6Pert Pro. Pi ct &0) with theacover on ek)@anmd ofat el e v

(right).

In-situ synchrotron power X-ray diffraction experiments were carried out atB¥-B at the
APS. For these experiments, auphs flowcell/furnace was usédwhere Kanthal wire is coiled
around aceramic tube and power is provided to the resistive heaters by a DC power supply.
Samples are loaded into a quartz capillary and plugged using quartz wool. A thermocouple is
inserted near to the sample as showrigure 1.18c and the Xrays are aligned near to the
thermocouple to ensure maximum temperature accuracy. In order to increase powder averaging,
the flow-cell is rocked during data dettion. Using this experimental sap, samples are heated
continuously, and diffraction data is collected during this ramp. Data collection times and heating
ramp rates vary based on the particular experiment and are reported where used. Typically Kantha

heating elements are able to reach temperatures aroundd @@®ore breaking.
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Figure1.18 (a) An “exploded' representation of the flasll/furnace components, indicating how they fit together;
(b) thefully assembled flowcell/furnace; €) an expanded view of the sample region, indicating the relative position
of the sample and thermocouple tip within the furnace hot zal)e {op view of the flowcell/furnace, with a
corresponding cross section thgh the sample plane showing the gas/fluid pagha(photograph of the flow
cell/furnace mounted in a goniometer head. Heat shields have been omitted forRégmipduced with permission

of the Internationalnion of Crystallograph$?

Neutronin-situdiffraction experiments at the POWGEN diffractometer (SNS) used a traditional
ILL furnace built with vanadiunmeating elements which allows for heating up to 12D0The
furnace was modified to have a vanadium window in order to allow penetration of the beam. The
vacuum level of the ILL furnace is kept at approximately 2 X tb@r throughout the experiment.
Approximately 1 gram of sample is loaded into an ILL furnace vanadium sample can and mounted
on to a sample stick. The sample stick is lowered into the furnace which is aligned to the height of
the neutron beam. Heating is ramped up continuously through®eigeriment, while data are

being collected by all detectors simultaneously. Data is binned post experiment using the
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MANTID software’® which allows for data binning based on time, temperature, or a number of
other experimental details. Ramp rates and binning conditions are mentioned in individual

chapters.

1.4.1.5. Data Analysis

A lot of effort is put into obtaining good diffraction data for any matesyathesized; however,
good data is only the first step in understanding the structure. Without good analysis techniques,
the quality of data is essentially meaningless. There are many ways to analyze diffraction data;
simple matching to a database, Le Bigdl, Pawley fits, pair distribution function (PDF) analysis,
and the Rietveld method are a few of these techniques. In this section we will discuss in detail the

Rietveld method, which was the method used for final analysis of all materials in thss thesi

1.4.1.5.1. Rietveld Method

The Rietveld method is the method of choice for the analysis of powder diffraction data. It is
named after Hugo M. Rietveld who developed and first applied the method on neutron powder
diffraction datef*%° Using the Rietveld method, parameters descriltiegcrystal structure are
refined by fitting a simulated diffractogram to a measured one. In this method, a simulated pattern
is generated, based on a crystallographic structure model, and compared at each point with the
collected pattern. The parametermsscribing the structure are then tweaked and once again
compared to the experimental data. The best fit is found using a least squares minimization of the
residuaf®

0 B 0 @édB @ OOK O (eq. 1.13)
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where: y(obs.) is the measured intensity at point i in the diffractograieglg.) is the calculated

intensity, and wis the weight where

3 (eq. 1.14)

and the sum is over all the data points (N) in the diffracto§fdmorder to successfully model
the crystal structure of the sample, refinement of instrumental and sample dependent parameters
is necessary (note: some parameters may have both a sample and instrumental contribution).
Parameters can also be divided into those which are refined for each phase, and global parameters.
Some examples of global parameters include: zero point (instralpesymmetry (instrumental),
background (both), absorption (both), and specimen displacement (instrumental). Structural
parameters which are refined for each phase include: scale factor, lattice parameters, preferred
orientation, crystallite size and ain, positional coordinates, thermal parameters, and occupancies
for each symmetrgquivalent site in the unit cell. This is by no means an exhaustive list of
parameters, nor are all parameters listed refinable in each Rietveld refinemedeatstanding
these parameters important in order to ensure that they make both chemical and physical sense.
This is especially important whéRietveld refinementare performed on multiple diffractograms
simultaneously. When completing simultaneous mhittogram rahements, instrumental
parameters for each instrument must be refined individually, while the structural parameters must
be constrained to be the same.

Typically, many Bragg reflections contribute to the calculated intengitglg.) at any given
point, i, in the calculated pattern. The calculated intensity at each point is determined by the
structure factor, w[?, and modified by other parameters; summing the contribution of each

reflection within range (this range is set by the user). This calclitd@bity is given by?
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O OO WiB 0 SO s% 0 (eq. 1.15)

where:

s is the scale factor;

Lnki IS a term which contains the Lorentz, polarization, and multiplicity factors;

O is the profile function, which describes

Pnki is the preferred orientation of the crystals;

A is an absorption factor, which depending on instrument geomeyyor may not be

constant; and

ybi is the background intensity at tiestep

There are many different criteria of fit used to estimate the agreement between the calculated

and measured diffractograms. However, care must be taken in order to enstine treties
received for each parameter are both physically possible and make chemical sense. Some common
criteria of fit include:

profile R factor,

‘ Bs 8 83
Y 5 3 ; (eq. 1.16)
weighted profile Rdctor,
. B s 8 8s .
Y = 5 ; (eq. 1.17)
Bragg R factor,
. B s 8 8
Y = 3 ; (eq. 1.18
expected R factor,
Y % and (eq. 1.19)
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goodness of fit,
— . (eq. 1.20)

Ik is the integratethtensity of the K reflection, N is the number of data points, and P is the number
of refined parametef¥.It is noted that Ris somewhat biased in favor of the model due to the use
of integrated intensities deduced by the model rather than each data point individually. However,
it is the Rfactor that is most coparable to the conventionah\Rlues used for singlerystal
refinements and depends only on the structural parameterhenprofile parametef§.The R
is arguably the most meang f u | of t he RO s(eqdul8whiclois thetresiduali mi | a
being minimized. The qual it y?whichdorrelatesfRiand i s mo
Re and should therefore approach unity. It is important to note, however, thatlsaraeteristics
of the data (background, signal to noise, etc.) can affect the values of some of these factors. For
that reason, all of these factors, as well as the difference plot and chemical intuition all need to be
used for successful Rietveld refments. A comprehensive guideline for structure refinements
using the Rietveld method has been formulated by the International Union of Crystallography on
Powder Diffraction, and is an invaluable tool for all scientists who must conduct Rietveld
refinementdor their researck

There are many pgrams which allow for the refinement of crystal structures from diffraction
data. The two programs that were used in this thesisallProf.2k° and TOPASAcademic

Version 57°

1.4.2. Thermal Analysis

Characterizing materials using thermal analysis techniques is beneficial for understanding their

high temperatte structures and properties. It allows researchers to understanestat#id
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reactions, phase transitions, and decompositions. The three main techniques in thermal analysis
include thermogravimetric analysis (TGA), differential scanning calorimetry (D%l
differential thermal analysis (DTAf.Many modern instruments allow for these techniques to be

measured simultaneously.

1.4.2.1. Thermogravimetric Analysis (TGA)

TGA is a fairly straightforward technique where the mass of a sample is monitored as a function
of time, temperature, or both. Typically, the sample is heated at a constant rate in a controlled
atmosphere and the mass change can be used to quantitaicelgte compositional changes.

For example, samples can be heated in flowing oxygen in order to monitor oxidation. As the
sample is oxidized a gain in mass will be seen due to the oxygen uptake of the sample. Typical
sampl e si zes ar g, andtypicalPlotsaretmass 1sOdmpesatuce fhowaver, mass

vs. time plots are also sometimes reported.

1.4.2.2. Differential Thermal Analysis (DTA)

In DTA the temperature of a sample and a reference (often an empty sample holder is used) are
both monitored thraghout the experiment. A constant heating (or cooling) rate is applied, and the
same power is input to both the sample and the reference. The temperature difference between the
sample and the reference i s meadifereacdisploited r ep or
against the temperature inside the furnace, often of the heating block. If the heat capacities are the
same, the result will be a flat line, while any differences will result in peaks. The qualitative
analysis of the resulting peaktoav for the determination of the temperature of the transition and

whether it is exothermic or endothermic.
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1.4.2.3.

Differential Scanning Calorimetry (DSC)

DSC issimilar toDTA in thatit is also a differential technique, measuring both a sample and a

referene as they are heated at a constant Tdtere are two main types of DSC instruments, heat

flux DSC, and power compensated DSC. In a pawenpensated DSC the power applied to the

sample and reference in order to keep them heating (or cooling) at theasamsemeasured. In a

heat flux DSC the temperature of the sample and reference are allowed to vary and the difference

in heat flow is measured. Typically, reported plots are heat flow vs. temperature. The main

advantage to using DSC is that measuringhibat flow between the referenaad the sample

allows for quantitative analysis, resulting in the calculation of enthalpies of transitions.

1.4.2.4.

Throughout this thesis, a Linesi

Thermowage  L81/1550 therme
balance (Linseis Messgeraete Gmb
Selb, Germany) in  vertical
measurement mode was used for TC
measurements. A schematic of th
balance can be seenfigure 1.19. A

compensation weighing system

used, where electromagnets on ec
the

side of fulcrum keep al

components stationary during th

Linseis Thermowage L81/1550 Thermal Balance
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Figurel.19: Schenatic of the Linseis L81 Thermal Balance
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measurement. The current appl to the electromagnets is converted to mass change. The top
loading thermobalance is loaded withi5000 mg of sample in alumina crucibles (shown in red).
Typical measurements were carried out with a heating rate 6CAflin under oxidative or
reducirg atmospheres. All experiments were corrected for buoyancy and used an empty alumina
crucible as a reference-ndy diffraction was used to identify the products of all measurements.

Specific details of the experimental setups can be found in each afitheliial chapters.
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Preface

This publication was the first of three articles written on theP¥Os + system a series of
materiak which has garnered some interest due to its implications on solid oxide fuel cell
electrolyte materialsThe article focusesn thel:1 Y:Pr compound, where thmportance of
understanding synthesis to matally design materials, atide order/disorder and defect control of
these materials discussed in detail. The structure of both the reduced and akideterials are
reported, and a novel cation sgiplit model is presented. The manuscript was published by

Inorganic Chemistry on February®1,50186.
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2.1. Abstract

The YPrGs + system is a nearly ideal model system for the investigation of oxide defect creation
and annihilation in oxide ion conductor related phases with potential applications astatelid
electrolytes in solid oxide fuel cells. The formation, structhrgh temperature reactivity, and
magnetic susceptibility of phase pure YBKG 0 O G O 0. 46) are reported
and oxidation of the YPro: system was investigated by powderray in-situ diffraction
experiments and revealed bixbysteuctures (space grou-3) throughout the series. Combined
neutron and Xay data clearly show oxygen uptake and removal. The research provides a detailed
picture of the ¥*/Pr¥*/Pr** sublattice evolution in response to the redox chemistry. Upon oxidation
cation site splitting is observed where the cation in ¥a@g/4%) position migrates along the body
diagonal to thex;x,X position. Any oxygen in excess of YPs&s located in thexdditional16c
site without depopulating the origindBe site. Thein-situ X-ray diffraction data and thermal
gravimetric analysis have revealed the reversible topotactic redox reactivity at low temperatures
(below 400 °C) for all compositions from YPI@ YPrGs.46. Magnetic susceptibility studies were
utilized in order to further confirm praseodymium oxidation states. The linear relation between the
cubic unit cell parameter and oxygen content allows for the straightforward determination of
oxygen stoiclometry from Xray diffraction data. The different synthesis strategies reported in
this paper are rationalized with the structural details and the reactivity of;¥Rn@ases and

provide guidelines for the targeted synthesis of these functional materials
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2.2. Introduction

The rich diversity of inorganisolid-state materials originates from the compositional and
structural tunability of those phases. In addition to the composition and the underlying structure
type local structural features including ania@nd cation order/disorder as well as defect
distributions control the properties of those extended phases. Reactivity studies provide guidance
for the rational design of functional materials and choice of synthetic pathways by extending the
structuré propety relationships to structuneactivity relationships. Oxide defect fluorite phases
are commonly employed as oxide ion conductors. The close relation between the cubic bixbyite
(c-Mn203) and fluorite (Cak) phases can illustrate the creation and annibiiaof oxide defects
during oxidation and reduction while the remainder of the structure adjusts to the evolving oxide
sublattices.The mobility of oxide anions in defect fluorites highlights the structure property
relation for oxide ion conductivity.The fluorite structure crystallizes in space grdem-3m
(#225) and is based on a famentered cubic (fcc) cation latticéa(site) surrounded with anions
located in the tetrahedral holecite) resulting in cubic MXcoordinatior? A schematic of the
fluorite structure can be seenfigure 2.1. Fluorite phases can tolerate anion vacancies and thus
give access to oxide defect phases of compositiopdykhown as defect fluoritesSThese defect
fluorites can be created via doping with lower valent cations (e ¥4O2-i1) wherethe oxide
defect concentration is directly related to the dopant and its concentration. Atfeynatredox
active cation in the fluorite structure permits to adjust the oxide defect concentrations. Because the
reduction and oxidation can be followed inysitu experiments, a deeper understanding of the

creation and annihilation of oxide defects ¢ gained from this approach. Large concentrations
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of fully disordered oxide defects can be accommodated in bixbyite ABO;
fluorite phases such as 12.5% defects in SO
ScTitss and InVQs4® Increasing the vacancy
concentrations further causes oxide defect ordering. The

resulting anion ordered cubic bixbyite w&tture (25%

defects) is closely related to the anion disordered defect
reduction l oxidation

fluorite structure. Bixbyite phases crystallize in space

groupla-3 (#206) with the cations on ti8& and24dsites bixbyite ABO;.5
l. . 5

and the anions occupy the general posi#@a’ The
bixbyite structure is illustrated iingure 2.1. Notably the
cation sublattices in the bixbyite and fluorite structures §

have the same topologigsConsequently, topotactic

reduction dation

reductions and oxidations provide straightforward
oXi
reaction pathways. The structural similarities of the cation

lattices are indicated ifigure 2.1. fluort aREs

We are reporting the synthesis, reactivity, structura
and magnetic characterization of YBrOf 0 O 0 C
For ABQ; systems different cation and anion ordered anc
disordered structures can be realized including a divers

range of perovsk":e%}l A_M 203,12 B_M 203’13,14C_M 203 FigureZ.l lllustration of the cubic lebyﬂ

structure (space groufa-3) of YPrO; (top)
and the topotactically oxidized prod

(bixbyite),>*> and corundum? among others. lonic radiypo, , (centre). Blue = Y/Pr sites (d:

blue =8b, light blue =24d sites), red=
ratios often decide over the thermodynamically staoxygen é8esite), orange = oxygen/defe
(16c site). The structure at the bott

structure types and thus serveadsst guide for choosing
and red = oxygerBg site).
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the appropriate ion¥.For similar A and B radii an A/B cation disordered structure is expected.
For the cations ¥ and P#* the bixbyite structure is expected witi"and P?#* disordered on the
8band24dsites.

Previously Kimmel et al*® reported that YCe®©and YNdQ form phase pure bixbyite
structures, while the target material YBas reported as a biphasic sample with preferential
phase separation into an yttrienah bixbyitelike phag and a praseodymiunch fluorite-like
phase. This finding will be addressed with our results. Rajendraf®¢toatever, synthesized and
reported electrical conductivity data for a phase pure 1:1 mixture of yttrium and praseodymium,
YPrOs.3332° No structural details were published and neutron diffraction studies were not utilized.
Consequently oxygen positions could not be accurattigrmined.

The YPrQ + system was chosen as a promising candidate for the systematic investigation of
oxide defect creation and annihilation for ion conduction applications. The main objective of the
present investigation is the synthesis and comps#eicharacterization of phapere YPrQ +.i
Defects can be controlled by low temperature topotactic reductions and oxidations while
maintaining the cation sublattices and avoiding potential phase separation.

Topotactic chemistry is utilized to access compounds that cannot be prepared by standard high
temperature methods. This technique entailstemperature manipulations of host materfals.
Becausehte cation lattice remains largely unchanged, and only anion sublattice manipulations are
required, the bixbyitdluorite system is an ideal candidate for topotactic reactions. &teifiand
Lundgren et al. have utilized topotactic reactions to shedl diglthe redox chemistry of similar
bixbyite and fluorite systems, including scandium vanadstitsnates, and indium vanadatés.
Controlling defect structures via defect concentrations and understanding the stability of these

compounds igrucial for the rational design of reliable ion conducting materials.if@erest in
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this system is prompted by the potential for new oxide ion conductor phases and a better

understanding of the bixbyH#uorite structure and reactivity relationships.

2.3. Experimental

2.3.1.Synthesis

Bulk samples of YPr®: were prepared using stoichiometric amounts of calcingds Y
(Cerac, 99.999% purity) and &1 (Alfa Aesar, 99.996% purity). Starting materials were
dissolved in conc. HN&and slowly added to molten citric acid monohydrate (CA, Aldrich, 99%
purity). The gel was decomposed on a hotplate and subsequently fired at 600 °C overnight. The
resulting dark green powder was ground in an agate mortar and heated in air in an aluntilea cr
for 12 hours at 900 °C and 12 hours at 1200 °C with intermediate grinding. The brown powder
was a pure bixbyite phase with composition Y£rQ

YPrOs +wasreduced at 10@0C i n f | owi n ginNe)yfad X2 boyrs. The (eSufingH

beige YROs powder was a pure bixbyite phase.

2.3.2.Characterization

2.3.2.1. Laboratory Powder XRD at Room Temperature

Roomtemperature powder-K ay di ffraction was <coll ected
diffractometer in Bragdrentano geometry (PANalyticaB.V., Almelo, the Netherlands)
equi pped with 1)a =ul.amhmdo0%98= &5444REIK).dTheamedsitdinents
were carried out using a 1° divergence slit, 10 mm m@$€l4 radSoller slits Ni filter and an

X6Cel erator det etcrtioprs wiotvherli 218 mi ctSaodas wer@ d r
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mounted as thin layers (cast as acetone slurries) on a zero background sample holder (Si (510))
and measured on a spinning sample stage (1 Hz). Data were collected with 0.0167° steps covering
a 2 dge fromnl0° to 140° at 200 s/step counting time for Rietveld refinements. The
diffractometer line profiles and peak positions were confirmed with NIST standardsSRi8

660a and Si SRM 640b, respectively.

2.3.2.2.  Synchrotron Powder XRD at Room Temperature

Room temperature higtesolution synchrotron diffraction data were collected using beamline
11-BM at the Advanced Photon Source (APS), Argonne National Laboratory in Argonne, lllinois.
The instrument is described elsewh&A. Kapton capillary (g = 0.8 mm) plugged with wax was
used as a sample holder, and data were collected with an average wavelength of 0.41385 A out to
50e in 2d in 0.001le .Dtleepss.usA nng xad ugsearmfr aNtl 57

materials, S(SRM 640c) and AlD3: (SRM 676) is used to calibrate the instrument.

2.3.2.3. Neutron Powder Diffraction

Preliminary neutron powder diffraction data were collected at two facilities. (1) ¥RrO
diffractograms were collected on the 800 wire medium resolutiameoneutron diffractometer
at C2, Canadian Neutron Beam Centre (CNBC) at the Chalk River Laboratories in Chalk River,
Ontario. Room temperature data were collected in a cylindrical vanadium sample can using two
detector settings and wavelengths coveridgsap aci ng range fromld33= 0. 7¢
i 0 12319117 A5 2 3 3=77187°).42) YPrQ data were collected on the POWGEN
diffractometer, SNS at Oak Ridge National Laboratory in Oak Ridge, Tennessee. Approximately

0.7 grams of sample@as loaded into an®m diameter cylindrical vanadium sample can. Using a
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frame with a 1.333 A centre wavelength thepdcing range from 0.41 A to 5.37 A was collected
using a slit width of 20 mm and a slit height of 35 mm. Data were collected for apptely one

hour.

2.3.3.High-Temperature isitu Powder Xray Diffraction

High temperaturen-situ powder Xray diffraction experiments were carried out using the
same diffractometer describedsiaction2.3.2.1 where samples were mounted as an acetone slurry
directly on a 1dnm platinum resistive strip heater within a sakisking Anton Paar HTK2000
furnace (Anton Paar GmbH). Between room temperature and®Cab@furnace is reliable within
5 °C. Variable temperature-Ky diffractograms were collected in increments of@5rom 25
°C to 1200°C and during cooling in 25C decrements to room temperature. Data were collected
with 0.0167A st e RswittlO0s/stepicauringlirBefor axotdl af 45Mindtes

at each temperature.

2.3.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was collected using a Linseis Thermowaage L 81/1550
Thermal Balance. Using a heating rate ofel€C/ mi n veee mgatedets1009C i n f | owi r
oxygen or flowing 5% k- 95% N. All experiments were corrected for buoyancy and were
conducted in alumina crucibles with an empty crucible as the reference. All mosect

identified using powder Xay diffraction.
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2.3.5.Rietveld Refinements

All Rietveld refinements were carried out using fhalProf.2k® software package. The
crystallographic structures were refined simultaneously against powder synchretagnakd
time-of-flight neutron diffraction data. Up to 36 paratars were optimized includirgackground
coefficients, peak shapes and asymmetries, unit cell parameters, atomic positions, and temperature
factors (both isotropic and anisotropic). The yttrium to praseodymium ratio was constrained to 1:1
for all refined structures allowing to freely distribute over the cation positions. Oxygen
occupancies were fixed based on results from thermal gravimetric analysis. Oxygen positions, and
occupancies of the two oxygen sites were refined only for samples where neutroer powd
diffraction was collected. All refinements based on laboratory powdemyX(PANalytical)
diffraction data only were completed by first fixing sample parameters based on
synchrotron/neutron refinements in order to establish instrumental parameteveedadtly fixing
these established instrumental parameters in order to accurately and consistently analyze unit cell

parameters and atomic position changes as a functtempkratureZ.6) or oxygen conten®(7).

2.3.6.Magnetic Measurements

DC magnetic susceptibility measurements were carried out on 10 to 15 mg powder samples
between 1.& and 400K using the Vibrating Sample Magnetometer (VSM) option of a Dynacool
Physical Property Measurement System (PPMS) from Quantum Design. Théelstrmbled
(ZFC) data were collected by heating in fine steps and stabilizing at each temperature up to 400 K
in a magnetic field of 0.T after the sample was cooled in a zero field toKL.8he field cooled
(FC) data were obtained similarly after coglithe sample from room temperature to 1.8 K in a

0.1 T field. YPrQ.oowas also measured from base temperature 50 1 T field.
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2.4. Synthesisand YPrOz+; Formation

The high temperatursolid-statesynthesis of YPr@®- in oxidizing and reducingtaospheres
did notresult insingle phase products. In contrast, the lower tempersdlgel citric acid method
resulted in a phase pure YRrOwpixbyite phase.Figure 2.2 compares the powder -pay
diffractograms of the final products of these three attempts. The redsotidestatesynthesis
yielded a mixture of BOs, Y203, and P#/#* oxides. The lack ofgactivity is rationalized with the
limited mobility of the large Pt (r(V1) = 0.99A) cation. Using an oxidative route with the smaller
Pr* (r(VI) = 0.85A)?* cation is more promising due to the increased ion mobility during the
reaction. The oxidativeolid-statesynthesis yielded multiphasic products of poor crystallinity. The
powder diffractogram (black patternfigure 2.2) shows the presence of mulémixbyite and/or
fluorite phases suggesting incomplete cation mixing. Extended anneéaingpt improve the
sample quality. At elevated temperature$ Reduction is observed in air and in addition sample
decomposition i s eV ifedtevill be elaboratedeipod ahdflrtheg discussech i s ¢
in section2.6. It was therefore concluded that phase pure ¥Ri®not accessible via traditional
high temperatursolid-stateoxide reactions.

The red powder diffraction pattern figure 2.2 describes the product dife citric acid sebel
synthesis after annealing at 900 eC and 1200
A) single phase YPr©:.sAll Bragg peaks indicated with red tick marks are consistent with the
cubic bixbyite structure (space grolg@-3). The oxygen stoichiometry was determined by thermal
gravimetric analysis and revealed the composition ¥g4@ Structural details will be discussed
in section2.5.2 Single phase YPrO-t s al ready present after decor

in air with typical crystalline domain sizes of approx. 7GFfgure 2.3illustrates the temperature
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dependent crystalline domain growth of the poorly crys&llviPrQ + ssokgel product as
investigated byn-situ powder Xray diffraction. The contour plot shows the sharpening of the
(222) peak with i ncreasing temperature above
width at half maximum (FWHM). Sinctehe sampl e was processed at 6
prior to thein-situ experiment no variation of the FWHM is observed below that temperature. The

initial amorphous YPr®: sample is assumed to form a namgstalline precursor during the

initial gel decomposition below 600 °C. YPs@~2) is the precursor for the fully reduced phase

YPrQOsz.oowhich is discussed in secti@b.1
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Figure2.2 Room temperature powderpdy diffractograms of three synthesis attempts of Rr@Blue pattern: ¥Os

+PrOsin3% Hat 1450 eC for 24 hours, the insert highlights
3Y 03+ PEOnni n air at 1600 eC f og.pehtdinechvia gitriccacid rRethadd fofloavedtby r n : Y |
annealing in air at 900 eC and 1200 ekKUpbstions)bebongmp ur s. T
to the YPrQ . bixbyite phasdspace groupa-3).
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2.5. Structure of YPrOsz and YPrOs+y

2.5.1.YPrOs.o0
YPrOs was obtained from 1.2
| M,
YPrOs432) (as synthesized) by 1.0 EE
reduction in 5% hydrogen flow a S 08- : ¢
10006 C. The ful lsy %0,6_ .
phase crystallizes in the cubi 044 | !‘"n-._
1200 -
bixbyite structure (space groula- 03 e
3, #2009 with a = 10.87857(7) A. 50 - . Zf’f‘l’) —
200 400 600 800 1000 1200
The structure was fully refinec T(C)

using powder Xray and neutron Figure2.3 Evolution of the FWHM of the (222) peak for the YRy
solgel sample as a function of temperature during annealing.
insert shows thenarpening of the (222) peak as a surface and con

diffraction data simultaneously plot.

with 32 parametersFigure 2.4

shows the Rietveld plot for the YPs@ refinement. The ¥ and P?#* cations are fully disordered

on the8b and 24d sites and form together a distorted cubic close packed cation sublattice. The
Y3*/Pr** on the8b site forms a regular octahedron witt/®r)-O bond lengths of (2.345(1) A) and

the Y3*/Pr* on the24dsite shows distorted octahedral coordination with 2 bonds each at 2.396(1)

i, 2.335(1) i, and 2.291(1) | ane=@0008esulti
Y -B  Q &O7F0 ). Table 2.1lists all atomic positions an@lable 2.2 lists

selected bond distances for the YPsIructure. The structure of YPs@ agrees well with the
structure of ¥Os®*wi t h a si mi |l ar o c toa®h®OA3hfobrth@4dsite mr t i on

Y 20s.
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Figure2.4 Rietveld plots for the refinement of the cubic bixbyite phase ¥Ry@&1) synchrotron Xray data(a-2)
synchrotronX ay data for 25e O 2d O 40 el)iimedffligheneutrénaiffraction nt en s i
data, (b2) time of flight neutron diffraction data zoom. Red symbols = observed data, black line = fit, blue line =
difference tick marks = Bragg positions. All crystallographic information can be fourtabie?2.1
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Table2.1 Strucural parameters for the cubic bixbyite phases (space dam(#206)) of YPrQ oo YPrOs 43¢z)using
Y/Pr on the 8 site, and YPr@azp) using Y/Pr on thel6c site. Values were obtained from simultaneous Rietveld
Refinement against synchrotron powderay diffraction data and timef-flight powder neutron data measured at

room temperature.

" YPrOs.432) YPrOs.432)
Composition YPrOs.00 (Anisotropic) | (Site Disorder)
SpaceGroup "O®(#206) "O®(#206) "O®(#206)

Unit Cell a(h) 10.87857(7) | 10.763521(45)| 10.763521 (45
V (A3) 1287.406(14) | 1246.9903(90)| 1246.9903 (90
Occupancy (%):
P 51(3 52 ()
Y/Pr (8b) (Va, Ya, Y} _ 2 49 (3)
Biso(A) 0.408 (11)
b(11)/ b ' 0.00426 (48)
b(12)/ b 0.00386 (38)
x/a 0.23810 (45)
Occupancy (%)
Y/Pr (160 (X, X, X) Y 49 (1)
Pr 51 (1)

b(11)/ b
b(12)/ b

0.00049 (50)
0.00034 (35)

x/a -0.03021 (13) | -0.01751 (23) | -0.01740 (22)
Occupancy (%):
Y/Pr (240 (x, 0, ¥) Y 50 (1) 52 (3) 50 (1)
Pr 50 (1) 48 (3) 50 (1)
Biso (A?) 0.367 (34) 0.80 (6) 0.82 (7)
x/a 0.39017 (82) | 0.3829 (18) 0.3826 (18)
y/b 0.15084 (82) | 0.1454 (17) 0.1456 (16)
O (486 (x,Y, 2 zlc 0.38033 (82) | 0.3801 (20) 0.3800 (20)
Occupancy (%) 100 100 (2) 100 (5)
Biso (A?) 0.520 (121) 1.07 (20) 1.08 (19)
x/a 0.8875 (44) 0.8867 (44)
O (169 (x, x, ) Occupancy (%) 42 (2) 42 (5)
Biso (A?) 1.07 (20) 1.08 (19)
@ ';'(Ttg’r;ﬁ'c()"?: 1.65 1.95 1.93
' Ry 1.58 2.76 2.66
Neutron T.O.Frange: 102801 1 0417 ¢ @apointS§ 936 dat
bX-r ay &=j0,. 431.385A O 2d O 49.99A, @2d = 0.
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Table 2.2 Bond distances and distortion parametirsthe cubic bixbyite phases (space grolgm (#206)) of
YPrOs.00 YPrOsazusing Y/Pr on th@bsite, and YPr@ase using Y/Pr on thd6csite. Values were obtained from
simultaneous Rietveld Refinement against synchrotron powelay Xliffraction data and timef-flight powder

neutron data measured at room temperature.

YPrO 3.43(1) YPrO 3.43(1)
YPrOs.00 (Anisotropic) | (Site Disorder)
Y/Pri O bond
6 * 2.297(3)A
*
lengths 6 * 2.345(1) A 2+ 25636) A
Y/Pr (8b) (Va, Ya, Y} et = 0.02000
Bond dis (2.297A)
(average bond | et~ 0-000001 qr = 0.00160
length used) (2.345A) (2.335A)
crub= 000239
(2.363A)

3 * 2.396(3)A

Y/Pri O bond 3*2.207(3)A
lengths 1*2.327(6)A
1*2.770(6)A
Y/Pr (160 (X, X, X) Rt = 0.0/2170
. (2.302A)
Bond di s
(average bond Cpéz_ 3?0%%46
length used) _
pub = 000545
(2.363R)
. 2*2.368(3)A | 2*2.368(3)A
Y/Pri O bond 3 ggggg;ﬁ 2%2358(3)A | 2*2.361(3)A
lengths > * 2'291(1) Al 2* 2.246(3)A | 2*2.246(2)A
' 2*2.370(6) A| 2*2.373(6)A
YIPr (249 (x, 0, ¥) et = 0.0067 | ooet= 0.0067
Bond di s (2.324A) (2.325A)
(average bond | = 0.00034| qv= 0.00053| o= 000054
length used) (2.341A) (2.330A) (2.3324)
(Rub= 000049 | gaub= 000051
(2.335A) (2.3374)
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2.5.2.YPrOz a3

YPrOs.432)crystallizes in the cubic bixbyite structure (space gréay3, #206. The structure
was refined simultaneously against powderaX and time of flight powder neutron diffraction
data using 35 parameters. Th& ¥nd P#*** cations are fully disorderezh the8b and24dsites.

The additional oxide anions (beyond.&) occupy thel6c(X, X, ¥ site partially. The coordination
polyhedra for both cation sites change from octahedral to cubic (with oxide defects). The initial
Rietveld refinement using neutrdliffraction data revealed a fully occupé8lesite and a partially

filled 16c site for the oxide anions. The refinement did not indicateradigtribution of oxide
anions from thel8eto thel6cposition. Our refinements clearly confirm the assumptiaale by
Rajendran et & and Kimmé et al8 that the additional oxygen is located in fiGesite , X, 3.

We report for the first time the actual value of x = 0.8867(44). This is in good agreement with the
results of Gabitas et af® for the CeQ@i Y203 systemand Withers etl.?’ for ZrO, with R20s
(R=Ho, Dy, Th. and Gd). When the refinement was allowed to proceed with independent oxygen
occupancies, a fully occugal 48esite and a partially filled6cwith an oxygen stoichimetry in

close agreement with the thermal gravimetric oxygen stoichiometry of s¥RsQvas revealed.
During the final refinements the oxygen stoichiometry was constrained tosYPb@sed orthe

TGA results obtained from the reduction to YBs&In 5% hydrogen.

An abnormally large isotropic temperature factor was observed*faand P#*/4* cations on
the8bsite. All other sites had reasonable temperature factors. Refining the goicstenoperature
factors for the8b position reveals a large ellipsoidal component along the [111] direction pointing
towards the additional oxide anions located inlGesite. The bonds between t8lkcations and
16¢coxides (d = 2.563(6) A) are significtly longer than the remaining bonds (d = 2.297(3) A).

Figure2.5aillustrates the Y/Pr8bsite) coordination and its thermal ellipsoid, the crystallographic
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detailsare reported itable2.1 and bond lengths itable2.2. Alternatively, the cations on ti8b

position at (Y4, ¥4, Ya)an be described with site splitting using & position &, x, X. Using the

site split model witk = 0. 23810( 45) r esul t?salue with masanable gi n a |
anisotropic temperature factoFagure2.5b shows the bonding and thermal ellipsoids for the site
splitting (note that there is a 50% occupancy of the upper and lower illustration). For both models
thela-3 symmetry constrains the anisotropicpti€ement parameters to be ellipsoids along the
body diagonal. In the first model a very large ellipsoid is derived, whereas with the site disorder
model more reasonable smaller thermal ellipsoids are refined. The site disorder model generates a
local ele¢ron density minimum at th@b (¥4, ¥4, ¥4) position, whereas a maximum is present at the

8b site for the other model. It is not surprising to find a larger ellipsoid for the incorrect model in
order to correctly model the electron density at the actuaicatisitions. The site disorder model
agrees well with the Xay and neutron diffraction data.

It should be noted that the oxide ions onXBesite do not show abnormally large temperature
factors or any indication of additional site splitting. Consedly, the Y/Pr cations are situated in
enlarged cavities whereas the anions are located irdeftied crystallographic positions. The
rigid oxide lattice and the preferential occupancy of48eoxide site suggest limited oxide ion

conductivity for theYPrOs + phases.
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Figure 2.5 Y/Pr disorder and thermal parameters for YP#O(a) Average structure with a large anisotropic
displacement parameter for Y/Pr (blue ellipsoid) directed toward@hexygen positions (orange). (b) Disordered
model with Y/Pr(1) on thé&6csite showing both possible Y/Pr locations along the body diagonal (upper and lower
illustrations in (b)). The split site has 50% occupancy. Red ellipsoids = o8jggite, orange dfpsoids = oxygen
16csite. Shorter bond distances are indicated with thicker bonds.

2.6. In-Situ Diffraction of Redox Processes

In-situ powder Xray diffraction experiments permit to follow oxygen uptake and loss in
YPrOs + by following the unit cell paranter evolution as a function of temperature and
atmosphere. YPrOiz)was oxidized in flowing oxygen and reduced in 5%(bhlanceN2). X-
ray diffractograms were collected every 25 up to 1200°C and unit cell dimensions were
determined with the Rietvélmethod using the bixbyite structure model. During oxidation the
smaller Pt* cation (P#*(r(VI) = 0.99 A), P (r(Vl) = 0.85 A)?* causes a bixbyite unit cell
dimension decrease despite the additional uptake of oxygen. Consequently, decreasing cell

constats indicate oxidation and increasing cell constants relate to reduction.
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Figure2.6 (a) Unit cell parameter evolution during oxidation in &d reduction in 5% fn N, measured a®-situ
powder Xray diffractogram using YPr{sz as the starting material at room temperature. All unit cell parameters
were obtained from Rietveld refinements. Heating during oxidatimed-solid diamondscooling in oxygen blue
solid diamondsReductiveheating in 5% Hin N, = red solidcircles and cooling in 5% Hn N, = blue solidcircles.

Error bars are smaller than the symbols and are typically in the range &f Fanel (b)is the TGA trace during

reduction in 5% Hin N». In panel (cthe TGA tace during oxidation of YPr{zz)in oxygen flow clearly shosthe

initial oxygen uptake followed by oxygen loss above 00 .

Figure2.6 shows the cubic latte constant evolution for both experiments. Tdadiamonds

in figure 2.6a show that when heated in flowing oxygen, after the initial thermal expansion

YPrOszaspi cks up additi

onal

oxygen

which is also cofirmed with the thermogravimetric datiigire 2.6¢c ) .

bet ween

Above

300

undergoes gradual reduction indicated by the increased slope and confirmi&@HAbyuring

cooling in flowing oxygen (blue diamondsfigure 2.6a) the sample oxidizes gradually urglo

eC is reached.

250

e C

B e | o iwe conltraction i$ absegved r The startirg mataridl y

was prepared in air (~20% @ather than 100% £as was used here) and was slightly oxidized in
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pure oxygen to approximately YPs@ The reduction (red circles) of YPi@2b egi ns at 200
andiscorpl et ed at 425 e C wiootUponfulther héatng and final coalingo f Y P
(blue circles) YPr@oo shows reversible linear thermal expansion and contraction. The reduction
of YPrGs.43(2)is confirmed by the TGA data frgure 2.6b. Note that the seemingly higher reaction
temperatures observed for the TGA traces are |
The red triangles ifigure 2.7a show then-situ powder Xray diffraction oxidation of YPréXoin
oxygen flow.Figure2.7b shows tk contour plot for the (222) and (400) diffraction peaks during
heating, clearly showing | arge peak shifts ab
YPrOsoo0o xi di zes between 200 eC and 300 eC @as indi
Above 300 eC the sample slowly | odigue2®Xg gen wt
TGA trace during heating of YP#do in oxygen flow is shan in figure 2.7c. The sample
reversibly oxidizes during cooling (blue tria
No accurate unit celldimensons ar e avail able for the data a
because of continuous oxygen uptake during the 45 minugg data collection times. The two
solid circles infigure 2.7a indicate average cell constants for those temperatures.

Figure2.6 andfigure 2.7 clearly show why the attempted oxidative synthesis did not result in
a pure phase. Higher reaction temperatures are required for the diffusion of ions in the sample;
however, at these elevated temperatures the average oxidation state of praseodymas®esdecre
This causes the same problems that are seen with the redwyetitiesis. The citric acid sgkl
synthesis results in a phase pure product due to the shorter diffusion pathways in the nano
precursor phaseshus permitting lower reaction temperasirén conclusion oxidation at high

temperatures does not necessarily result in oxygen uptake.s¥YRoaly oxidizes at low
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Figure 2.7 (a) Unit cell parameter evolution derived framsitu powder Xray diffraction during oxidation of the

fully reduced form YPr@qgin O,. All unit cell parameters were obtained from Rietveld refinements. Oxidaatanly

= Red solidtriangles, cooling in oxygen blue solidtriangles. The two solid circles indicate average cell constants
while being oxidized during the-Kay data collectiorError bars are smaller than the symbols and are typically in the
range of D3 A. Panel(b) shows the contour plot for the (222) and (400) peaks during heating (blue = low intensity
and red = high intensityPanel (c)s the TGA trace during oxidation of YPsgin O, flow indicating full oxidation

to YPrQ; 46 followed by gradal reduction above 40§ C .

Kimmel etal!® quenched YPr& in air producing biphasic samples. Those are most likely

two bixbyite phases with differing oxygen content because the samples were cooled rapidly

through the temperature range at which oxygen uptake occurs. This resulted in incomplete

oxidation of the saple. Our results clearly demonstrate thalid-statereaction pathways and

kinetics must be understood for the rational design of functional materials.
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2.7. Ex-Situ Oxygen Control in YPrOa+i through Redox

Chemistry

In-situ experiments showed the potential to form YPk@ith0 O U O 0. 46 val ue:
was attempted in two ways; using an oxidative pathway and using a reductive pathway. In order
to maximizethe amount of oxygen in the structure, the final heating of thgedaynthesis was
cooled in flowing oxygen rather than in air. The product was found (via reductive thermal
gravimetric analysis) to be YPg@s2) This product has similar lattice paraers to that resulting

from thein-situ oxidations showin

10.88

2.6. Thesynthesis in approximately |~
10.86 \\\
3 bars of oxygen pressure resulted in ] N
Z 1084+ * N
similar results. This suggests thatthe % S
@ 1082 e
o .
formation of the fully oxidized 9 1050 S
: . 5 hN
YPrOss phase will require 1078 AR
- ’-w_'\
significantly higher oxygen 10.76 - T
] .
pressure. Reductions at a Variety of 000 005 010 015 020 025 030 035 040 045 050
§inYPro,

temperatures has alloweadrfpartial
Figure2.8 lllustration of the linear relation between the unit cell dimen:
reduction of YPrQusz The for YPrOs + and oxygen stoichiometry. The oxygen stoichiometry
obtained from TGA data and the unit cell parameters were determine

. ) powder Xray diffraction lased Rietveld analysis. The dashed lineis al
correlation  between unit celg;

dimensions and oxygen content was obtained from powetaw Xiffraction and reductive TGA
data, respectivelyigure2.8illustrates the linear relation between unit cell parameters and oxygen
content (linear fit with R= 0.99809), permitting to determine oxygen content from unit cell

dimensions for YPre-.u
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2.8. Magnetism

2.8.1.Magnetic Susceptibility

In figure 2.9 the fully reduced  0.025 250
FC H=01T
YPrOs.ooshows splitting in the e ZFC H=01T
0,020 . FC H=1T 1 200
field cooled (FC) and zerfield el —ZFC H=1T
LY -
cooled (ZFC) magnetic S % 1150 ©
( ) g E 0.015 | & YPI'O3_00 g
susceptibility data between 1.8 E Oow= 72.68(1) K E
) = 3.54(10) p, | 100 9
K and aproximately 50 K for ~0.010 | \o¢
an applied field of 0.1 T. Fora 50
o 0.005 |-
stronger magnetic field of 1 T
1 1 n 1 " 1 1 1 1 1 0
the FC and ZFC data overlap 0 50 100 1so 200 250 300
T (K)

completely andglsofollow the

Figure2.9 Magnetic susceptibility data for YPg@y The zero field cooled data (s¢

red circles) and field cooled data (open red circles) were measured in a 0.1

ZFC datain a0.1T field. The

The blue symbols show the invermagnetic susceptibility data and the solid

line is the fit to the Curi@Veiss law for the 0.1 T data betweenk8&nd 300K. The

FC1 ZFC divergence between "¢

1.8Kand 50 Kina 0.1 T field

solid black line (ZFC) and the open black circles (FC) and were measured ir

is likelyduetoaer y smal | i mpurity i n t haeay asdeffeptitee. The

mo me nit were extacted from the CuridVeiss fit 6 =dewd; &t high Temperature (from
80 K to 300 K). In this temperature range higher energy crystal field levelsaraial by
thermal excitations leadingtoalard®e i s s t e mp=-72368 (A)rKE thi§ isflcommonly
observed in rarearth magnetic syster3®T h e e f f e ¢ teir v34(I0p@isanclose €
agreement with the expected effective magnetic moment ¥afPrhe magnetic susceptibility

data for the oxidized YPrfs@)sample Figure2.10) show no divergence between the FC and
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Figure2.10 Magnetic susceptibility data for YPg@s) The zero field cooled data (solid red circles)
field cooled data (open red circles) were measured in a 0.1 T field. The blue symbols shoverth
magnetic susceptibility data and the solid blue line is the fit to the-@{eiss law for the 0.1 T data betw:

300K

ZFC data in a 0.1 T field. This indicates the absence of a glassy or ferromagnetic cooperative

and 400K.

state for the measuréeimperature range from 2 K to 400 K. An effective magnetic moment of

geff = 2.54 (5)Us and a Weisd e mp e rca +-L96 (&) Kdvere determined from a Curie

Weiss fit between 300 and 400K. These results suggest a much lower effective magnetic moment

thanfor the reduced YPr€»ophase. This is in agreement with the lower expected effective

magnetic moment of 2.54for Pr**. It is noted that the measured effective magnetic moment of

2.54 (5) & is slightly smaller than the expected value for YR442)due to the curvature of the

dat a

YPrOs + ts due to crystal field effects, which camft the measured Weiss temperature to higher

even

at

these high
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values due to electronic transitiofifiis is common in many rare earth magnetic systems as

We" 31,32

2.9. Conclusion

Phase pure YPrs@2was synthesized via a citric acid @l method and subsequently reduced
to YPrQs. The structural details of the cubic bixbyite phases (space giedp:were obtained
from synchrotron powder Xay diffraction and timeof-flight powder neutron diffraction. Y and
Pr are fully disordered on both cation sites in YP¥@Even the most oxidized samples do not
form the high symmetry cubic fluorite phases (space grenngdm); instead the bixbyite structure
is found for the mtire range of oxygen stoichiometries. We are reporting accurate oxygen atomic
coordinates and provide details regarding the coordination in those bixbyite phases. Upon
oxidation cation site disorder is observed where the catioAgR¥*'+*) in the8b site migrate to
the partially occupied6c site. Thus the oxide sublattice provéde strong framework and the
original 8b site is an oversized cavity for*Yand Pf*. In contrast, no site disorder is observed for
the 24dcations.In-situ redox reactivitywas investigated using high temperatureaX diffraction
and thermal gravimetric analysis. Tihesitudiffraction data clearly show the reversible topotactic
reduction and oxidation for the entirelyrange
low temperatures (200400e C) wi t h no indication odC.phRalke d
unit cell volume decreases during oxidation due to the smaffeimRilomparison to Pt ion. The
lattice provides sufficient space to accommodate the addlitamtygen without an overall lattice
expansion. The |inear relation between the cu
an excellent calibration for the praseodymium oxidation state in ¥RPt@e report the bulk

magnetic susceptibility dataffective magnetic moments and indicate the thermal population of
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high crystal field states for the¥®and Pf* containing YPrQ + phases. This work clearly indicates
that understanding the redox chemistrysofid-statematerials is an important stepwtard the

successful synthesis of functional materials.
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Preface

This publication is a continuation of the work done in the previous chapter, and the second article
published on th&'>xPrOs + system It expands the study to include the full solid solution from
Y203 to PrOs. Varying the Y:Pr ratio allows for controf oxide defects concentrations and the
exploration of the effect of these defects on the bixbyite and fluorite structures. Namely, a focus
on understanding the response of the cations to differing amounts of anion vacancies is presented.
This is of particlar interest for soliestate electrolyte applications and comments on this are made
throughout the manuscript. This manuscript was accepted by the Journal of Solid State Chemistry

on March ¢, 2016.
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3.1. Abstract

The reduction and oxidation of the solidwtmn Y2xPxOs+§ 0. 0 O x < 2.0 and
investigated with emphasis on potensialid-stateelectrolyte applications in solid oxide fuel cells.
The fully reduced solid solution2¥PrOs( 0. 0 O x < 2.0) crystlallizes
3). The oxidized solid solution %PrOs+¢ 0. 0 O x < 1. 4) l&3IYwhersasbi xby
YoxPrOz+¢ 1.4 O x < 2) compositions fornmmBuol |y di
with variable oxide defect concentrations. The two cation positions are investigated in detail using
synchrotron powder Xay and time of flight neutron diffraction data. In the bixbyite structures the
8c cation site splits into th&6c cation site andhte 24d cation position migrates toward the ideal
fluorite coordination upon oxidation. Reductivesiiu diffraction experiments reveal the-co
existence of the fluorite and bixbyite structure only in a narrow temperature range. During
oxidation of the bixiite phase a new6c oxide anion site is populated. The impact of 1l6e

oxide site population on the catisablattice is being discussed.
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3.2. Introduction

Transition metaknd rareearth oxide phases span a broad range of structural motives and
extended structure types. Combining this structural diversity with redox active cations can be
utilized for materials design. In addition, the chosen synthesis methods decide over the product
structures. Oxide defect structures are widely employed for ionuctord and find applications
assolid-stateoxide electrolytes isolid-stateoxide fuel cells (SOFCS)Oxide ion conductors are
ideally designed from high symmetry oxide structures with a sufficientberof oxide defects
that are fully disordered. The activation enesgfor oxide migration between equivalent sites
needs to be minimized in order to increase ion mobility in tisetie-stateelectrolytes’ lon
mobility is inhibited by the presence of ordered oxide defects in extended solids through the
introduction of norequivalent oxide sites. A deeper understanding of the formation and
annihilation of oxide defects can be gained from following oxidation and reduction of good defect
host structures. The cubic bixbyite structurgure 3.1) is an ordered defect oxide structure, with
cations completely disordered on the fully occu@b@nd24dsites with 25% oxide defects with
respect to the oxide defect free fluorite parent struétlitee oxide anionsare found in the fully
occupied48e site. Commonly 5% to 10% oxide defects are expected to optimize oxide ion
conduction in defect fluorite structuréThe cubic fluorite structure crystallizes in space group
Fm-3mwith one cation site4@) and one anion it@c).2 Consequently a mixed cation system of
composition A2xA xOsy must be cation disordered. Additionalthe oxide defects must also be
disordered to maintaifm-3m symmetry. If an initial bixbyite structure is oxidized to a defect
fluorite structure an order/disorder transition is expected for the oxide/defect sulifaguce3.1

illustrates the relation between the bixbyite structure and the fluorite structure.
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(b)

Figure3.1 Relation between bixbyite and fluorite structures with fcc cation lattices and anions located in tetrahedral
holes. (a) Cubic bixbyite structure in space grtaif. Dark blue =8b cation site, light blue 24dcation site, grey =
48eanion site. (b) Culifluorite structure in space gro&pn-3m with all cations (light and dark blue) on thasite

and all anions (grey and white) on Besite. The white anions can be thought of as inserted into the bixbyite structure
raising the cation coordination froénto 8. Note that the cations in the bixbyite structure form a slightly distorted fcc
lattice.

This work explores the transition into the ordered and disordered defect structures as a function
of reduction and oxidati on, *caimpierequirediiredrdgr. A s
to reach a sufficient oxygen composition for the formatidrthe disordered defect fluorite
structure.

The YexPrOs + system is an excellent candidate to follow the structural evolution as a
function of A®& and A0 cation rat i@Pr®ipdaseaddi t i
have been reptad as thin films prepared by molecular beam epitaxy as fully reduced bixbyites.

" Kimmel et al. reported a biphasic gap for thex}PrOs+8 y st em f or bul k mater
O 18 IiBa&Brecent study YPrO has been reported as a single phase bixbyitetdras been
showr that oxygen addition to YPr@auses th8b cation site to split from the ideal position into

a half occupied.6¢ position. The additional oxygen is added to a newly crebedite without

(87



affecting the occupancy of the originéBe site. No order/disorder transition is seen during the
oxidation from YPrQto YPrQs.43i2) A schematic of the oxidation of the ABGixbyite to ABGs +

is shown infigure 3.2. The YexPrOz+¢ 0. 0 O x O 2.0, and 0O O u O
investigation of defect annihilation and formation. We are reporting here thatzh®rR0Os + u

system can be oxidized at low
temperatures and forms a solid
solution for 0 O x O
and fully oxidized samples without

any biphasic region. The reduction

T oxidation reactions are also fully

reversible. Furthermore, the

synthesis of the x =1 material

reported by Lussier et alis well 8b site 24dsite
Y/Pr ( %,%,%) Y/Pr (x,0,%)

understood, employing a sgél
synthesis utilizing the citrate
method. Understanding the oxyge

loss at high temperatures led to

reliable synthesis method for th
\

-

full solid solution. Slowcooling Y/Pr (%,%,X)
16¢ site

results in monophasic samples. Figure3.2 Top: lllustration of the bixbyite structure emphasizing8hédark
blue) and24d (light blue) cation sites and the oxide (grd@esite. Bottom

contrast queching Sample%w'll Schematic relation between bixbyite@ and its oxidized AOs + gtructure
The oxygen positions are illuated as an idealized culfloorite sublattic

. . : . with the grey positions relating to tl8e ssite. The white dashed positit
potentially resull in multiphasic show oxides and vacancies in the partially filldéc positions ti
accommodate the additional oxide anions. The splitting o8lbheation siti

products with variable oxygerinto thel6c(dark blue) positions and the migration of f¥lcation positio
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stoichiometriesin-situ powder xray diffraction experimentsan follow the oxygen uptake and

the associated increase in symmetry from bixbyite to fluorite structures. The following detailed
structural analyses are only possible because of the beneficial neutron scattering lengths (b(Y) =
7.75 fm, b(Pr) = 4.58 fmral b(O) = 5.803 fnf} in conjunction with high resolution synchrotron
based xray scattering with good form factor contrast. Our simultaneous neXtrag/analysis
reveals details of theation and anion sublattices which leads to adepth understanding of

oxygen distribution and possible cation site splitting.

3.3 Experimental

3.3.1.Synthesis

Y2xPOs + samples were prepared from stoichiometric amounts of calcin@d (Cerac,
99.999%purity) and PsO11 (Alfa Aesar, 99.996% purity). The starting materials were dissolved
in concentrated nitric acid and slowly added to molten citric acid monohydrate (CA, Aldrich, 99%
purity). The resulting gel was decomposed on a hotplate overnigbtyéallby heating to 600°C
for 12 hours. The powder was then ground in an agate mortar and heated in air in an alumina
crucible at 900°C and 1200°C for 12 hours each (with intermediate grinding), before being cooled
slowly to room temperature.

Y 2xPxOs sampes were prepared by reducing«Pr«Os + in 5% H (in N2) flow for 12 hours

bet ween 800eC and 1000ecC.
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3.3.2. Powder Xray Diffraction

3.3.2.1. Room Temperature Laboratory Diffraction

Room temperature powder-Ray diffraction was carried out usimgPANalyticalX 6 P e r t Pro
diffractometer (PANalytical B.V., Almelo, the Netherlands) in Br&gygntano geometry using
CukK U r adi(kl) + 0540598, o a(K t) = 8.544428)), a diffracted beam Niilter and
a 128 microstrip X0Cel er aounted as dhim lagers tirant acetoiieh e s &
slurries onto zero background sample holders (Si(510)) and measured on a PW3040/60 sample
spinner stage at 1 revolution per second. Rietveld refinement quality data were collected with 2
hour diffraction data sets in th@nge of 200 #0 1 4 véith 0.0167° steps and 120 seconds per step
counting time. Incident beam optics were chosen with 0.04 radians soller slits, 1° divergence slit,
10 mm mask and 2° anti scatter slit. The diffracted beam optics included a 3.4 mm tantsbtat
0.04 radian soller slits and a nickel filter. Diffractometer line profiles and peak positions were

calibrated using NIST standards L&aBRM 660a and Si SRM 640b.

3.3.2.2.  High Temperature k&itu Powder Xay Diffraction

In-situ powder Xray diffracion experiments were carried out using the same PANalytical
X6Pert Pro diffractometer as in 2.2.1 equippe
furnace attachment. The setfasking furnace uses a 10 mm widestip heater and is controlled
with a Eurotherm 2604 controller. All data were collected with-KCWr a d i a (Kio=n ( &
1.540598A, a (i &) =a.544426R) using a diffracted beam Miiter. 37 minute diffraction
data sets were collected over®=0 8°@n 0.0167° steps. The sample was mourdiegctly onto
a platinum strip heater and heated from 25°C to 600°C under flowing 5% hydrogen gas (balance

nitrogen). Diffraction patterns were collected every 50°C.
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3.3.2.3.  Synchrotron Xay Diffraction

Room temperature high resolution synchrotiifraction data were collected oro¥Pr.503 +,u
and Y1.5P10.503 + using beamline :BM at the Advanced Photon Source (APS), Argonne National
Laboratory, in Argonne, lllinois. The instrument, which is described elselvheas calibrated
using a mixture of NIST standard reference materials; Si (SRM 640c) aDg(8RM 676). Data
were collected with an average wavelength of 0.41385A using 0.001° steps and a scan rate of 0.01°
per second. Diffraction data were collected in the range 0O®56 O50A using a Kapt

(2 = 0.8mm) sample holder plugged with wax.

3.3.3.Powder Neutron Diffraction

Time-of-flight neutron Diffraction data were collected on the POWGEN diffractometer at the
Spallation Neutron Source (SNS) at Oak Ridge National LatmyrdORNL) in Oak Ridge,
Tennessee. Approximately 0.7 grams of select samplesP(¥%0s +,uand Yi.5P10.503 +)awere
loaded into an 8mm diameter cylindrical vanadium sample can. A center wavelength of 1.333 A
was used covering aspacing from 0.41 A t6.37 A. A slit width of 20 mm and a slit height of

35 mm were used and data were collected for approximately 1 hour each.

3.3.4.Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) experiments were conducted using a Linseis
Thermowaage L81/1550 thmal balance in vertical measurement arrangement. Samples with
masses between 50 mg and 100 mg were placed in alumina crucibles and heated with a rate of

10°C per minute from 25 to 1000C in flowing 5% H (balance N) in order to reduce them to
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Y 2xPOs. X-ray diffraction was used to confirm reduction and the mass change was used in order
to determine oxygen content of each sample (0

used an empty alumina crucible as the reference.

3.3.5.Rietveld Refinements

Rietveld refinements were carried out using FoéiProf.2k!* software package. Simultaneous
refinements against powder synchrotroarXy and timeof-flight neutron data were carried out for
Y 1.5P10.503.19¢2) and Yo.sPr.s03.532)using equal weights for the-May and neutron data. Rietveld
refinements against laboratoryrdy diffraction data were performed by first fixing parameters
based on results from synchrotron/neutron refinements, allowing instrumental parameters to be
established. In order to considignrefine unit cell parameters and atomic positions some
parameters were fixed based on these results. Oxygen stoichiometries were not refined, the values
determined using thermal gravimetric analysis results, and yttrium to praseodymium ratios were

set b synthesized values.

34. Results and Discussion

341.YuPrOs:for 0 O x < 2 Solid Solution

The solid solution of ¥sPxOz+fior 0 O x < 2 was synthesized i
on LussieretaP Al | sampl es pr epar e danedmss ghaspure asedon x O 1
X-ray diffraction) cubic fluorite structures (space grobp+3m #225). For x < 1.4 phase pure

bixbyite structures (space groug:3, #206)were formed in air. The powderpay diffractograms
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in figure 3.3 illustrate the gradual intensity losses for the (411), (332), (341) bixbyite (space group
la-3) superstructure peaks as the praseodymium fraction is increaged fo. 4 . For x O
bixbyite superstructure peaks are no longer present thus indicating the formation of fluorite
structures. The yttrium and praseodymium cations are fully disordered over the 2 catid@bsites (

and24dsites) in the bixbyite phases.

(411) (332) (341)
) AN ) N N x=0.9
_ SR, WY ) W A x=1.0
A . e M. x = 1.1
7 s - A M x=1.2
_ e, P o x=1.3
. e e x=1.4
o - ~ x=1.5
© T T T T T 1
— - 34 36 38 40 42 44
2 0
. 20 (°)
C
o)
E |
-\ - A
It

20 (°)

Figure3.3 Room temperature powderrdy diffractograms of ¥xPrOs :.qThe insert emphasizes the disappearance
of the bixbyite superstructure peaks with increasing praseodymium content.
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Figure3.4 shows the Rietveld plots of the synchrotXomay and time of flight neutron data for
Y 15P10.503.19(2) Table3.1 summarizes the structural details of the bixbyite phas®is03.19(2)
and the fluorite phaseo¥Pr.s03532) In agreement with the previously published YPs£2)
structure the Y1.5P10.503.19¢2)bixbyite phaselé-3) shows a fully occupied oxygef8esite and a
partially filled oxygenl6csite. Yttrium and praseodymium are fully disordered over the two cation
sites, namely th4dsite and thd 6csplit site (splitting of the originab site). Yo.sPr.503.53(2)is
a fully yttrium/praseodymium cation and oxygen/ vacancy disordered fluorite structure with no
indication of any deviations from the high symmetflym-3m) structure. Infigure 3.5
representative Rietveld plots based on laboratory poeleray di f fracti on dat a

preparedo and c o xPrOs-members anegghowre duced Y
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Figure3.4 Rietveld plot of the simultaneous refinement of thePfo s03.19¢2) Structure using powder synchrotrn
ray (main) and time of flight neutron (insert) data.
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Table3.1 Room temperature structural parameters for the cubic bixbyigerE0s 192and the cubic defect fluorite
Yo.5P1.503 5302 phases, obtained from simultaneous Rietveld refinement against synchrotron penagleifkaction
and timeof-flight powderneutron data.

Composition Y 1.5Pr0.503.19(2) Y 0.5Pr1.50353(2)
space group "O®(206) "06od (225)
a(A) 10. 68813(4) 5.42208 (3)
: V (A3 1220.972(12) 159.404(3)
unit cell 7 16
V/IZ (A3) 76.3107(7) 79.702(2)
x/a 0.2414(2)
YIPr(169 (. x.X) | 5 (11 /b (8(  0.00142 (11)
b(12)/ b 0.00083 (10)
x/a -0.02535 (23
YIPr (249 (x, 0, ¥4) Biso (A2) 0.746 (3(5) )
x/a 0.38696 (94)
y/b 0.14926 (88)
O (489 (x, Y, 2) zlc 0.38042 (99)
Occupancy (%) 101 (3)
Biso (A?) 0.86 (12)
x/a 0.8899 (53)
O (169 (x, x, x) Occupancy (%) 17 (3)
Biso (A?) 0.86 (12)
Y/Pr (4a) (0, 0, 0) Biso(A?) 1.21(7)
O (80) (Y4,Ya,Y4) Occupancy (%)
Biso(A?) 2.33 (40)
@ Neutron (T.O.F) 2.50 3.66
' Xray (a=90 1.36 4.76
Neutron T.O.F range: 13200110417¢ s, 2663 data points

bX-r ay a=0.

41385

i, 3.

75A O 2d O 49.99A,

p2d =

The volumes per formula unit, V/Z, as derived from Rietveld refinements for the solid solution

YoxPrOz +& Or 0

PrOzf or 0 O

ionic radii of PE*(VI) = 0.99 A and ¥*(VI)) = 0.9A%i n

O x <

X < 2) inc

reases

agreement

l'inearly with t

#gura 3.6eThewolenee far the educed samples (Y

he

wiOstis Vegar

stable as a bixbyite phase but®4’ forms a trigonal structure. Since all reducegk®ixOs

samples were prepared from the oxidized bixbyite and fluorite phases by topotactic reduction in

dilute hydrogen only reduced bixbyite phases were obtained.
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laboratory based powdel - Y1.7Pr0.303
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The -pfepasd 0 sampl es are oxidized phases with
for praseodymium as determined by TGA and confirmed with magnetic measurérfiéets.
oxidized samples also show a linear increase of V/Z as a function of the praseodymium
concentration for theixbyite and fluorite structures. Notably no discontinuity is observed at the

bixbyite 7 fluorite boundary which agrees with the structural similarities of the bixbyite and

+ 4

fluorite structures. The volume evolution for the oxidized phageBXOs + for 00 X < 2 depe

on the cation sizes and ratios as well as the oxygen stoichiometry. Based on the cation sizes

(r(P™ (V1)) = 0.85 A < r(Y3*(VI)) = 0.9 A)!® a volume contraction would be expected for larger
praseodymium concentrations. This contractioncasnpensated for by the simultaneously
increasing oxygen concentrations. This formula unit volume decrease during oxidation for fixed
praseodymium concentrations is in contrast to the volume expansion during oxidation of the 3d

transition metal analogues\80s + 1InVOs + and ScTiQ +.18%°

3.4.2.YIPr 24d-site Relaxation in Oxidized Bixbyite Phases

The (411), (332), (341) bixbyite superstructure peaks highlightigure 3.3 are very sensite
to the xparameter of the4dsite (x, 0, ¥)Figure3.7 shows the refined-goordinate for th4d
position as a function of praseodymium conten¥>xPrOs+§ or 0 O x < 2 as
Rietveld refinements. Since no bixbyite superstructure peaks are measurablexPmOY + u
samples with x > 1.4 th24d cations are fixed to (0,0,%). The crystal structure for x = 1.4 was
refined using both aixbyite and a fluorite setting and both values are showfigone 3.7. As
expected, th@4d x-parameter increases towards the ideal flagosition as P¥ replaces ¥*
which is accompanied by oxide addition to fi6x position. The24d site xcoordinate increases

nearly linearly from Y.oP10.103 + 0 Yo.8Pr.203 +.d~rom Yo.sPr.203 + 0 Yo0.6Pr1.403 + @ sudden shift

(97)



of the24dcations toward the ideal fluorite position is observed. This indicates a large sensitivity
of the24dsite close at the threshold between the bixbyite and the fluorite structure. It is noted that
the unit cell dimension evolution does not show this behmdfigure 3.6). For comparison, the-x
coordinates for the bixbyit24d positions of all reduced samples are also included in the figure,
ard show only a very small change with respect to the Pr concentration. All reduced samples

crystallize in the bixbyite structure.

Y2-)(Prxo3+i5
] L defect fluorite model
= ©  bixbyite model
0.00 - ? = 2 = E =3
o .
pad
= |
o
X )
N _0.01 A LI
| . .
8 .
o _ A
]
©
c
- -0.02 4
|
o
8 - 24d site
1 Y/Pr (x,0,%)
*
-0.03 -
L} L) L} L] I L} L) L} L) I L} Ll L] L} I L} L} L) L} I
0.0 0.5 1.0 1.5 2.0
xinY, PrO,. .

Figure3.7 Evolution of the Y/PR24dsite xcoordinate in the bixbyite struge (a-3) as a function of Pr content. Blue
symbols = Y%4PrOs + bixbyite (as prepared in air), black symbols =®rOs . fluorite (as prepared in air), red
symbols = Y%.xPrOj3 bixbyite (fully reduced). The solid lines are linear fits to guide theagykthe dotted line is an
extrapolation. The open rectangle emphasizes the regime with the largest deviation from the linear relation for Y
«PrOs +.aThe insert illustrates the migration of tBéd site towards the fluorite equivalent position (0,0,%) with
increasing praseodymium concentrations.
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3.4.3.Site Splitting on th&b Cation Position

It has been shown that YP¥@ a bixbyite phase with Y/Pr disorder on 8igand24d sites;
whereas, in the oxid&d YPrQ .43 the 8b site undergoes site splitting by moving the disordered
cations off the fully occupie8lb position (¥4,%,%4) to the half occupi&éc position (x,x,X), thus
moving the cations closer to the additional oxide ions on the invtkedsite® Here we are
following the site splitting and quantify the shift from t8b (¥%4,%,%) to the16c
(1 +®x, 1 +mx, | +mx) p o Mcancentmtiora Fheacatibnpositidn (Yo¥mYs),0 f
of all members of the solid solution up to x = 1.3, were allowed to freely rafm#éhel6cposition
(x,x,x). Figure 3.8 shows the atomic coordinates for théc split position against the Pr
stoichiometry. In pure XOs yttrium is located at the ideal (Y4,%,%) position. Site splitting is
observed even with minimal praseodymium contentoPY.10s +)awith the largest site splitting
being observed for ¥1Pr.903 +.sAddition of praseodymium beyondi ¥Pr.9Os + tesults in less

pronounced site splitting and ab.8Prn.4Os + and larger praseodymium fractions no site splitting

is present. At x = 1.4 the cubic fluorite structure is formed. For a Y:Pr ratio of approximately 1:1

that the aniori6c position will be alnost half filled, which will pull the cation towards the filled

position, and away from the hol&or praseodymium richer samples more oxide anions are added

which will fill the remaining vacancies on tHéc anion site therefore pulling the cation back

towards the ideaBb position. Therefore the shift back towards (¥%4,%,%4) is expected, due to the

higher probability of the cation being found coordinated to 8 oxide anions rather than 7.
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Figure3.8 8b site splitting intol6cas a function of praseodymium concentration. The insert illustrates the migration
from the fully occupie@bsite into the half occupietbcsite. The Pr rich ¥,xPrOs + members with x > 1.3 crystallize
in the fluorite structure with no sisplitting.

3.4.4.In-situ Reduction of ¥.1Pri.d0s + i

A deeper understanding of the reduction of the fluorite phases can be gainenh-Bibin
diffraction studies. The contour plot shown figure 3.9 illustrates the structural changes of
YoiPnoOs+gduring reduction in 5% hydrogen (balanc
increments. The starting material (x = 1.9) is a cubic defect fluorite structure with no bixbyite
superstructure peaks. Up to 300°C only thermal expansion is observed. ADVE 3be
diffraction peaks shift rapidly to highergpacings as the reduction occurs. Between°85and

500°C the defect fluorite structure is reduced to a bixbyite plragare3.10 emphasizes a
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Figure3.9 Contour plot ofin-situ X-ray diffraction data during the reduction of ¥Pr; O3 + (fluorite) to Yo 1Pr dO3
(bixbyite) in flowing 5% H g a s . The bixbyite phase starts to form at
occurrence of the bixbyite superstructure peaks.

temperature dependent diffraction peak <cl ear/
and 450eC, rflaomednda bbyitk stfuctucet This is supported by the growth of a
single set of bixbyite superstructure peaks at these temperatures. In contrast the main peaks that
are common to the bixbyite and fluorite structures are double peaks. The reductoompieted

at 500°C and only thermal expansion is observed beyond that temperature. Focusing on the (440)
bixbyite and (220) fluorite peak iigure 3.10 reveals the transition at 400°C and 450°C. From

these diffraction peaks one can begin to understand the reduction in a more mechanistic sense. The
minimum oxygen content foro¥iPri.dOs + as a defect fluorite will first be realized, at which point

the transition to a bixbyite structure will slowly commence. Once the defect fluorite structure is
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depleted, the new oxygerch bixbyite will begin to lose oxygen until fully reduced. Comparing

the reduction temperature to that found for Y&re onset and completion of the reduction

occurs at similar temperatures. Because the bixbyite and fluorite structures are so closely related,

despite a loss of symmetry and a slightly more pronounced structural chia@gepotactic

reduction can still occur at low temperatures.

9000 -
8000 —
7000 —
6000 —
5000 —

4000 -

Intensity (a.u.)

3000 ~
2000 -

1000

bixbyite fluorite
—(440) L (220) 4
300°C-50°C

600°C-500°C

Figure3.10 Selected powder Xay diffraction peaks durinim-situ reduction of ¥ 1Pr 4Os + (fluorite) to Yo1Pr dOs
(bixbyite) in flowing % H,gas. The 350 to 450eC data clearly illustr

structural transition.
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3.5. Conclusions

The YexPrOs + 0.00x < 2 and 00t < 1) solid solution is ideal for deciphering the bixbyite
fluorite oxidation andeduction mechanism. We have illustrated the cation site responses for the
partially oxidized bixbyite phases2%)PrOs + (0.00x < 1.4 and 00U < 0.53) and the occurrence
of fluorite phases for ¥PrOs + (1.4 Ox < 2 and 063 Oli < 0.6). The defetfluorite phases are
fully disordered on the cation and anion sites. The bixbyite phases accommodate excess oxygen in
the additionally invoked6canion site in space grodg@-3. In response to this site preference, the
8b cation site splits into &6c¢site in order to form seven nearly equal and one elongated bond. It
is suggested that this will inhibit the oxide ion mobility despite the presence of oxide defects. The
24d cation moves towards the ideal fluorite position assdm@plesbecomeprogressivelymore
oxidized. It should be noted that all oxidized samples in the investigated series are single phase
and that the formula unit volume increases linearly with the praseodymium conteint-Situe
reductions only show coexisting fluorite and bixbyiteapds in a narrow temperature range.

Y exPxOs + ds an ideal model system for the investigation of oxide defect formation and

annihilation.
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Preface

This manuscript, which was published by Inorganic Chemistry, explores the structural diversity
of the SexVxOs+; system. In preliminary studies, Sc¥@was found to be a good candidate for
fast ion conduction, however, the low temperature oxidative transformation tosdegaxively
impacts the ionic conductivity making this material a poor candidate for use as -atatdid
electrolyte. In an attempo tfind a more suitable candidate the full series was synthesized. This
manuscript reports the synthesis, structure, and high temperature reactivity of the full series. It was

accepted to Inorganic Chemistry and published online Apti| 2018.

Contribut ions

Preliminary synthesis and oxidative studies of the scandiumc h (x O 1. 0) por t i
was explored by Fabian J. Simon. Synthesis of the full series, measurements, and analysis were
completed by Joey A. Lussier. Pamela S. Whitfield help#l Rietveld refinements, and Kalpana
Singh performed conductivity measurements. The manuscript was written by Joey A. Lussier and

Mario Bieringer.
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4.1. Abstract

Solid oxide fuel cells (SOFCs) are sefithte electrochemical devices, which directly convert
chemical energy of fuels into electricity with high efficiency. Due to their fuel flexibility, low
emissions, high conversion efficiency, no moving parts, and quiet operation, they are considered
as a promising energy conversion technology for low carbturd needs. Solidtate oxide and
proton conducting electrolytes play a crucial role in improving the performance and market
acceptability of SOFCs. Defect fluorite phases are some of the most promising fast ion conductors
for use as electrolytes in solixide fuel cells. We report the synthesis, structure, phase diagram,
and high temperature reactivity of thee®¢x0z+¢ 0 O x O 2. 00) oxide def e
all SexVxOsophases with x O Itype Struguresasedounm mhesefobxi x by i t
O 1.68 phase pure corundum structures are rep
Structural details obtained from the simultaneous Rietveld refinements using powder neutron and
X-ray diffraction data are reported for the bixbyiteases, demonstrating a slight' preference
towards theBbsite. Insitu X-ray diffraction experiments were used to explore the oxidation of the
SexVxOs.0phases. In all cases Scy®as found as a final product, accompanied OStor x
< 1.0 and ¥Os when x > 1.0; however, the oxidative pathway varied greatly throughout the series.
Comments are made on different synthesis strategies, including the effect on crystallinity, reaction
times, rate limiting steps, and reaction pathways. This work proiidight into the mechanisms

of solid-state reactions, and strategic guidelines for targeted materials synthesis.
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4.2. Introduction

The AVG;s (trivalent vanadium) and AV pentavalent vanadium) systems where A represents
trivalent cations (Sc, In, Y, and raearths: LaLu) have been of great interest to the scientific
community due to their diverse physical and structural properties. The interesting elécronic,
optical®>* and magnetit® properties include low temperature magnetic fiddgpendent spin
reversaP multiferroicity,)® and successive crystallographic and magnetic transitfons.
Furthermore potential applications as secondary lithium ion battétassr host materiaf$,and
photocatalyst$ have been proposed.

These V}* based compounds crystallize mainly as either perovskites or bixbyite phases! The A
size dependent phase formatiang in agreement with the commonly used Goldschmidt tolerance
factor. When the ionic radius of*Ais smaller than L?, a bixbyite is typically found, whereas
Lu®* and larger A* cations crystallize as perovskite phas€¥. AVO4 materials with thesmall
pentavalent vanadium cationY tend to crystallize in the tetragonal zircon phase, isostructural
with ZrSiQs.

The scandiuni vanadiumi oxygen phase diagram shows a variety of strectypes and
oxygen compositions including bixbyites, fluostepyrochlores, and a $40s phase'®2® The
redox chemistry of these AMQzompounds can be found in the literatffé?*2> where the
oxidation and reduction pathways of the AdKixbyite to AVQs zircon are described in detail.
The redox chemistry is of particular interest due to the structural relationship between the bixbyite,
fluorite, and zircon structures. Figufie shows these three structures and outlines the redox
chemistry reported for the oxidation/reduction of SeMOScV(: 1824 The bixbyite structure

crystallizes in space groua-3 and can be described as a cubic orderede defect structure and
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is closely related to the fluorite structure. In the bixbyite structure the cations are typically fully
disordered on th8b and 24l sites with a quarter of the oxide anions missing (with respect to the
fluorite structure). Thexade anions are found in a fully occupié8esite. In the bixbyite structure

all cations are 6old coordinated with oxide anions. The fluorite structure crystallizes in the cubic
Fm-3mspace group with only one cation sd@, and one anion sit8c. The resulting AQ@ cubes

form a 3dimensional edge forming a checker board pattern. The defect fluorite structure is well
known for its high ionic conductivity, which is a desirable property for ssifide electrolytes used

in solid oxide fuel cell§>2®In contrast, the conductivity of corresponding zircon phases tend to
be low. The tetragonal zircon structure crystallizes in the space Bfgdamd where the cations

are ordered and found in either #eesite (larger cation), atbsite (smaller cation) and the anions

are located in th&6hsite. In zircon phases the smaller cation forms tetrahedra, whereas the larger
cation is bound to 8 anion®riing dodecahedra.

Notably when we deviate from the 1:1 cation ratio, the oxidation of scandium rich bixbyite
phases will result in the formation of Sc¥@rcon with SeOs as a byproduct. In hydrogen ScyO
will reduce to ScV@ bixbyite. Only during prainged heating at very high temperatures will
ScV(Gs and the excess 883 form single phase scandium rich bixbyite structures again.

The rhombohedral corundum structure with the cations located 2thend the anions in the
18esites consists of A€bcteéhedra. Here we will show that the corundum structure does not allow
to be oxidized via a topotactic route. Instead th&/88 corundum phase oxidizes directly to the
zircon structure while expelling vanadium oxide phases. The reduction ofsS1té® not rsult
in a corundum structure, the Sc:V ratio of 1:1 favors the formation of the Suixkyite phase

instead during reduction.
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Figure4.1: lllustration of the structures encountered in the,8¢0s . gystem. (Note the reaction byproduc
S¢0s3 and VO are not shown.). The corundum structures (topk®s( x O 1. 68) cr -
group R3c and undergoes direct oxidation to the zircon structure (space gitamd}i The cubic bixbyite
structures SgxVxOs( x O 1. 08) -B)exdaetepotarticallytpform either oxidized bixbyites
< 0.50) or defect fluorite structures (space group:3m Se,V,Os+ x O 1. 08) (bott
SV sites, blue = S¢ sites, yellav = V™ site, red = @ sites, orange = vacancyf@ites.

The scandiumi vanadiumi oxygen phase diagram shows a variety of structure types and
oxygen compositions including bixbyites, fluorites, pyrochlores, and anBphase'® 23, The
work reported in this article is a comprehensive study of the structural evolution and reactivity of

the full SexVxOs series, covering the entire Sc:V compositional range.
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4.3. Experimental

4.3.1.Synthesis

Bulk powder samples of Sc\(Owere prepared using a modified tstep synthesis
developed by Shafi et &:>First, ScVQ was syntlesized using stoichiometric amounts ofG
(Alfa Aesar: 99.99% or Synquest Laboratories 99.95%) and/@kl(Cerac: 99.9%) which were
ground in an acetone slurry using an agate mortar and pestle. Starting materials were then heated

in air at 1000°C for 1Bours in an alumina crucible in order for following reaction to occur:

SeOs+ 2NHVO3Y 2 S @ ¥2Hs + H0 (eq. 4.1)

Powder Xray diffraction data identified the beige polycrystalline product as phase puresScvVO
before proceeding to the next step. The Sgplase was reduced to single phase dark brown

ScVGs in flowing Hz gas at 1100°C for 18 hours (eq. 4.2):

ScVOi+H2 Y S ca @0 (€q. 4.2)

Phase pure M0s was obtained via reduction ot¥s (Alfa Aesar, 99%) at 1100°C in ktHflow
for 18 hoursSexVxOs3 samples were prepared using stoichiometric amount3 0k H&lfa Aesar,
99.9%) and ¥YOs according to eq. 4.3, where x was varied in 0.25 increments between 0 and 1.50
and in 0.05 increments from 1.70 to @.@\ll samples were ground using an agate mortar and

pestle, pelletized, and heated at 1%Dinh dilute hydrogen (%% H, balance Ar) for multiple
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heatings of 1248 hours with intermediate grindings until phase pure samples were obtained (table

4.1 showsghe heating times required).

(1- Y2 X) SeO3 + Y2 x VO3 Y S/xOs (eq. 4.3)

Table4.1: List of heating times required in order to synthesize ppase samples of 2¢V,Os.

X Time Required
0.25 12-24 hrs
0.50 24-64 hrs
0.75 64 hrs
1.00 164 hrs
1.25 N/A
1.50 N/A
1.75 24-64 hours
1.90 <12 hrs

4.3.2.Characterization

4.3.2.1Powder Xray Diffraction at Room Temperature

Room temperature powder-Xay di ffraction data were coll e
(KU = 1.540598 =, lavhd4d426KY) on a PANalytical
BraggBrentano geometry (PANalytical B.V., Almelo, the Netherlands). All measurements were
carried out using a 1° divergence slit, 10 mm mask, and 0.04 rad solléordiite primary beam
and an antiscatter slit, a Ni filter, 0.04 ra
detector) for the diffracted beam. Samples were mounted as thin layers on a zero background
sample holder (Si (510)) using acetoslarries. Measurements were conducted on a spinning
sample stage at 1 Hz and data were collected

120° at 50 s/step counting time for Rietveld refinements. The diffractometer line profiles were
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confirmed wth NIST standard LaBSRM 660a, and peak positions were confirmed with NIST

standard Si SRM 640b.

4.3.2.2Room Temperature Neutron Powder Diffraction

Neutron powder diffraction data were collected at room temperature using the POWGEN
diffractometer, at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory in Oak
Ridge, Tennessee. Approximately 2 grams of sample were loaded into an @ameter
cylindrical vanadium sample can. Using frames with 1.066 A and 2.665 A center wavelengths, the
d-spacing range from 0.276 A to 10.5 A were collected using a slit width of 20 mm and a slit height

of 35 mm. Data were collected for approximately boar per frame.

4.3.2.3High-Temperature irsitu Powder Xray Diffraction

High temperaturen-situ powder Xray diffraction experiments were carried out using the
same diffractometer described in section 3.2.1, where samples were mounted as an acetone slurry
directly on a 10 mm platinum resistive strip heater within arsakking Anton Paar HTK2000
furnace (Anton Paar GmbH). Between room temperature and 1200°C the furnace is reliable within
+5°C. X-ray diffractograms were collected in increments of 25°C 26T to 1000°C and during
cooling in 25°C decrements to room temperature. Data were collected in 0.0167° steps covering
20A O 2d O 70A with 100 s/step counting ti me

minutes at each temperature.
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4.3.2.4Rietweld Refinements

All Rietveld refinements were carried out using thepas (version 5)oftware. The
crystallographic structures were refined simultaneously against powdsr ahd timeof-flight
neutron diffraction data as described in sewdih.3.2.1and4.3.2.2 respectively. 62 parameter
were refined including background coefficients, peak shapes and asymmetries, unit cell
parameters, atomic positions, and isotropic temperature factors. Despite the laekayf X
scattering contrast between scandium and vanadium, and the near zero seaitssimg length
of vanadium, simultaneous-pay and neutron refinements allow for the determination of scandium
to vanadium ratios. This ratio was refined allowing the cations to freely distribute over all cation
positions. Oxygen occupancies were fixedbe fully occupied. For all refinements based on
laboratory powder Xay diffraction data only, oxygen positions, and scandium/vanadium ratios
and distributions were not refined. Samples with a small impurity £8if%¥ (see section 4.2)
were refined vith this additional phase in order to characterize weight percentages. The parameters
refined for this phase were limited to unit cell lengths and angles, and scale factors, all other

parameters were set based on the work reported by Ebatéf

4.4, Results and Discussion

4.4.1.Synthesisof SaV«Os( 0 O x O 2. 00)

The compositional series 5&/x0s( 0 O x O 2.00) was prepared
direct solidstate reaction of S0z and Oz at 1500°C in 3% Huntil no further reaction was

observed? Figure 2 compares the powdesry diffractograms of the final products, indicating
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the formation of bixbyite phases for the-Sth compositions and corundumastes for the Mich

samples. Notably both reported phases are cation disordered structures, the cubic bixbyite structure
shows a small site preference for the two different cations 8ivem24d) whereas the corundum
structure is fully disordered becsmi only one cation site is accessible. The powdeayX
diffractograms irFigure4.2b follow multiple heating steps at 1500°C for the nominal composition
ScVOs. During the initial stage of the reaction vanadidoped SgOs bixbyite and scandium

doped O3 corundum phases are formed. Additiohahting cycles cause the bixbyite phase to
slowly increase its vanadium content, whereas the scandium concentration remstenst cothe
corundum structure, while the phase fraction of the corundum phase decreased. This clearly shows
that the corundum phase reaches scandium saturation within 12 hours and that this phase reacts
further with the bixbyite phase. In particular,eaftt2, 24 and 64 hours the broad and distorted

bixbyite peaks indicate multiple bixbyite phases with varying vanadium content to be present.
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Figure4.2a: Room temperature powdefr&y diffractograms (Cu 1,2) for the compositional series &gV xOs.

Blue peaks belong to the cubic bixbyite phase (space gro@palad red peaks belong to the trigonal corund
phase (space group:3). Note: Corundum peaks are indexed with respetieterigonal cell. The diffraction
patterns for the pure corundum phases (bottom) use an increment of x = @@bar@t \LO; patterns are

provided for a comparison. Note that only the nominal compositiaf8\§e:0s.00and S50V 1.5003.00Show the
presence of both phases.

Figure 4.2b: Room temperature powderay diffractograms for the solistate formation of ScV&y, from
Sc0s and WOz as a function of reaction time at 1500°C (in 3% bhow the compositional change of tt
bixbyite phase as inditad by the shift of the (222) bixbyite peak position. In contrast the (104) corundum
position only shows an appreciable change during the first 12 hours, after that the intensity of the peak ¢
until only the ScVQqobixbyite phase is preserithe (044) bixbyite peak on the right emphasizes the peak
and increasing crystallinity of the product phase with prolonged heating. The most upper data set (bla
refers to ScV@qo synthesized via ScVQeduction and indicates the high degoéerystallinity of that phase
using the indirect synthesis route.

Notably, the synthesis of phase pure SeWdlk required 164 hours for the direct synthesis at
1500°C according tequation 4.3whereas the alternative preparation via reductioh@ScVQ
zircon phas&2°in Hz gas (equation 4.2) required less than 18 hours at temperatures as low as
1100°C.Figure4.2b compares the powder diffraction peak widths for multiple heatings for the
direct synthesis and the reductive route. After 164 hours at 1500°C, theliorystaimain size
(estimated with the Scherrer equation) approaches A20hereas the reductive route yielded

domain sizes > 9000 A after only 18 hours at P00@Ve propose that the rate limiting step for
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the  direct reaction
between S€s and \LOs

is dueto grain boundary
effects and the relatively
large diffusion distances
during the intesparticle

reaction results in smal
crystalline domain sizes
In contrast, large
crystalline domain sizes
are found when no grair
boundaries are involvec

during the intraparticle
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Figure4.3: Evolution of the bixbyite and corundumases Sg,)VxOs as a function
of x. The volumes per formula unit were obtained from Rietveld refinements.
miscibility gap spans from x = 1.08 to 1.68. The dashed lines serve as a gt
the eye. The V/Z value for the ScYPhase obtained via redumti of ScVQ is
shown as a solid black circle.

reduction of ScvVQ@ to ScVQ in hydrogen. Figure 4.3 shows the volume per formula unit

evolution, obtained from Rietveld refinements, for the bixbyite structurei¢Bacompositions)

and the corundum structure -fith compositions). The bixbyite and corundum phases are

separated by miscibility gap defined by the &2V 1.0803 bixbyite and the Sz2V1.6603 corundum

phases

The phases close to the end members form readily within 12 to 24 hours at 1500°C, whereas

samples closer to the miscibility gap require multiple regrindinghaating with total annealing

times exceeding 5 days. The extended heating periods at 1500°C caused the formation of small

amounts of SSixO7 impurity phases due to the reaction with silicates in the ceramic boats (up to

0.2% SiQ in alumina).
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Figure 4.3 shows a linear volume decrease for the bixbyite phas@t&Se( 0 O x O 1. 0)
function of vanadium concentration. The corundum phasegvg®s (1. 70 O x O 2. 00
linear increase of the unit cell volume upon scandium uptake. Oidg does not follow the
ot herwise |inear trend. The miscibility gap |

the bixbyite and corundum phases. The corundum phase is clearly the denser phase and might be
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Figure4.4: Rietveld plot of the powder -Xay diffraction data for the refinement of the cubic bixby
phase StsVo.7:803.00 The insert shows the tima-flight powder neutron diffraction Rietveld plot. Re
symbds = observed data, black line = fit, blue line = difference. All crystallographic informatic

provided in table 1.

obtainable for smaller vanadium concentras using high pressure synthesis. Notably the high
pressure structure of Sc\¥@as been reported as an orthorhombic perovskite phasegesting

a potentially rich phase diagram for high pressure phases across-tWieCssystem.
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4.4.2.Structural Information of the S¢VxOs Solid Solution

For all samples where x < 1.0, simultaneous mukHipgtogram Rietveldefinements were
performed using timef-flight neutron diffraction (POWGEN) and powdefr&y diffraction data.
A total of 62 parameters were refined for each composition. Figure 4.4 shows the Rietveld plots
for Sa.25V0.7903.00. Additional Rietveld fots for Sa.50V0.5003.00and S&.75V0.2503.00 are provided
in figure 4.5. Table4.2 reports the structural details extracted from all refinemeritshas a slight
preference towards tH#b site in allthree cubic bixbyite phases, this is in agreement with the
previous report of ScV&by Alonso et alt® The authes proposed that the®V/preference on the
8b site was due to a scandium deficiency. No explanation as to the preference of vanadium on the
8b versus the24d site was discussed. The refined Sc:V ratio, as reported in table 1, for all three
compounds (x = 0.25, 0.50, 0.75) showed a 5.5% variance, where more V was found than expected.
This can be rationalized by the small impurity 0&#07 which can be fountbr most samples.
Rietveld refinements suggest that this impurity phase is present typicalg att.26. We are
confident that this small impurity does not affect the current results and note that the impurity was

formed as a reaction of %s with silicates in the ceramic boats used during synthesis.
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Table4.2: Structural parameters for the cubic bixbyite phases (space group2@6)) of Sg.VxOs00 Values were

obtained from simultaneous Rietveld flRement against powder-My diffraction data and timef-flight powder

neutron data measured at room temperature.

Target Composition Sci.25V0.7903.00 | Sci.50V0.5003.00 | SC1.78V0.2503.00
Refined Sc1.14V0.8603.00 | SC1.33V06103.00 | SCi.64V0.3603.00
Composition
space group "O®(206) "O®(206) "O®(206)
unit cell a(A) 9.669400(80) | 9.726734(60) | 9.78607(6)
V (A3 904.063(23) | 920.240(17) |937.18(2)
Sc/V@8b) (Ya, Ya, Ya) | Occupancy (%):
Sc 43.7 (3) 58.5 (3) 75.3 (3)
Vv 56.3 (3) 41.5 (3) 24.7 (3)
Biso 0.144 (25) 0.215 (18) 0.22 (1)
Sc/V 249 (x, 0, Y4) | x/a -0.03540 (6) | -0.03555 (6) |-0.03565 (4)
Occupancy (%):
Sc 61.2 (2) 73.0 (2) 84.5 (2)
Vv 38.8 (2) 27.0 (2) 15.5 (2)
Biso 0.201 (13) 0.235 (10) 0.224 (9)
O (488 (x,Y, 2) x/a 0.39143 (7) | 0.39154 (6) 0.39153 (6)
y/b 0.15559 (7) | 0.15547 (7) 0.15535 (6)
zlc 0.38053 (7) | 0.38076 (6) 0.38085 (6)
Occupancy (%) 100 100 100
Biso 0.342 (13) 0.341 (12) 0.30 (1)
G%/Rup: Neutron (T.O.F3 | 2.27/3.51 2.35/3.09 2.21/2.84
Neutron (T.O.F) | 5.82/6.22 6.29/7.51 6.47/6.42
X-ray (Cuko)® 2.16/8.27 1.97/7.43 2.16/8.22
Overall 3.01/5.53 3.10/5.45 3.18/5.18
Neutron T.O.Frange: 67181 18037 ¢e€s, 3574 data points
PNeutron T.O.Frange: 2621397998 ¢€s, 1650 data points
°X-rayCuKg, 20A O 2d O 120datapamsd = 0. 0167A,
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Figure 4.5 Rietveld plos of the powder diffraction datéor the refinemerst of the cubic bixbyite phase ac)
Sa.75V0.280s; d-f) ScisVos003. Refinements are based on a,dyay diffraction data; b,e) timef-flight neutron
powder diffraction data (centre wavelength = 2.865 c,f) time-of-flight neutron powder diffraction data (centre
wavelength = 1.06@\). Red symbols = observed data, bldicle = fit, blue line = differenceAll crystallographic
information can be found in table 1.
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