Mechanochemical activation assisted solid state
synthesis, self-propagating high-temperature
synthesis, and characterisation of Ti-containing
solid solutions with spinel-, pseudobrookite- and

Mn3Si;-type structures

Dissertation
zur Erlangung des Doktorgrades

der Naturwissenschaften

vorgelegt beim Fachbereich Geowissenschaften/Geographie
der Johann Wolfgang Goethe-Universitat

in Frankfurt am Main

von
Man He

aus Henan, China

Frankfurt 2016
(D 30)



vom Fachbereich Geowissenschaften/Geographie der

Johann Wolfgang Goethe-Universitdt als Dissertation angenommen.

Dekan: Prof. Dr. Ulrich Achatz

1. Gutachter: Prof. Dr. Bjorn Winkler
2. Gutachter: PD Dr. Eiken Haussiihl

Datum der Disputation: 24/10/2016



Contents

Abstract

Zusammenfassung

1

Introduction

1.1 Spinels . . ... ... .
1.1.1  Crystal structure . . . .. ... .. ... ... .. .. ... ...
112 Synthesis. . . .. ... ... ... .. ... .. o
1.1.3  Physical properties and applications . . . . .. ... ... ... ..

1.2 Pseudobrookites . . . . . . . . . ...
121 Crystalstructure . . ... ... ... ... ... . L.
122 Synthesis. . . .. ... ... ...
1.2.3 Physical properties and applications . . . .. ... ... ......

1.3 Taskandoutline . ... ... ... . ... . .. ... ... ..

Experimental methods and principles
2.1 Mechanochemical activation assisted synthesis . . . . .. ... ... ...
21.1 High-speedballmilling . . ... ...................
2.1.2 Solid state synthesis . . . . ... ... ... o oL
2.1.3 Self-propagating high-temperature synthesis . . . . . .. ... ..
2.2 X-ray diffraction and neutron diffraction. . . . . .. ... ... L.
2.3 Raman and infrared spectroscopy . . . . . ... ... L L
2.4 Low-temperature heat capacity . . ... ... ... ..... ... ... ..
2.5 Density functional theory . . ... ... ... ... .. .. .. ... .. ..
26 Othermethods. . . . ... ... .. .. . .. ..

CuyZn, TiO4 with0 <x <1

3.1 Introduction . . . . .. .. . . . . ... e

3.2 Materialsand methods . . . . . ... ... .. ... ... . ...
321 Sample preparation. . . .. ... ... ... . oL
322 Xraydiffraction . ... .. ... o Lo o
3.2.3 Neutrondiffraction . . . . . . ... ... ... ... . ... .. ...
3.24 Characterisations of the bulk sample with x=0.4. . . . . ... ..

3.3 Resultsand discussion . . . . ... ... ... .. .. ... ... . ...
3.3.1 Rietveld refinement for the sample with x=04 . . . . . ... ...
3.3.2 Rietveld refinements for the endmember Zn,TiO4 . . . . ... ..

IX

XI

—_
NP, ONINOGFRDNRF =

—_



Contents

1I

3.3.3 Rietveld refinement for the sample with x=05. . .. .. ... ..
3.3.4 Rietveld refinement results of CuyZn, _,TiOy4 . . . . .. ... ...
3.3.5 Structural changes in the Cu,Zn;_,TiO4 solid solution . . . . . .

3.3.6  Physical properties of the bulk sample withx=04. . . . ... ..
34 Conclusion . . . ... ... .

M g Ti 205
4.1 Introduction . . . . . . . . . . e
42 Experimental and computational approaches . . . . . .. ... ... ...

421 Samplepreparation. . . . . ... ... ... . L
422 Xraydiffraction .. ... ... o L oo
423 Ramanspectroscopy . . . . .. .. ... ..o
424 Low-temperature heatcapacity . . . . ... ... ... ... ... ..
425 Density functional theory . . . ... ... .... .. ... .....

43 Resultsand discussion . . . .. ... .. ... ... ... . 0L,
431 Mg/Tidisorder . . . .. ... ... ... .. .. .. ... .. ...
4.3.2 Vibrational properties . . . .. ... ... ... .. ... ...
433  Elasticity . . . ... ...
434 Low-temperature thermodynamic properties . . . . . .. ... ..
44 Conclusion . . . ... .. L

Zny Mgl_xTi205 (0 <x< 1) and Cu Mg _x Ti,O5 (O <x< 05)

5.1 Introduction . .. . ... . . .. ..

52 Experimentalsection . . .. .. ... ... .. ... ... .0 L.
52.1 Sample preparation. . . ... ... ... ... L L
522 Xraydiffraction . ... ... ... o oL
5.2.3 Neutrondiffraction . . . . . ... ... ... ... ... ... ....
524 Ramanspectroscopy . . . . . . .. . ..o

5.3 Resultsand discussion . . . .. .. ... .. ... ...
53.1 Phasecompositions. . . .. ... ... L oL
5.3.2 Rietveld refinements for MgTi,Os . . ... ... ... .......

5.3.3 Rietveld refinement results for Zn,Mg;_,Ti»Os . . ... ... ..
5.3.4 Structural changes in the Zn,Mg;_,Ti;Os solid solution . . . . .
5.3.5 Raman spectra of Zn,Mg;_,TiO5 . . ... ... ... ........
5.3.6 Le Bail refinement results for Cu,Mg;_,Ti,Os . . ... ... ...
5.3.7 Raman spectra of CuyMg;_,TioOs . . . .. ... ... ... .. ..

54 Conclusion . . . . . . . . e

Ti5SizZy with Z=B or O

6.1 Introduction . . . . . . . . . . . ...

6.2 Experimentaldetails . . ... ... ... .. ... ... ... ... ..
6.2.1 Sample preparation. . . . ... ... L L oL oL

6.2.2 X-raydiffraction . ... ... ... Lo oL Lo
6.3 Resultsand discussion . . . . . . . . . . . e
6.4 Conclusion . . . . . . . e



Contents

7 Summary and outlook 97
A CuyZn, 4 TiOg4 cubic spinels 99
B Pseudobrookite-type MgTi ,0s5 109
C Pseudobrookite-type Zn yMg; xTioOs and CuxMg; y Ti»Os 115
References 127
Acknowledgements 143
Curriculum Vitae 145
Declaration 147

I



List of figures

v

1.1
1.2

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

3.1
3.2
3.3
34
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

4.1
4.2
4.3
44
4.5
4.6
4.7
4.8
49
4.10
4.11
4.12

Crystal structure of ABOy4 cubicspinel . . . ... ... ... ......

Crystal structure of orthorhombic pseudobrookite-type MgTi,O5

Photograph and schematic drawing of the planetary ballmill . . . . .
Photograph and schematic drawing of the SHSset-up . . . . . . .. ..
X-ray and neutron scattering factors of theions . . . . .. ... ... ..
X-ray and neutron diffraction instruments . . . . . ... ... ... ...
Instrument and energy levels for Raman spectroscopy . . . . . .. ...
The physical property measurement system . . . . . . ... .. .....
SEM and the buoyancy density set-up . . . . ... ... ... ... ...
The plane-wave ultrasound spectroscopy and dilatometer . . . .. ..

Photograph of the spinels Cu,Zn, _,TiOy . . . . ... ... ... ...,
XRD patterns of the samples before and after soaking . . . . ... ...
ND patterns of CuyZn,_,TiOy4 solid solution . . . ... ... ... ...
Rietveld refinement of XRD for the sample with x=04 . .. ... ...
Rietveld refinement results for Zn,TiOy . . . . . . ... ... ... ...
Rietveld refinement results of the sample withx=05 . ... ... ...
Lattice parameter a plotted against x in CuyZn, _,TiOy . . .. ... ..
Positional and thermal displacement parameters for O~ . . ... . ..
Evolution of the mean bond lengths dr_panddy—o . . . . . .. .. ..
UV-vis spectrum of the sample withx=04 . ... ... .........
SEM images of the bulk sample with x=04 . . . . . ... ... .....
Thermal expansion and elastic properties of the sample with x=0.4 . . .

Photographs of the MgTi,Os cylinders and pellets . . . ... ... ...
Rietveld refinement results of MgTi,O5 synthesised at 1173 K. . . . . .
Dependence of the Mg/Ti disorder X on the synthesis condition . . . .
Raman spectra of disordered MgTi,O5 . . . . .. ... ..........

Assignments of the Raman bands based on fully ordered MgTi,Os

B1¢(5) Raman frequencies versus the disorder parameter X . . . . . . .
Oxygen O1 motions corresponding to the By,(5) Raman mode . . . . .
Theoretical infrared absorption of fully ordered MgTi,O5 . . . . . . ..
Representation surface of the longitudinal elastic stiffness . . . . . . . .
Theoretical and experimental Cp, . . . . . . ................
with the disorder parameter X . . . . ... ... ..

AH and AS between MgTi,O5 with X=0.37and X=0.14 . .. ... ..

Evolution of SSO nfig



List of figures

51
52
53
5.4
55
5.6
5.7
58
59
5.10
511
512
5.13
5.14
5.15
5.16
517
5.18
5.19

6.1
6.2
6.3
6.4
6.5
6.6

Al
A2
A3
A4
A5
A6
A7
A8
A9

B.1
B.2
B.3
B4
B.5
B.6

C1
C2

Samples of CuyMg;_,TirOs and Zn,Mg;_,TiO5 . . . .. ... ... ... 65
The SHS product for the synthesis of ZnTi,O5 . . . . . ... ... ... .. 68
Rietveld refinement result for the SHS product . . . . ... ... ... .. 69
Rietveld refinement of neutron diffraction for MgTi,Os . . . . ... ... 70
Rietveld results for Zn,Mg;_,Ti;Os withx=04 . . ... ... ... ... 73
Rietveld results of XRD forx=0.8 . . . . .. .. ... ............ 75
Rietveld refinementof NDforx=08. . ... ... ... ... ....... 77
Lattice parameters of Zn,Mg;_,Ti,Os with0<x<1............ 78
Site occupancy in M1 (4c) of Zn,Mg; _,TioO5 . . . . ... ... ... ... 79
Bond lengths of dp—o in Zn,Mgq_,TinOs . . . .. ... ... ... .. .. 80
Bond angles of M—-O1-M in Zn,Mg;_,TioOs . . . .. ... ... ..... 81
Normalised Raman spectra of Zn,Mg;_,TiO5 . . .. ... ... ..... 82
Raman spectra of Zn,Mg;_,Ti,Os with x=0.9 and ZnTi;,O5 . . . . . . .. 83
Raman shifts for Zn,Mg;_,TioOs . . . . ... ... ... ... ... .. 84
Raman shift of the overtone for Zn,Mg;_,Ti,Os . . ... ... ... ... 85
Le Bail refinement of XRD for Cu,Mg;_,TioOs withx =05 . . . . . . .. 86
Lattice parameters of Cu,Mg;_,TiOs . . . .. ... ... .. ... .. 87
Normalised Raman spectra of CuyMg;_,TioOs . . . . ... ... ... .. 88
Raman shifts for CuyMg;_,TiOs . . . . ... ... ............. 89
Crystal structure of TizSi; with space group Pé63/mcm . . . . .. ... .. 91
Rietveld refinements of TisSi; using one or two unitcells . . . . ... .. 93
Rietveld refinements of TisSi; with different dilutions . . . . . . ... .. 94
Lattice parameters of Ti5Si; plotted against dilution . . . . ... ... .. 95
Le Bail refinement of the sample containing 4wt.% NaBH, . . . ... .. 96
Lattice parameters of TisSi3Z, in the samples containing NaBH, . . . . . 96
Picture of soaking the samples in the acetic acid solution . . . ... ... 99
Rietveld refinement results of the sample withx=0.1 . .. ... ... .. 100
Rietveld refinement results of the sample with x=02 . . ... ... ... 101
Rietveld refinement results of the sample withx=03 . ... ... .. .. 102
Rietveld refinement results of the sample withx=04 . . ... ... ... 103
Rietveld refinement results of the sample withx=0.6 . . ... ... ... 104
Rietveld refinement results of the sample withx=0.7 . .. ... ... .. 105
Rietveld refinement results of the sample with x around 0.75 . . . . . . . 106
Rietveld refinement results of the sample with x around 0.86 . . . . . . . 107
Polynomial fits of the measured Cp, with X =0.14(1) and 0.37(1) . . . .. 109
Rietveld refinement results of MgTi,Os with X=0.14 . .. ... ... .. 110
Rietveld refinement results of MgTi,Os with X=030 . .......... 111
Rietveld refinement results of MgTi,Os with X=033 . . ... ... ... 112
Rietveld refinement results of MgTi,Os with X=034 .. ... ... ... 113
Rietveld refinement results of MgTi,Os with X=037 . .. ... ... .. 114
Mixtures of Zny,Mg;_,Ti;Os after ball milling . . . . . ... ... ... .. 115
Mixtures of Cu,Mg;_,Ti;Os after ball milling . . . . . ... ... ... .. 115



List of figures

VI

C.3 Rietveld refinement results of Zn,Mg;_,TiOs withx=0.1 . ... .. .. 116
C.4 Rietveld refinement results of Zn,Mg;_,Ti;Os withx=0.2 . .. ... .. 117
C.5 Rietveld refinement results of Zn,Mg;_,TiOs withx=03 . . ... ... 118
C.6 Rietveld refinement results of Zn,Mg;_,TiOs withx=05 . .. ... .. 119
C.7 Rietveld refinement results of Zn,Mg;_,TiOs withx=0.6 . .. ... .. 120
C.8 Rietveld refinement results of Zn,Mg;_,Ti;Os withx=0.7 . . ... ... 121
C.9 Rietveld refinement results of CuyMg;_,TioOs withx=0 . . .. ... .. 122
C.10 Le Bail refinement of CuyMg;_,TioOs withx=0.1 . ... ... ... ... 123
C.11 Le Bail refinement of CuyMg;_,TioOs withx=02 . ... ... ... ... 124
C.12 Le Bail refinement of CuyMg;_,TioOs withx=03 . ... ... ... ... 125
C.13 Le Bail refinement of CuyMg;_,TioOs withx=04 . ... ... ... ... 126



List of tables

1.1 Structural parameters of the Ti/Ge/Sn-containing 4-2 spinels . . . . . . 4
1.2 Physical properties of common pseudobrookites . . . .. ... ... ... 12
2.1 Mechanochemical activation conditions of the solid solutions . . . . .. 16
3.1 Alist of the refined parameters for ND data analysis . . . . ... ... .. 28
3.2 Rietveld refinement of XRD for the sample withx=04 . ... ... ... 30
3.3 Rietveld refinement results for the endmember Zn,TiOy4 . . . . . . .. .. 32
3.4 Refinement sequences of ND for the sample withx=05. . . . ... ... 34
3.5 Rietveld refinement results for the sample withx=05. . . ... ... .. 37
3.6 Rietveld refinement results for Cu,Zn,_,TiO4 solid solution . . . . . .. 38
3.7 Rietveld refinement results by using fixed cation Uiso . . . . . . . . . .. 39
4.1 Synthesis condition and Rietveld results of MgTi,O5 . . . . . .. ... .. 52
42 Theoretical and experimental Raman modes of MgTi,O5 . . .. ... .. 55
4.3 Theoretical infrared modes of fully ordered MgTi,O5 . . ... ... ... 58
4.4 Theoretical elastic stiffness coefficients of fully ordered MgTi,O5 . . . . . 58
4.5 Standard enthalpies and entropies of MgTi,O5 . . . . .. ... ... ... 61
5.1 Synthesis conditions and purities of Zn,Mg; _,Ti;O5 and Cu,Mg;_,Ti,Os 67
5.2 Rietveld refinement results for MgTi,O5 . . . .. .. ... ... ..... 71
5.3 Rietveld refinement results of XRD for Zn,Mg;_,Ti»Os . . ... ... .. 74
5.4 Refinement strategies and results for x=0.7and 0.8 . .. ... ... ... 76
5.5 Variation of dy;_o with increasing amount of Zn?* from0t0 0.8 . . . . . 79
5.6 Bond lengths of dp;—pin Zn,MgqTioOs . . . . .. ... oo oL 80
5.7 Le Bail refinement results of XRD for Cu,Mg;_,TipOs . . ... ... ... 87
5.8 Assignment of Raman modes for Cu,Mg;_,TiOs . . .. ... ... ... 88
6.1 Phase composition of Ti5Siz with 0-40wt.% dilution . . . . .. ... ... 93
6.2 Synthesis condition and phases of TizSi; with 1-4wt.% NaBH, . . . . . . 95
A1 Structural parameters of CuO in Cu,Zn;_,TiOy withx=0.86 . . . . . . . 99

vl






Abstract

Many natural minerals exist in the form of a solid solution. The systematic changes in
structural and physical properties of oxide solid solutions are of geological importance
and allow for wide applications. In order to understand the composition-structure-
property relations, substitutional solid solutions of Cu,Zn;_,TiOy4, Zn,Mg; _, TioOs5 and
Cu,Mg;_,TipOs have been synthesised by mechanochemical activation assisted solid
state synthesis. Self-propagating high-temperature synthesis has been employed to
achieve the interstitial solid solutions of TisSi3Z, (Z refers to the element boron or oxy-
gen). The changes in the crystal structure and physical properties due to the formation
of solid solutions are investigated by employing X-ray diffraction, neutron diffraction,
Raman spectroscopy, low-temperature heat capacity, thermal expansion, scanning elec-
tron microscopy, UV-vis spectroscopy, plane-wave ultrasound spectroscopy and den-
sity functional theory calculations.

Oxide spinels, AB,Oy, and those doped with transition metal cations, have emerged
as interesting semiconductors, efficient photocatalysts, pigments and dyes, substrates
for integrated electronics, as well as transparent windows and shield materials. Replac-
ing Zn?* by Cu?* leads to changes in the vibrational properties and band gap energy
of Zn,TiOy4 spinel. Cation distribution in Cu,Zn;_,TiO4 cubic spinels is determined
by neutron diffraction. The results indicate Zn?*, <0.04 Cu?* and <0.04 Ti** occupy-
ing the tetrahedral sites of Cu,Zn;_,TiO4. With the increase of copper concentration,
the lattice parameter decreases linearly for 0 < x < 0.6 but contracts more strongly at a
higher x. The positional parameter and isotropic thermal displacement parameter both
increase and are described by a second-order and a first-order polynomial, respectively.
Incorporation of Cu?" leads to a decrease of the average octahedral bond length but no
change of the average tetrahedral bond length. The coefficient of linear thermal ex-
pansion for the bulk sample with x =0.4 shows 10% of the expected value. This is due
to the inhomogeneous microstructure and a low density of only 90% of the theoretical
density.

Pseudobrookite-type minerals, AB,Os, may have a critical role in the petrogenesis of
the mare basalts and lunar picritic glasses as a source of titanium, and may be present in
other planetary bodies as well. A low bulk thermal expansion coefficient, a high refrac-
tive index, a wide bandgap of 3.4 eV and the ability to host transition metal ions, make
karrooite, MgTi,Os, attractive for multiple applications, such as ceramic pigments, fil-
ters, UV photocatalysts, and as anode materials for batteries. Disordered MgTi,O5 are
characterised by X-ray diffraction and Raman spectroscopy. Ab initio calculations are
performed based on a fully ordered MgTi,Os structure model. A good agreement of the
experimental and theoretical results is achieved. The complete prediction of 24 Raman
and 21 infrared normal modes allows assignments of the experimental Raman spectra
for disordered MgTi,Os. The exchange of Mg?™ by Ti*" in M1 octahedral sites leads
to a linear blueshift of B14(5) Raman mode, which is due to an increased displacement
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Abstract

of the cornersharing oxygens O1 parallel to [001] direction. The theoretical bulk modu-
lus and standard entropy of MgTi,Os are determined to be 161(1) GPa and 134.24J K1,
respectively.

Effect of divalent cation substitution on the structural and vibrational properties of
karrooite is investigated by using X-ray diffraction, neutron diffraction and Raman
spectroscopy. The complete solid solution of Zn,Mg;_, Ti,O5 obeys Vegard's law. With
the increasing substitution of Mg?" by Zn?", the unit cell of MgTi,O5 expands. The
smallest lattice parameter a decreases while the larger parameters b and c increase.
Zn*" preferably replaces Mg?" in the M1 sites at x > 0.6 and incorporates into both
M1 and M2 sites at a higher zinc concentration. The replacement of Mg?* by Zn?*
leads to redshifts of the Bi¢(3) and B1g(5) Raman modes and a blueshift of the Big(1)
Raman mode. At maximum half of Mg?* in MgTi,Os can be replaced by Cu?* and
copper causes no change of the unit cell volume. The B14(3) and Bi4(5) Raman modes
of CuyMg;_,TirOs redshift at x < 0.3 and blueshift at a higher copper fraction, indicat-
ing a movement of Ti** from the M2 to the M1 octahedral sites at x > 0.3.

The TizSi; intermetallic compound has potential application as high temperature
structural materials due to the high melting point, low density and excellent oxida-
tion resistance. Incorporating the interstitial atoms into the Mn;Si;-type structure is
expected to improve the ductility and fracture toughness performance of Ti5Si;. By em-
ploying self-propagating high-temperature synthesis, TisSi3O, is achieved by adding
5-40 wt.% product of Ti5Si; into its stoichiometric starting materials while TisSi3B; is
formed by adding 1-4wt.% NaBH,. The migration of the elements B and O into the
cavity of Ti;Si; leads to a contraction and an expansion of the unit cell, respectively.



Zusammenfassung

Viele natiirliche Minerale sind Mischkristalle. Die Bildung von Mischkristallen durch
Austausch von Kationen eines Minerals fithrt zu systematischen Anderungen der struk-
turellen, thermodynamischen und physikalischen Eigenschaften. Es ist von funda-
mentalem Interesse, die Zusammensetzung — Struktur — Eigenschaftsbeziehungen zu
verstehen. Titan ist eine wesentliche Komponente von feuerfesten gesteinsbildenden
Mineralen und ist eins der 18 hadufigsten Elemente in unserem Sonnensystem. Die
Synthese, Untersuchungen zur Struktur und die Charakterisierung von titanhaltigen
Mischkristallen trdgt zu unserem kristallographischen Wissen bei.

Oxidspinelle, AB>Oy, mit Ubergangsmetallkationen sind als interessante Halbleiter,
effiziente Photokatalysatoren, Pigmente und Farbstoffe, Substrate fiir integrierte Elek-
tronikschaltungen sowie als transparentes Fenster- und Abschirmmaterial bekannt
geworden. Die Ti*"-enthaltenden Spinelle, unter anderem Mg, TiO,, Mn,TiO,, Fe,TiO,,
Co,TiO,, Zn,TiO, und LiFeTiO,, kristallisieren in der kubischen inversen Spinellstruk-
tur in der Raumgruppe Fd3m unter Normalbedingungen. Die Halfte der divalenten
Kationen, B>, besetzen die Tetraederliicken wihrend Ti** und die Hilfte der B>*
Kationen Oktaederliicken besetzen. Zn?* in Zn,TiO, kann durch andere divalente
Kationen mit dhnlichem Ionenradius ersetzt werden, ohne die dichteste Kugelpack-
ung des flichenzentrierten isometrischen Subgitters der Anionen aufzubrechen. Die
Mischkristallreihe CuyZny_,TiOy ist nicht vollstindig und zeigt ein positives Uber-
schufSvolumen. Die Untersuchung der Kationenverteilung von Cu,Zn,_,TiO4 kubis-
chen Spinellsystem spielt eine signifikante Rolle bei dem Verstandnis der physikalis-
chen Eigenschaften.

Kubische Cu,Zn,_,TiO4 Mischkristalle mit Konzentrationen x, 0 < x <1, sind in ho-
her Reinheit aus den bindren Oxiden durch Festkorpersynthesen mit mechanochemis-
cher Aktivierung synthetisiert worden. Wolframcarbidmahlbehilter sind anstelle von
Achatbehéltern mit einer zusatzlichen Sdurebadbehandlung verwendet worden. Die
Kristallinitit der Proben wurde durch Rontgenbeugungsexperimente kontrolliert.
Rietveld-Verfeinerung der Rontgenbeugungsdaten fiir die Probe mit x = 0.4 haben
keinen strukturellen Unterschied durch die Sdurebadbehandlung gezeigt.

Hochauflosende Neutronenbeugungsdaten von Cu,Zn;_,TiO4 wurden unter Nor-
malbedingungen am D2B Diffraktometer am Institut Laue-Langevin in Grenoble durch-
gefiihrt. Rietveld-Verfeinerungen fiir die Strukturanalysen der Mischkristalle wurden
unter Verwendung der Programme GSAS, EXPGUI und gsaslanguage ausgefiihrt. Die
verfeinerten Strukturparameter fiir das Endglied Zn,TiOy4 sind konsistent mit Liter-
aturwerten. Die Positions- und thermischen Verschiebungsparameter der Anionen sind
von den constraints fiir die Kationen abhéngig. Diese Parameter nehmen mit dem Aus-
tausch von Zn?** durch Cu?* zu und wurden durch Polynome zweiter (Positionspa-
rameter) und erster Ordnung (thermische Verschiebungsparameter) beschrieben. Die
Ergebnisse zeigen, dass Zn?", <0.04 Cu®>* und <0.04 Ti*" die Tetraederliicken von ku-
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Zusammenfassung

bischen Cu,Zny_,TiO4 Spinellmischkristallen besetzen. Mit dem Anstieg der Kupfer-
konzentration nimmt der Gitterparameter linear fiir Konzentrationen 0 <x <0.6 ab
und kontrahiert starker fiir hohere Konzentrationen x. Die durchschnittliche Bindungs-
lange in den Tetraedern von Cu,Zn;_,TiO4 bleibt bei einem Wert von 1.986(2) A. Der
Einbau von Cu?" fiihrt zu einer Abnahme der durchschnittlichen Bindungslinge in
den Oktaedern um 0.012(2) A von 2.034(2) A fiir x =0 zu 2.022(2) A fiir x =0.86(5).

Bedingt durch den elektronischen d-d Ubergang des oktaedrischen Cu®* (34”) wird
eine Absorptionsbande im Sichtbaren (um 750 nm) im UV-vis Spektrum von kubis-
chen Cu,Zn;_,TiO4 Spinellen erwartet. Der Koeffizient der linearen thermischen Aus-
dehnung fiir eine bulk Probe mit einer Konzentration x = 0.4 wurde bestimmt und lag
bei nur 10% des erwarteten Wertes. Dies ist durch eine inhomogene Mikrostruktur und
eine niedrige Dichte von 90% der theoretischen Dichte bedingt.

Ahnlich wie bei Spinellen besitzt die Pseudobrookit-Gruppe AB,Os zwei kristallo-
graphisch unterschiedliche Kationenplidtze. Die AB,Os Gruppe kristallisiert in einer
orthorhombischen Struktur in Raumgruppe Cmcm. Die A Kationen besetzen die M1
Oktaederplidtze und die B Kationen besetzen die M2 Oktaederplitze fiir eine voll-
standig geordnete Struktur. Beide Plétze sind stark verzerrt und der M2 Platz ist kleiner
als der M1 Platz. Die Kationen konnen zwischen beiden Pldtzen wechseln, was zu
einer Kationenunordnung und einem Anstieg der Entropie fithrt. Durch die Ordnungs-
Unordnungs-phdnomene ist die Pseudobrookit-Gruppe durch thermodynamische In-
stabilitidten charakterisiert und wird als entropiestabilisierte Phase angesehen. Min-
erale der Pseudobrookit-Gruppe konnen eine kritische Rolle in der Petrogenese von
Mare Basalten und pikritischen Mondgldsern als Titanquelle gespielt haben. Sie mo-
gen in anderen Planeten ebenfalls vorhanden sein. Natiirlicher Pseudobrookit hat eine
Fe,TiO5-FeTi,O5 Mischkristallzusammensetzung und enthélt eine nennenswerte
Menge von Mg und weiteren Elementen. Es ist moglich, die thermische Geschichte
von natiirlichem Pseudobrookit {iber die Kationenverteilung zu identifizieren.

Karrooit, MgTi, O3, ist ein Endglied der Pseudobrookit-Gruppe. Die Synthese, struk-
turelle Charakterisierung und Bestimmung der thermodynamischen Stabilitdt dieses
Endgliedes sind von fundamentaler Wichtigkeit fiir das Verstandnis der Strukturen
und Eigenschaften der isostrukturellen Pseudobrookit-Mischkristalle. MgTi,O5 mit
verschiedenartiger Mg/ Ti Fehlordnung konnen in einem weiten Temperaturbereich
gebildet und genutzt werden, da sie eine grofle positive Entropie bei hohen Temper-
aturen und eine langsame Kinetik des Mg/ Ti Austausches bei Temperaturen unter
973 K haben. Ein kleiner thermischer Expansionskoeffizient fiir den bulk, ein hoher
Brechungsindex, eine grofse Bandliicke von 3.4 eV und die Eignung zur Aufnahme von
Ubergangsmetallionen machen ihn attraktiv fiir viele Anwendungen wie keramische
Pigmente, Filter, UV Photokatalysatoren und als Anodenmaterial fiir Batterien.

MgTi,O5 wurde mit unterschiedlichen Mg/Ti Unordnungsparametern X aus MgO
und TiO, Anatas in einem Temperaturbereich von 1173-1473K synthetisiert. Die
Proben wurden von der Synthesetemperatur in einer Eis/Wassermischung abgesch-
reckt. Ein zusédtzlicher Temperschritt bei 873 K fiir 60 Tage wurde bei einer Probe mit
einem X = 0.37 angewandt und fiihrte zu einem kleineren Wert von X = 0.14. Mes-
sungen der Tieftemperatur-Warmekapazitit von MgTi,O5 mit einem Mg/ Ti Unord-
nungsparameter von 0.14 und 0.37 wurden im Temperaturbereich von 2K to 325K
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gemessen. Ungeordnetes MgTi,O5; wurde mit Rontgenbeugung und Raman Spektro-
skopie charakterisiert. Rietveld Verfeinerungen der Rontgenbeugungsdaten wurden
zur Bestimmung der Strukturparameter von MgTi,O5 durchgefiihrt. DFT Rechungen
wurden auf der Basis eines vollstandig geordneten MgTi,O5 Strukturmodells ausge-
fithrt. Schwingungsfrequenzen und Intensititen, elastische Festigkeitskonstanten und
Tieftemperatur Warmekapazitdt wurden berechnet.

Die Synthesetemperatur von orthorhombischem Pseudobrookit-Typ MgTi,O5 kon-
nte verldsslich von 1373 K auf 1173 K durch die Anwendung mechanochemischer Ak-
tivierung gesenkt werden. Die Mg/Ti Unordnung héngt von den Synthesebedingun-
gen ab. MgTi,Os5 entsteht bei hoherer Synthesetemperatur mit hoherer Unordnung.
Bei gleicher Synthesetemperatur fiihrt die Bearbeitung in der Kugelmiihle zu hoherer
Mg/Ti Unordnung. Auflerdem wirkt sich eine Anderung der Mg/Ti Unordnung auf
die Frequenzen der Raman Moden aus. Durch DFT Rechnungen konnte eine voll-
stindige Vorhersage von 24 Raman und 21 IR Moden fiir vollstindig geordnetes
MgTi,O5 erreicht werden. Dies hat eine Zuordnung der Moden aus experimentellen
Raman Spektren fiir ungeordnetes MgTi,O5 ermoglicht. Interessanterweise bewirkt
der Austausch von Mg?" durch Ti*" auf M1 Platzen (vergleichbar einem Anstieg des
Unordnungsparameters) eine signifikante Blauverschiebung der B1¢(5) Raman Mode.
Diese Blauverschiebung resultiert aus einer vergrofierten Verschiebung der eckenverk-
niipften Sauerstoffe O1 parallel zur [001] Richtung, welche zwei O1-M1-O1 Winkeldn-
derungsbewegungen und einer antiphasen Streckbewegung von zwei M2-0O1 Bindun-
gen zugeordnet werden kdnnen. Raman Frequenzen der By¢(5) Mode zeigen eine lin-
eare Abhdngigkeit von X und deuten die Moglichkeit einer schnellen Bestimmung der
Mg/Ti Ordnung in MgTi,O5 durch Raman Spektroskopie an.

Der theoretische bulk Modulus und die Standardentropie von vollstindig geord-
netem MgTi,O5 wurden zu 161(1) GPa und 134.24 ] K~! bestimmt. Die Werte stimmen
gut mit experimentellen Daten aus der Literatur {iberein. Die Anisotropie der Elastiz-
itit von vollstindig geordnetem MgTi,Oj ist nicht sehr grof3, wie aus der Darstellung
der longitudinalen Festigkeit abgeleitet worden ist. Die Kompressibilitat ist am grofsten
entlang der [100] Richtung und am kleinsten entlang [001] und ist damit umgekehrt
proportional zur thermischen Ausdehnung. Die gemessenen Warmekapazitdten der
beiden ungeordneten MgTi,O5 Proben wurden mit Polynomen hoherer Ordnung in
drei Temperaturbereichen angepasst. Mit einem Anstieg der Mg/Ti Unordnung
nehmen die Schwingungs- und die Konfigurationsentropie von MgTi,O5 zu. Die
Standardexcess-Schwingungsentropie und die Konfigurationsentropie bei 298 K haben
die gleiche Grofle.

Mg kann in MgTi,O5 durch zweiwertige Elemente Zn, Co, Ni, Mn oder Ca ersetzt
werden, um Pseudobrookittyp Mischkristalle zu bilden. Der Einbau von 5% Uber-
gangsmetallionen in MgTi,O5 verbessert wirksam die Farbung von Karrooit. Die Los-
lichkeit eines Ubergangmetalls ist laut der Literatur nicht vollstandig.
NiTi,O5-MgTi,O5 Mischkristalle sind exzellente gelb-orange Pigmente, der Einbau von
Ni%" ist auf 60% molaren Anteil begrenzt. Da Ni** bevorzugt in der Oktaederliicke
eingebaut wird wurde 7Zn%*, welches den Einbau in der Tetraederliicke bevorzugt, als
Vergleich gewdhlt. Cu®*, das die OKtaederliicke bevorzugt und einen vergleichbaren
Radius wie Mg?", Ni>* und Zn?" hat, wurde ebenfalls als Ersatz von Mg?* in MgTi,Os

XIII



Zusammenfassung

verwendet.
Vollstandige Mischkristalle von ZnyMg;_,TioOs wurden mit Unterstiitzung durch
mechanochemische Aktivierung synthetisiert. Festkorpersynthesen mit einer

Abschrecktemperatur von 1473-1573 K wurden aus den bindren Oxiden durchgefiihrt.
TiO, als Ausgangsmaterial wurde teilweise durch metallisches a-Ti ersetzt, um das
Endglied ZnTi,O5 zu synthetisieren. Diese Synthese wurde als self-propagating high-
temperature Synthese (SHS) unter Argonatmosphére geziindet. Rontgenbeugung
wurde genutzt, um den Phasenbestand zu kontrollieren und Rietveld Verfeinerun-
gen wurden fiir die Analysen der Struktur verwendet. Neutronenbeugung fiir die
Proben mit x = 0 und 0.8 wurde am D2B Diffraktometer durchgefiihrt und die Daten
mit Rietveldverfeinerungen analysiert. Von Zn,Mg;_,Ti;Os wurden Raman Spektren
aufgenommen.

Die Ergebnisse der Rietveld Verfeinerungen zeigen, dass der Ersatz von MgZJr durch
Zn?*t die orthorhombische Symmetrie der Pseudobrookit-Struktur dndert. Die Rein-
heit von Zn,Mg;_,Ti»Os hdngt von der Synthesetemperatur ab. Bei weniger als 60%
Zink ist die Reinheit tiber 99 wt.% fiir Proben mit einer Synthesetemperatur von 1473 K.
Fiir Molfraktionen von 0.7 und 0.8 von Zn*" wurde die Synthesetemperatur auf 1573 K
erhoht, wihrend sich die Reinheit leicht auf 96 wt.% reduziert hat. Jedoch konnten
nur ~ 30 wt.% Pseudobrookit-Typ ZnyMg; _,Ti,Os bei einer Erthchung der Molfraktion
von Zn** auf 90% erhalten werden. Eine neue kristalline Phase wurde in Réntgen-
beugungsdaten bei Verwendung des SHS-Aufbaus beobachtet. Sie wurde als Endglied
ZnTi,O5 identifiziert und betrug 19 wt.% in der Synthese.

Mit zunehmendem Zn%t Einbau verdndern sich die Gitterparameter a4, b und c von
Zn,Mgq_,TirOs linear. Eine Extrapolation der Daten mit 0 < x < 0.8 fiihrt zu idealen
Gitterparametern fiir ZnTi,O5, welche mit den experimentell bestimmten Werten nach
Verwendung des SHS Aufbaus verglichen wurden. Die Unterschiede sind sehr klein,
+ 0.1%, und zeigen keine Abweichung von der Vegard’schen Regel fiir Zn,Mg;_,Ti»Os
Mischkristalle an.

Rietveld Verfeinerungen von Rontgen- und Neutronenbeugungsdaten zeigten, dass
Zn%" bevorzugt Mg?* auf den M1 Plitzen bis zu einem Anteil von 60% ersetzt. Bei
hoherem Zinkgehalt besetzt 60% Zn?" den M1 Platz wihrend der Extrateil von Zn?*
auf den M2 Plitzen eingebaut wird. Durch den Austausch von Mg?* durch Zn?* &n-
dern sich die Gitterparameter a, b und ¢ um —0.7%, +0.4% and +1.3%. Der Einbau von
Zink in MgTi,O; fiihrt zu einer Expansion des Einheitszellvolumens von 0.9%, was auf
eine Vergrofierung der durchschnittlichen M1-O und M2-O Bindungsldngen zurtick-
gefiihrt wird. Mit zunehmendem Zinkanteil verzerren sich die M1 und M2 Oktaeder.
Die Winkel zwischen eckenverkniipften M2 Oktaedern und eckenverkniipften B1 Ok-
taedern nehmen um rund 3% ab. Die strukturellen Anderungen sind wahrscheinlich
Folge einer zunehmenden Abstoflung zwischen den eckenverkniipften M2 Oktaedern.

Die Raman Spektren von Zn,Mg; _, TiOs mit Linienverbreiterung waren signifikant
durch den Kationenaustausch verdndert. Beobachtet wurden Frequenzverschiebun-
gen und Intensitdtsinderungen der Raman Béander. Basierend auf den Ergebnissen
der theoretischen Rechnungen fiir vollstindig geordnetes MgTi,O5 wurden die Moden
in Raman Spektren von Zn,Mg;_,Ti,Os unter Berticksichtigung von Frequenz und
Intensitdt zugeordnet. Die Rotverschiebungen der Bi4(3) and Bi¢(5) Raman Moden
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mit zunehmendem Zinkanteil zeigen eine zunehmende Verschiebung der eckenverk-
niipften Sauerstoffe parallel zu den [010] and [001] Richtungen an. Zusé&tzlich nimmt
die B14(3) Mode von Zn,Mg; ,Ti;Os in ihrer Intensitdt ab und geht im Untergrund
fiir x grofser 0.6 unter. Die Raman Verschiebungen und Intensitdtsanderungen werden
einer zunehmenden Unordnung auf den M1 Pldtzen zugeschrieben. Eine besonders
signifikante Frequenzédnderung von identifizierten Raman Moden tritt bei der Byg(1)
Mode auf, die eine Blauverschiebung mit zunehmendem Zn?" zeigt.

Cu,Mg;_,Ti;Os5 Mischkristalle, 0 < x < 0.5, wurden bei einer Temperatur von 1273 K
synthetisiert und bleiben in der orthorhombischen Pseudobrookit-Struktur. Kupferein-
bau fiihrt zu keiner Anderung im Zellvolumen von MgTi,Os. Frequenzen und Inten-
sititen der Raman Moden verdndern sich mit dem Anteil von Cu?". Mit dem Anstieg
von Cu®t werden die B14(3) and B14(5) Raman Moden nach Rot verschoben fiir x unter
0.3 und nach Blau fiir grofiere Werte von x. Die Intensitdten der Bi¢(3) Mode nehmen
fir x <0.3 ab und sind stabil fiir 0.3 <x <0.5. Diese Raman Moden zeigen, dass bis
zu 30% Cu?" Mg?" in den M1 Plitzen substituiert und ein weiterer Anstieg des Cu?*
Gehalts M2 Pldtze besetzt. Die Big(1) Raman Mode verschiebt nach Blau durch den
Kupfereinbau.

Neben den  Austausch-Mischkristallreihen ~ vom  kubischen  Spinelltyp
(CuyZny_,TiOy4), orthorhombischem Pseudobrookit-Typ (ZnyMg;_,TioOs und
Cu,Mg;_,Ti;O5) wurden Einbau-Mischkristalle mit dem Endglied TisSi3 durch SHS
Reaktionen unter Argonatmosphédre synthetisiert. Die intermetallische Verbindung
Ti5Si; hat ein Potential fiir Anwendung als Hochtemperatur-Strukturmaterial durch
den hohen Schmelzpunkt, die geringe Dichte und den ausgezeichneten Widerstand
gegen Oxidation. Ti5Si; zeigt eine hexagonale Mn;Si;-Typ Struktur mit Raumgruppe
P63 /mcm. TisSi; hat eine niedrige Duktilitdt und niedrige Bruchhdrte. Der Einbau
von Atomen in Mischkristallen 1468t erwarten, die Duktilitit und die Bruchhéirte von
TizSiz zu verbessern. TisSi3O, wurde durch Zusatz von weniger als 40 wt.% Ti5Sis
zum stochiometrischen Ausgangsmaterial gewonnen, wihrend Ti5SizB, durch Zusatz
von 1-4wt.% NaBH, gewonnen wurde. Die Migration von Bor und Sauerstoff in die
Hohlrdume von Ti5Si; hat zu einer Kontraktion bzw. Ausdehnung der Einheitszelle
gefiihrt.
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1 Introduction

1.1 Spinels

The spinel family refers to a group of compounds which are formed by a cubic close
packing sublattice of the anions with 1/8 of the tetrahedral and 1/2 of the octahedral in-
terstices occupied by the cations!?. Generally, spinels have a formula of AB, Xy, where
A and B represent the cations while X denotes the anions. Though various cations with
a valence from 1 to 6 can be accommodated into the spinel structure, the anions are
limited to the elements O, S, Se, Te and, less commonly, Cl [34],

There are many different classifications of the spinels. According to the incorporated
anions, the spinels are categorised into the oxide spinels, the sulfospinels, the chloride
spinels, the selenospinels and the tellurospinels. On the basis of the valences of the
constituent cations, the spinels are classified as the 2-1 spinels (A%" B;J“Xi* with B=Li,
Na and X =Cl, Br, F)®7], the 2-3 spinels (A2+B§+Xi_), the 4-2 spinels (A** B?’Xi_),
the 6-1 spinels (A%T B;+Xi_ with A=Mo, W and B=Na)[®°! where the 2-3 and the
4-2 spinels are the most common types!'?l. Depending on the B cations, the spinels
are grouped into the aluminium spinels, the iron spinels, the chromium spinels, the
vanadium spinels, the silicate spinels, the germanate spinels and other series. Based
on the site occupancies of the cations in the structures, the spinels can be divided into
three broad types of the normal, the inverse and the intermediate spinels (see details in
page 3)!2l. There are still some other categories which are made on the basis of colour,
stoichiometry and physical properties.

The natural spinel minerals host various cations and co-exist with impurity phases.
Biagioni and Pasero!*! have overviewed the known 43 mineral species with a spinel-
type structure including 24 oxide spinels, 18 sulfospinels and 3 selenospinels. Infor-
mation of the type locality, the origin of the name, the chemical formula, the structural
and spectroscopic data are summarised#l. Due to the small size of the natural grains
and formation of solid solution, the crystal structure and physical properties of some
species can only be determined in the synthetic samples rather than the natural min-
eralsl. Endmembers and solid solutions of the oxide spinels are significant minerals
in geology, earth science, crystal chemistry and solid-state physics!!12l. For instance,
Mg,SiO, spinel (ringwoodite) is a high-pressure polymorph (6-18 GPa) of the major
rock-forming mineral olivine and 8% denser than the olivine polymorph[3l. The solid
solution with its analogous Fe,SiO, spinel (ahrensite) are probably the major minerals
of the seismic discontinuity at 670km depth!'3l. The crystal structure, phase transi-
tion and cation ordering behaviour of the (Mg,Fe),SiO4 spinels at deep earth condi-
tions have been studied ['*!%]. Hazen!'3] demonstrates that the spinel minerals deep in
the lower mantle are relatively disordered as evidenced by the increased tetrahedral
bond length of the (Mg,Fe),SiO4 spinel solid solutions with respect to the endmember
Mg,SiO;,.
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Research of the oxide spinels has been carried out on the phase transition and cation
disordering under non-ambient conditions as well as the structure-property relations.
The cubic spinels break down to BO and ABOj3 or transform to a reduced-symmetry
modification at low temperatures!’l. After being annealed at low temperatures, the
spinels Mg,TiO,, Zn,TiO, and Mn,TiO, maintain the tetragonal structure due to or-
dering of the octahedral cations!1®l. According to the calorimetric studies of the cubic-
tetragonal transition, considerable short-range order probably exist in the spinels['°l.
O'Neill et al.l'”] have studied the cation disorder of Mg, TiO, at high temperatures
using in situ neutron diffraction and found that 4 mol% of Ti*" occupies the tetrahe-
dral site at 1689 K. As demonstrated by Hazen and Yang['8], the state of cation order-
disorder of spinels has a dramatic effect on the bulk modulus and the thermal expan-
sion. Compressibilities for normal (with fully ordered octahedral cations) versus in-
verse (with disordered octahedral cations) variants differ by as much as 17%, while the
thermal expansion differs by as much as 15% 8191,

1.1.1 Crystal structure

ABy Xy spinel is built by a close-packed face-centred isometric sublattice of the anions
X (typically O, S, Se, Te). The structure of AB,Oy spinel crystals has been determined
in 1915 by Bragg and Nishikawal?’l. The majority of the spinels crystallise in the cu-
bic crystal system with space group Fd3m (O], no. 227)2#2!l. The spinel structure
contains 8 formula units per unit cell (Z =8) which includes 32 anion atoms, 64 tetra-
hedral interstices and 32 octahedral interstices, while the primitive unit cell consists of
two formula units with a total of 14 atoms[?!l. In the spinel structure, only 1/8 of the
tetrahedral (A-site) and 1/2 of the octahedral (B-site) interstices are occupied by the
cations!?l.

Figure 1.1 shows the polyhedral structure of the oxide spinel AB,O4 as well as the
surroundings of the TO, tetrahedron and the MOg octahedron. As shown in figure
1.1 (a), the octahedra are linked through edges whereas the tetrahedra are separated
from each other. Each tetrahedron shares 4 vertices with 12 octahedra and one of such
corner-sharings is presented in figure 1.1 (b). Figure 1.1 (c) depicts the corner- and
edge-sharings of a MO, octahedron with the adjacent 6 TO, tetrahedra and 6 MO,
octahedra.

Three parameters are needed to describe the spinel structure, namely the lattice pa-
rameter 4, the anion positional parameter u and the degree of inversion i 2], Since there
are 4 equivalent choices of setting for the origin of the unit cell in the spinel structure,
the coordination of atoms is dependent on the choice of the origins[?l. The conven-
tional origin is either a tetrahedrally coordinated cation with point symmetry 43m or
an octahedrally coordinated vacancy with point symmetry 3m!?l. In the latter choice,
the anions occupy the Wyckoff position 32e (1, u, u), while the cations distribute be-
tween the tetrahedral Wyckoff positions 8a (1/8,1/8, 1/8) and the octahedral Wyckoff
positions 16d (1/2,1/2,1/2)12.

For a perfect cubic close packed anion arrangement, which origins at (0, 0, 0) with
point symmetry 3m, the anion packing density equals to 68% whereas u equals to
0.25121. However, the anion sublattice of the spinels is not ideally face centred. The
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Figure 1.1: (a) Crystal structure of the oxide spinel AB,O, with space group Fd3m con-
sisting of TO, tetrahedra and MOg octahedra. The black rectangles show
the unit cell dimensions. (b) Corner-sharing of one of the vertices of a TO,
tetrahedron with 3 MOy octahedra. (c) Surrounding of the central MOy octa-
hedron by 6 TO, tetrahedra and the other 6 MO, octahedra. The red spheres
denote the oxygen atoms while the yellow and purple polyhedra represent
the TO, tetrahedra and the MOy octahedra, respectively.

experimentally observed a ranges from ~9.16 A to ~7.9 A, which corresponds to an
anion packing density of 48-74%[?%l. The range of u at ambient conditions is relatively
small ranging from 0.25 to 0.267[23]. With the increase of u from its ideal value, anions
move away from the tetrahedrally coordinated A-sites along the [111] direction, which
leads to an expansion of the A-site tetrahedron while the octahedral B-sites become
correspondingly smaller?). Interestingly, the dependence of u on pressure varies with
the specific spinel. It decreases with the increasing pressure in normal spinel MgAl,O,
up to 4 GPa, increases with pressure in Ni,SiO, and keeps unchanged in Fe;O, even at
a high pressure of 4.5 GPa!?4l.

The atomic fraction of cation A in the octahedral sites is defined as the degree of in-
version i?l. The value of i is between 0 for the completely normal spinels and 1 for
the completely inverse spinels. In the normal spinel structure A is in tetrahedral co-
ordination and B is in octahedral coordination, whereas in the inverse structure half B
is in tetrahedral coordination and the octahedral sites are A and half B. Spinels with
an intermediate cation distribution are between the two extremes/?l. Tt is noticed that
i=2/3 refers to a random cation arrangement throughout all cationic sites. The param-
eter 7 is influenced by several principal factors, such as the temperature, the electrostatic
contribution to the lattice energy, the cationic radii, the cationic charge, and the crystal-
field effects!?l.

The parameters a and u are highly dependent on the cations and adjust with the
change of cation distributions!?. For a given binary spinel compound, the spinel unit
cell expands or contracts by varying u, until the A- and B-site volumes match the radii
of the constituent cations!?!. According to the geometry of the spinel structure, a2 and u
depend on the cation-anion bond lengths. For the spinels with an origin of point sym-
metry 3m, the average distance between the tetrahedral cation and the anion dr_g and
the average distance between the octahedral cation and the anion dj;_o are associated
with the structural parameters a and u (~ 0.25) by the equations 1.1 and 1.21:2101,
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dr-o =

dy-o = a\/3u2—2u+3/8

V3a(u—1/8)

(1.1)

(1.2)

Based on the equations 1.1 and 1.2[1101 Hazen and Yang[18] give the unit cell param-
eter a by the expression 1.3.

a

40dr o +8,/338, o — 8%

113

(1.3)

Table 1.1: Structural parameters of the Ti/Ge/Sn-containing 4-2 spinels at ambient con-
ditions. Origin of the spinel structures is (0, 0, 0) with point symmetry 3m.

Compound a[A] u i Literature
Mg,TiO,  8.4419(1),8.4376(5) 0.2594(1),0.2605(1) 1.0  [1617]
Mn, TiO, 8.6806(1) 0.2611 10 129

Fe,TiO, 8.530 0.261(1) 1o 020
Co,TiO, 8.4350(5), 8.45(5) 0.260(8) 1.0 [27.28]
Zn,TiO, 8.456, 8.467 0.2602(5),0.255 1.0  [1:2930]
Mg,GeO, 8.2496(6) 0.2508(5) 00 Bl
Fe,GeO, 8.4127(7) 0.2466(1) 00 2
Co,GeO, 8.3175(5) 00 [33
Ni,GeO, 8.223(1) 0.2504(6) 00 B4
Mg,SnO, 8.600 0.25 1o M
Mn,SnO, 8.865 0.258 1o W
Co,SnO, 8.62(1), 8.644 0.25 10 [1L3]
Zn,Sn0, 8.6574 0.265 1o M
Cd,SnO, 9.143 0.267 1o W

Theoretical investigations have been made to predict the cation distribution of spinels
from crystal field theory[337], normalised ion energies?") and first principles!®l. Zhang
and Zunger 3! have carried out quantum mechanical calculations of 230 spinels and a
success rate of 96% is achieved. The results show that the anion type plays a very minor
role in determining normal versus inverse spinels[?l.

1.1.2 Synthesis

The solid state synthesis starting from stoichiometric mixtures of binary oxides at am-
bient pressure is a conventional and widely used method for the synthesis of oxide
spinels. The synthesis temperature was relatively high (normally above 1473 K) and
could be effectively reduced by the application of a mechanochemical activation pro-
cess prior to the heat treatments!®). In addition, nanocrystalline Zn,TiO, inverse spinel
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was synthesised by ball milling the mixture of ZnO and TiO, (anatase) (2:1 in molar
ratio) in a high energy planetary ball mill at 300 rpm for 8 h31, Nanocrystalline spinel
solid solutions (Co,Ni)Al,Oy, (Cu,Fe)Al,O4 and (Cu,Cr,Fe)Al,O4 were synthesised by
mechanical milling and annealing at a temperature of 873K from Al-Ni-Co and Al-
Ni-Fe quasicrystalline materials 40411,

The synthesis condition is the key to the valence state of the transition metal cations
of spinels!'?l. Robertson and Pointon[4?] synthesised NiFe,O, at various temperatures
in the range 1373-1773 K in air and found that the magnetic moment of samples being
quenched in water was larger than of samples being cooled slowly, implying a struc-
tural change due to the cooling rates. Subramanyam and Khare!*3! revealed that Fe3*
in NiFe,O, partly transformed to Fe’" during the sintering in air at 1373-1773K, as
indicated by an increase of the lattice parameter. Besides, the stoichiometry of spinels
containing the transition metal cation is highly sensitive to the oxygen fugacity[*4l. Tare
et al.[*%] replaced one of the starting materials, CuO, with metallic copper to synthesise
ZnCuTiO,, ZnCuSnO, and ZnCuGeO, by a solid state method at 1373 K. However,
hexagonal ZnCuGeO, was obtained instead of the expected cubic structure*?l. Though
ZnCuTiO, cubic spinel was obtained, copper had two oxidation states of +1 and +2, as
estimated from the structure factors using the XRD datal*].

Besides the solid state synthesis, wet chemical methods are used for the synthesis
of spinels!l. Tnagaki et al.[*’] prepared Co,TiO, using alkoxide hydrolysis in a solu-
tion of the ammonium complex and found that the positional parameter u varied from
0.258 to 0.266, and the lattice parameter ranged from 8.421 A to 8.448 A. Tribochemical
reaction of LiCl with ZnCl, was proved to be an easy method for synthesising the sta-
ble spinel-type ambient-temperature modification of Li,ZnCl,[®l. In addition, ternary
halides such as Li,MnCl, and Li,ZnCl, were synthesised by dehydration of the appro-
priate hydrates®). Nanocrystalline MAl,O, spinels (M = Co, Ni or Co) were prepared
in different particle sizes using single source heterometal alkoxides in a microemul-
sion assisted sol-gel process!*8l. Ferdov!*! reported an one-step template-free, mild
hydrothermal synthesis of highly crystalline, phase pure nanoparticles of Cu,GeO, at a
low temperature of 503 K and autogenous pressure for several days using a Teflon-lined
stainless steel autoclave by fast cooling.

1.1.3 Physical properties and applications

Recent studies show that the transparent MgAl,O, spinel ceramics with a low residual
porosity of less than 0.1% and a small pore diameter of less than 20 nm, which allow
both visible and infrared electromagnetic radiation to go through, can be fabricated
by hot pressing[® and spark plasma sintering!®'l. Oxide spinels AB,O, and those
doped with transition metal cations, have emerged as interesting semiconductors 5253,
efficient photocatalysts!®*], pigments and dyes, substrates for integrated electronics (%%,
as well as transparent windows and shield materials 50531,

Some of the oxide spinels have interesting conductivities and are suitable for applica-
tions as light emitting diodes and electronics due to the energy splitting of the transition
metal cations in the octahedral sites[>?]. The transparent spinel films containing at least
two transition metal cations, typically NiCo,0O,, were reported to be p-type semicon-
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ductors®?. ZnM,O, with M = Co, Rh, Ir were identified as potential p-type transparent
semiconductors 320571 However, the density field theory calculations of the valence
band showed that they are not p-type alternative to the industry standard n-type trans-
parent conducting oxides!®. Nevertheless, the semiconductor spinels are proven to
be efficient photocatalysts in the degradation of pollutants and/or the production of
photocatalytic hydrogen, such as MgAl,O, nanoparticles!>4].

Superconductivity of spinels has been observed. It is detected at 4.80 K in CuRh,S,,
at 3.49K for CuRh,Se, and at 4.45K for CuV,S, ™. LiTi,O, is the only known spinel
oxide superconductor with a superconducting transition temperature of T, = 11 K[60-62],
It displays the highest T. at ambient conditions in the spinel group!®?l. T, of CuRh,Se,,
CuRh,S, and LiTi,O, increased linearly under hydrostatic pressure up to 2.2 GPal®3l.
Incorporation of Mg?* into LiTi,O, caused a reduction of T.[%4l. The superconducting
property of Lij,Ti>—,O4 was homogeneous for x < 0.15 and disappeared at higher
x values. Cao et al.[®®] studied the superconductivity of Zn-doped Culr,S, and found
that superconductivity appeared due to the substitution of Cu®** for Zn*". T, decreased
from 3.3K to 2.2 K with an increasing content of zinc from 25 mol% to 50 mol%[?!. Luo
et al.[%®] reported the observation of superconductivity in Culr,Se, spinel induced by
partial replacements of Ir with Pt, where an addition of 20 mol% Pt resulted in a highest
Tc of 1.76 K.

Magnetic spinels have a wide range of applications such as microwave devices, solid
oxide fuel cells and magnetic recording!®’l. Co,SnO, shows ferromagnetic ordering be-
low 41K and is in the spin-glass state below 39.1 K[, The anomalous magnetic or-
dering of Co,5nO, are ascribed to the special cation distribution, different magnitudes
of Co?" moments on the A and B-sites and their different temperature dependences,
and zero moment on Sn** %1, Co,TiO, has a ferromagnetic order temperature of 55K
and a spin-glass temperature of 46 K[?%1. In addition, the magnetic properties of ferrite
spinels are particularly sensitive to their cation distribution!”0l.

Thermal expansion behaviours of various oxide spinels (except ferrites) in the tem-
perature region 293-1293 K have been measured by high-temperature X-ray diffraction,
where powder samples were prepared by the solid state method[”!. Cation occupancy
of the octahedral sites is the main influence on the magnitude of the thermal expansion
coefficient «[”!l. Generally, a big valency difference between the octahedral and the
tetrahedral cations leads to a high « value!”!l. For example, the 1-6 spinel Na,WO, has
the highest a of 24.6 +0.7 x 10~ K~ ! while the 2-3 spinel CoCr,0, shows the lowest &
of 6.6 +£0.3 x 107 K171, Meanwhile, « of the spinel with an identical valence of the
octahedral cations is smaller than that with mixed valencies!”!l. Moreover, the forma-
tion of superstructures affects « of the spinels. a of the superstructures Li,ZnGe;Og and
Li,ZnTi;Og is double the value of the spinels LiAl;0g and LiAl;O4-ZnAl,O, 1.

The oxide spinels show similar bulk moduli and a similar global compressibility of
around 200 GPa[?372], The bulk modulus of the solid solution (Mg,Fe),SiOy4 only varies
from 184 GPa for Mg,SiO, to 207 GPa for Fe,SiO, '3l 1t is explained by an equal com-
pression rate for the FeOg4 octahedra, the MgO, octahedra and the SiO, tetrahedra along
the solid solution 73],
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1.2 Pseudobrookites

Pseudobrookite originally refers to the mineral Fe,TiO5, which is observed naturally
at the locality of Hunedoara county, Romania”#7?l. Tt occurs frequently in basalts and
is a common accessory mineral in oxidised igneous rocks!”®l. As determined by Paul-
ing[”71, the crystal structure of Fe,TiOs has an orthorhombic symmetry and is built
up of edge- and corner-sharing octahedra which occupy two crystallographically non-
equivalent distorted 6-coordinated sites (Wyckoff positions 4c and 8f). Natural pseu-
dobrookite minerals have an intermediate composition between Fe,TiO5 and the iso-
morphic FeTi,Os5, and contain some appreciable Mg and some other minor elements
(Cr, Al, V, Mn, Ca, Zr) (741,

Minerals with the same orthorhombic pseudobrookite-type structure as Fe,TiO5 are
described by the pseudobrookite group A2BOs where A and B stand for the cations.
It includes the natural endmember minerals Fe, TiO5 (pseudobrookite), FeTi,Os (ferro-
pseudobrookite), MgTi,O5 (karooite) and Mg, sFe| 5Ti,O5 (armalcolite), as well as sev-
eral synthetic compounds, such as Al TiO5 (tieilite), Ti;O5 (anosovite), Ga,TiOs,
CoTiyOs, Sc,TiO5 and Fe,ZrOs 1974, Natural armalcolites are first discovered in the
high-Ti basalts from Mare Tranquillitatis on the moon, which are essentially FeTi,O5—
MgTi,Os solid solutions bearing minor trivalent AlI>* and Cr3* /8791 1t is later iden-
tified on earth and in meteorites!”*]. Notably, the mineral Fe,MgTi,O,, with the dis-
carded name of Kennedyite is in fact an intermediate of the armalcolite solid solu-
tion[74l. No occurrence of tieilite is naturally observed. However, the synthetic Al,TiOs
has been developed as filter materials, ceramic pigments and excellent thermal shock
resistances for insulating applications in engine components such as portliners, piston
bottoms and turbochargers due to the low thermal expansion and high refractory %811,

The stability of the pseudobrookite-type structure at ambient conditions is attributed
to the large positive entropy of formation!®2%3. Being a sum of the vibrational and
configurational effects, the entropy increases with increasing cation disorder®?l. It is
possible to predict the thermal history of naturally occurring pseudobrookites based
on cation distributions!®]. Pseudobrookite oxide solid solutions may have had a crit-
ical role in the petrogenesis of the mare basalts and lunar picritic glasses as a source
of TiO,, and be present in other planetary bodies as welll®®l. They are of particular
theoretical and practical interests because of the cation order-disordering phenomena
and the participation in the TiO,-slag smelting process. The site occupancies of the
pseudobrookites affect their physical and mechanical properties.

1.2.1 Crystal structure

The pseudobrookite-type structure consists of edge- and corner-sharing distorted octa-
hedra and has an orthorhombic symmetry””]. Tt is commonly described in space group
Cmem (DY, no. 63)12286871 Alternative settings use space groups Bbmm 778889 and
Cemm [90'91;1. The lattice parameters a, b and c in space group Cmcm correspond to c, a
and b in Bbmm, and b, a and ¢ in Ccmm, respectively. There are two crystallographically
distinct cation sites in the pseudobrookite-type structure, namely Wyckoff 4c (M1, point
symmetry m2m) and 8f (M2, point symmetry m) positions!®”). The M1 octahedron is
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larger than the M2 octahedron and both sites are fully occupied by the cations[®’l. Each
unit cell contains four formula units (Z =4) with a total of 32 atoms, including 4 cations
in the M1 sites and 8 cations in the M2 sites®’].

Cation distribution of AB;Os can be described by the disorder parameter X or the
order parameter s/°2l. X is defined as the atomic concentration of cations A in M1 sites
(0< X <1) and s relates withitby s = 1 -2X (-1 <s < 1)[83931 The fully ordered
structure of AB,Os5 has cations A in M1 sites and cations B in M2 sites. Thus, X =0
while s =1[%]. The cations A can interchange with B to form a disordered structure[*2l.
X=2/3 or s=—1/3 denotes a completely disordered structure where all cations are
randomly distributed between the two octahedral sites[*®l. The anti-ordered phase has
all cations A in M2 sites, corresponding to X =1 and s=—1[%l.

Figure 1.2: Crystal structure!®® of the orthorhombic pseudobrookite-type MgTi,Os
with space group Cmcm consisting of MOy octahedra (M =Mg/Ti). (a) and
(b) present views along [100] and [010], respectively. (c) gives the corner-
sharing of 2 M1 octahedra and 2 M2 octahedra via the bridging oxygen O1.
The black rectangles show the unit cell dimensions. The red, green and gray
spheres denote the oxygen atoms and the cations in the M1 and M2 sites,
respectively.

Figure 1.2 shows crystal structure of the orthorhombic pseudobrookite-type MgTi,Os
with space group Cmcm 81 and the linkage of the MO, octahedra where M refers to
Mg/Ti cations. As shown in figure 1.2 (a), the edge-sharing M2 octahedra form dou-
ble chains running along the [010] direction, which are connected through the oxygen
bridges O1 and the M1 octahedra. Figure 1.2 (b) shows that the double chains extend
in the [100] direction and the bridging oxygens O1 link the octahedra forming corners.
The corner-sharing of the M1 and M2 octahedra is depicted in figure 1.2 (c). In an ideal
fully ordered structure of MgTi,Os, the larger M1 sites are exclusively occupied by the
Mg?* ions (mean radius mg = 0.72 A)PY while the Ti*t ions (rg = 0.605 A)4 would
occupy the M2 sites. However, part of Mg?* in the M1 sites can be exchanged by Ti*",
giving rise to a lattice expansion. The Mg/Ti disorder parameter X, which is defined
as the atomic concentration of Ti in M1 sites, can be linearly correlated with the ambi-
ent temperature lattice parameter b (in space group Cmcm) according to the equation:
X = 8.6909b — 84.3341%21,

The Mg/Ti order is related to the thermal history of MgTi,O5®?l. Usually, quench-
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ing from high temperatures leads to an increase of the cation disorder, while anneal-
ing at low temperatures or high pressures results in a decrease of the cation disor-
der®291 The Mg/Ti disorder of MgTi,Os can be partly or fully retained at ambient
conditions!®l. The high-temperature Mg?*-Ti** configuration of MgTi,O5 probably
can be quenched between 1000 to 1300 K, whereas annealing in excess of 70 days is
needed for temperatures below 1000 K 831,

Crystal structure and cation distribution of the binary solid solution series such as
Fe, TiO5-FeTi,05[%], FeTi,05-Ti; 05", FeTi,05-MgTi,O5, MgTi,O5-Ti;O5° and
MgTi,05—Al, TiO5 have been extensively studied by employing X-ray diffraction, Moss-
bauer spectroscopy and neutron diffraction. Navrotsky!®?] has summarised the ther-
modynamical data of the Ti-containing pseudobrookites A3 " Ti**Os (A =Fe, Al, Ga, Ti)
and B*>*Ti;"Os (B =Fe, Mg). Results show that Ti** has a strong preference for the M2
(8f) sites[®?. The solid solution FeTi,Os-Ti;O5 have been characterised by Mossbauer
spectroscopy and X-ray diffraction, where Mossbauer spectra are sensitive to the mon-
oclinic distortion of the structure!®!. With an iron concentration of above 35mol% the
pseudobrookite-type solid solution maintains the orthorhombic symmetry while with
less iron it exhibits a monoclinic distortion!®®l. Ferrous ions in the fourfold and eight-
fold sites give rise to separate quadrupole doublets in the Mossbauer spectra, and thus
the site occupancy can be determined as a function of composition by a least-squares
analysis of the spectral®l.

1.2.2 Synthesis

Many of the pure pseudobrookites are only available in synthetic form including
MgTi,O5, AL TiOs;, Ti3O5, Ga,TiOs, CoTi,O5, Sc,TiO5, Fe,ZrOs;, MgFeNbO; and
MgFeTaO5 1974, Therefore, in this section the synthesis of the pseudobrookite-type
endmembers and solid solutions (single crystals and polycrystalline samples) will be
introduced.

MgTi, O5 single crystals have been grown by melting a 1:2 mixture of MgO and TiO,
in an Ir crucible in air with an induction furnace, annealing at about 1773 K for 12h and
then quenching to ambient temperature®]. Yang and Hazen[®! synthesised white and
transparent MgTi,O;5 crystals by the flux method in air derived from MgO and TiO,
contained in a Pt crucible in a vertical tube furnace. K,WO, was used as a flux and a
high temperature of 1673 K was employed!®]. The parent MgTi,Os crystals were ob-
tained by quenching from 1473 K to ambient temperature and mainly elongated along
the a axis (in space group Cmcm)®l. A dimension of more than 1 mm was achieved
in the largest crystal!®!. Finally, MgTi,Os crystals with the cation disorder parameter
ranging from 0.070(5) to 0.485(5) were obtained by annealing at 873-1673 K for 5-1008 h
followed by a quenching process 897,91,

Black needle-like crystals of armalcolite, Mg sFe; 5Ti,O5, up to several millimetres
in length, have been grown from a glass initially having the composition of the lunar
rock[88l. The glass was prepared by melting a mixture of pure oxides, Fe metal and syn-
thetic anorthite with an induction furnace in a closed Fe crucible in an Ar atmosphere
above the liquidus temperature and was quenched by turning off the power®]. Then
the glass was placed on a Mo strip heater of the furnace with flowing He and H, and
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Mg, sFe, s Ti,O5 crystallised during the rise of the temperature!®l. Finally, the crystals
were gradually cooled to about 1273K and then rapidly cooled to ambient tempera-
ture!®l. As a result, the armalcolite crystals grew as needles with their b axes oriented
normal to the strip heater (space group Cmcm) 881,

Polycrystalline pseudobrookites have been widely synthesised by solid state reac-
tions of the oxides. The conventional synthesis temperature is in the range 1573-1773 K.
In the MgO-TiO, binary system, the mixture in any ratio preferably formed MgTiO;
and then MgTi,O5 was produced from stoichiometric MgTiO; and TiO, (1:1 in molar
ratio) [99.100] Dye to the addition of a LiF flux, a low temperature at 1273 K was achieved
for the reactive sintering of MgTi,Os 1.

Matteucci et al.[101] synthesised Mg;_,Tio—»M>,Os with x=0.02 or 0.05 (M =V, Cz,
Mn, Fe, Co, Ni) from the oxides at 1573 K in air in an electric kiln and the samples were
cooled naturally by shutting off the kiln. Huang and Shen!'%?] synthesised
Mg .95 My 05> Ti,O5 from the oxides at 1623-1773 K using a cooling rate of 10 K min~".
Llusar et al.[1%! substituted Mg?* in MgTi,Oj5 for up to 0.6 Ni2* per formula by solid
state synthesis, using MgCO;, NiO and TiO, (anatase) as precursors. They demon-
strated that the solid solubility of the divalent Ni** in MgTi,O5 increased with the syn-
thesis temperature!!l. The solubility of Ni’* was below 10 mol% at 1273 K, around
40 mol% at 1473 K and around 60-70 mol% at 1673-1773 KI'®l. By employing the natu-
ral cooling to ambient temperature and the fast quenching with liquid N, at 1673 K, the
maximum incorporation of Ni?* was between 60 mol% and 70 mol% 103,

MgFeNbOs and MgFeTaOs; were synthesised by Bayer[??l using solid state reactions
of the corresponding oxides in an oxidising atmosphere at 1523 K. They were derived
from MgTi,O5 by substituting 2 Ti** for Fe’* and Nb°* (or Ta’*). Bayer!??! made
attempts to prepare other Mg?* A3* B>*Os-type compounds (MgAINbOs, MgAITaOs,
MgGaNbO5, MgGaTaOs, MgCrNbOs5, MgCrTaOs, MgFeSbOs, MgFeVO;) and the cor-
responding compositions with Zn, Ni, Co, and Cu instead of Mg. However, none of
them was successful in the employed temperature range 1523-1773 K22, Bayer![??]
speculated that some of these combinations might form pseudobrookite phases which
were only stable at high temperatures. In addition, attempts to substitute a combina-
tion of trivalent and pentavalent cations for Ti** in Al,TiO5 were not successful %],
Moreover, substitution of Ti** by other tetravalent ions (Ge**, Sn**, Zr**) at tempera-
tures up to 1773 K in air was partly successful for MgTi,Os but not for Al,TiOs[??!. Pure
Ga,TiO;, the least stable pseudobrookite, was prepared by annealing at 1773 K for 20h
and then quenching[??l.

Nanosized MgTi,O5 powders have been prepared by various wet processes, includ-
ing hydrolysis, co-precipitation, and sol-gel methods!!%!. Kapoor et al.[1%! attempted
to synthesise nanocrystalline pseudobrookite-type MTi,O5 (M =Mg, Mn, Fe, Co, Zn
and Sn) for photocatalysis applications by a modified aerogel process. The preparation
method involved the formation of a single source precursor by the condensation reac-
tion of Ti(OPr")4 with M(OAc),, followed by (M[O-Ti(OPr")3],) hydrolysis and drying
under supercritical conditions. However, only MgTi,O5 with a pseudobrookite-type
structure was obtained [1%4],

As a special member of the pseudobrookite group, Tiz;Os5 is stablised in the mon-
oclinic structure at ambient conditions'®®. When it was heated from ambient tem-
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perature, Ti;O5 transformed into the orthorhombic pseudobrookite-type phase a-Ti;O;
above 500 K[10>1%l By doping with Mg?*, the orthorhombic Ti;O5 can be stablised at
ambient conditions %],

1.2.3 Physical properties and applications

Generally, the pseudobrookites with space group Cmcm are characterised by an un-
usually strong expansion anisotropy, where the thermal expansion is negative or very
small in the a direction and quite large in the b and ¢ directions[??l. Bayer!??! performed
thermal expansion measurements of the pseudobrookites in two temperature ranges of
293-794K and 293-1293 K where a strong expansion anisotropy was observed in each
case. The smallest expansion was always found in the a direction, which were even
negative for Al,TiO5; and Ga,TiO5!??l. The highest expansion occurred in the ¢ direc-
tion, whereas the expansion in the b direction (around 8 x 107¢ K~!) was in the typical
range observed for close-packed oxides such as Al,O5, TiO, and MgO!?2l. The bridg-
ing oxygens (equivalent to O1 of MgTi,O5 in figure 1.2) probably play a special role for
the strong expansion in the ¢ and also in the b direction[??l. Despite large anisotropic
thermal expansions, the volume thermal expansion coefficients of pseudobrookites are
not too different from those of other close-packed oxides!??l.

Due to the small bulk thermal expansion coefficient and high refractive index,
Al,TiO5 and MgTi,O5 are expected to be used as high-temperature ceramics with good
thermal shock resistance!'%’l. However, the expectation is not fulfilled %! In polycrys-
talline pseudobrookites, thermal expansion anisotropy leads to the formation of inter-
nal cracks by thermal stresses, which makes the bulk material mechanically
weak 1001071 Besides microcracking, the decomposition of pseudobrookites at high
temperatures is another undesirable property for applications!®”9>1%8]. The decompo-
sition is not only a function of time and temperature but also of the purity and size of
the crystals?>1%7]. Single crystals or larger crystals will be more stable than small crys-
tals!??l. Moreover, the crystallite size affects thermal diffusivity of the polycrystalline
pseudobrookite!!%]. Siebeneck et al.['®] studied the effect of grain size on the thermal
diffusivity of polycrystalline MgTi,O5 from 298K to 1073 K and observed that the de-
crease of the thermal diffusivity of the sample with a small grain size was much more
pronounced than in the sample with a large grain size by a factor of two.

Al,TiO5 decomposes into the oxides (corundum and rutile) after prolonged heat-
ing in the temperature range 1023-1573 K221, Above 1573 K, the oxides combine again
to form Al,TiOs[??l. Ga,TiOs is the least stable pseudobrookite??! and it decomposes
strongly exothermically into the components at 1253 K when being heated 22, A1, TiO;
needs a longer heating time (e.g. 100h at 1273K) to decompose completely!??!.
Fe,TiO5, MgTi,O5; and MgFeTaOs are the most stable pseudobrookites!??l. Table 1.2
tabulates physical properties of the most common pseudobrookites.

Huang and Shen!'%?! have studied microwave dielectric properties of the MgTi,Os-
based ceramics by replacing 5 mol% Mg with the transition metals Co, Ni or Zn. Results
show that cation substitution of MgTi,O5 leads to an improvement of the microwave di-
electric property[lozl. The Mg .95 Mo.05Ti2O5 solid solution (M = Co, Ni, Zn) has a much
lower dielectric loss, a compatible dielectric constant and similar resonant frequency
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Table 1.2: Melting temperature T,, decomposition temperature Tgecom, linear thermal
expansion coefficient & (x 107® K~1) in the temperature range of 298-873 K of
the most common pseudobrookites.

Fe,TiO5 FeTi,O5 MgTi,O5 AL, TiOs
Tm [K] 19231110] 213301111
Tgecom K] 8381921 1413121 ~ 403[100] 1023-157322
wg/oy/ne 0.7(1)/9.8(6)/14.6(7) 122 2.3(2)/8.1(4)/132(7)[221  —2.9(2)/10.3(6)/20(1) 22

stability as compared to MgTiO5- and MgTi,O,-based ceramics 102,

A new field of application for the pseudobrookites is that of ceramic pigments for
low-temperature glazes and glassy coatings with a firing temperature below 1323 K.
Dondi et al.l''?] synthesised pseudobrookite-type brown pigments, which had a 6-
20 % excess of TiO, in the chemical stoichiometry Fe,TiO5. The pigments were well
dispersed in glazes and glassy coatings under industrial fast firing condition with a
synthesis temperature of 1473 K[''?l. However, the colouring performance depended
on the ceramic matrices and varied from intense brown, light brown to light grey112].
Pigments based on MgTi,O5 and Al,TiO5 were more widely studied 1?19, With in-
corporation of 2-5mol% transition metal ions, MgTi,O5 ceramic pigments with colours
ranging from orange, brown tan (Cr, Fe, Mn, V), green (Co) to yellow (Ni) were ob-
tained 191, They could be applied to low-temperature ceramic glazes and glassy coat-
ings, which have a synthesis temperature of below 1323 K!'%U. Llusar et al.['®®! inves-
tigated yellow pigments by substituting up to 60 mol% Mg?* in MgTi,O5 with diva-
lent Ni*". The (Ni,Mg)Ti>Os pigments were only partially stable in the tested ceramic
glazes with a synthesis temperature range of 1273-1323 K and were much less stable
in a Ca- and Zn-enriched glazel!®®l. Dondi et al.[8!] synthesised Al,TiOs-based ce-
ramic pigments at 1673 K and applied them to the glaze with a synthesis temperature of
1323 K. The colour of pigments was pink for (Al,Co)Ti,Os and (Al,Mg,Co)Ti,Os, green
for (Al,Cr)Ti;Os and brown for (ALMn)Ti;Os and (ALMg,Mn)Ti,O5 (811 Their crystal
structure, optical properties, colouring performance and thermal stability were investi-
gated 8!, The expected decomposition of Al,TiOs into a mixture of Al,O5 and TiO, on
refiring at above 1173 K was inhibited by the doping of Cr, Mg/Co and Mg/Mn®ll. In
summary, the ceramic glazes obtained from Al,TiO5-based pigments, except for those
containing Co, showed satisfactory performances®!l.

1.3 Task and outline

The spinel group AB>;O4 and the pseudobrookite group A, BOs, where A and B denote
the cations, are both dense oxide minerals containing two crystallographically distinct
sites occupied by at least two different cations!'). Despite the common structural char-
acter, the spinels have a cubic symmetry with space group Fd3m showing isotropic
physical properties whereas the pseudobrookites are described in the orthorhombic
space group Cmcm resulting in anisotropic physical properties. The cations compete
between the tetrahedral and octahedral sites in spinels while in pseudobrookites the
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cations distribute between the two octahedral sites. Incorporation of various cations,
including transition metals, into each type of the structures leads to a systematic change
of the physical properties'%*113] which enable applications as pigments, filters, semi-
conductors, dielectrics, catalysts, anodes for Li-ion batteries, etc. (5253811 In addition,
the cation distribution affects the unit cell volume, compressibility, thermal expansion
and elasticity of the dense oxide minerals [11,1897] ' Therefore, the main goal of the thesis
is to investigate the effect of cation substitution on the crystal structure and physical
properties in the spinel and pseudobrookite systems. The experimental studies have
been complemented by theoretical approaches, which were performed by Prof. Dr.
Bjorn Winkler.

The substitutional solid solutions were chosen to contain tetravalent Ti** cations,
which is one of the major refractory rock-forming elements. The endmember was cubic
inverse spinel Zn,TiO, and orthorhombic pseudobrookite-type MgTi,O5. Solid state
synthesis and self-propagating high-temperature synthesis (SHS), which were assisted
by a mechanochemical activation process, were employed to obtain the substitutional
solid solutions of CuyZn;_,TiO4, ZnMg;_,TioOs5 and Cu,Mg;_,Ti,Os. The samples
were characterised by X-ray diffraction (XRD) using our laboratory X-ray diffractome-
ter and neutron diffraction (ND) using the D2B neutron diffractometer at Institut Laue-
Langevin (ILL, Grenoble). Rietveld refinements of the XRD and ND data were em-
ployed for the structural analyses. The microstructure of the bulk samples was charac-
terised by scanning electron microscopy (SEM). Moreover, vibrational, elastic, UV-vis
absorption, thermal expansion and low-temperature thermodynamic properties of the
samples were analysed. Density functional theory (DFT) calculations were carried out
to predict the theoretical properties, which were compared with the experimental re-
sults.

In addition to the investigation of the substitutional solid solutions, interstitial atoms
were incorporated into the trigonal antiprisms of the hexagonal Mn;Sis-type TisSis
compound by self-propagating high-temperature synthesis. Structural changes of the
interstitial solid solutions TisSi3Z, (Z = B/O) were investigated by employing Rietveld
and Le Bail refinements of XRD data.
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2 Experimental methods and principles

This chapter outlines the basic principles of the experimental methods, a description
of the materials, experimental equipments and procedures, and the softwares for data
analysis.

High-speed ball milling, solid state synthesis and self-propagating high-temperature
synthesis were employed for the sample preparations. X-ray and neutron diffraction
were employed to identify crystalline phases of the polycrystalline samples and solve
the crystal structures based on Rietveld refinements. Vibrational and optical proper-
ties of the samples were characterised by Raman, infrared and UV-vis spectroscopy.
Low-temperature thermodynamic properties were investigated by measuring the low-
temperature heat capacities. In order to supplement the experimental results, quantum-
mechanical calculations based on density functional theory were performed by Prof.
Dr. Bjorn Winkler. The microstructure, density, elasticity and linear thermal expan-
sion coefficients of the bulk sample were characterised by SEM, the bouyancy method,
plane-wave ultrasound spectroscopy and a dilatometer, respectively.

2.1 Mechanochemical activation assisted synthesis

Mechanochemical processing refers to a powder processing technique involving defor-
mation, fracturing and cold welding of the particles during repeated collisions with a
ball during high-energy milling!''4l. The process uses mechanical energy to activate
chemical reactions, structural changes and particle size reduction (381141 Tn the thesis,
mechanochemical activation of the solid mixture by high-energy ball milling was em-
ployed to assist the synthesis of samples.

2.1.1 High-speed ball milling

High-speed ball milling was employed to mix the starting materials uniformly and
increase the reactivity of the mixture.

Figure 2.1 (a) presents a photograph of our laboratory planetary ball mill (Fritsch
P7). The grinding bowls and balls are available in several different materials: agate
(density 2.65 gcm 1), stainless steel (density 7.8 gcm ') and tungsten carbide (density
14.7gcm™1). Bowls and balls of the same material are used in the mechanochemical
activation process. The capacity of the equipped grinding bowls is 80 mL. The grinding
balls have different diameter sizes: 10 mm and 15mm. Gassing lids for all grinding
bowls are equipped so that various grinding atmospheres are available: air, inert gas
and reactive gas.

Figure 2.1 (b) shows a schematic drawing of the planetary ball milll''4l. The starting
materials are crushed and ground by grinding balls in the bowls. The grinding bowls
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and the support disc have opposite directions of rotation. The disk rotates at an an-
gular velocity w whereas the grinding bowls rotate at an angular velocity w;, where
w1 =—2w.

(b)

Figure 2.1: The planetary high-speed ball mill: (a) a photograph of the ball mill (Fritsch
P7) and (b) a schematic drawing[114]. w1 =—2w, where w is the angular
velocity of the grinding bowl rotation and w is the angular velocity of the
disk rotation.

The mechanochemical activation conditions have significant effects on kinetics of
the phase transition!!!]. Table 2.1 tabulates experimental parameters of the mechano-
chemical activation processes in various solid solutions. The chosen material of bowls
and balls is tungsten carbide due to the high density.

Table 2.1: Mechanochemical activation conditions of the solid solutions.

Cuxan,xTiO4 MgTi205 anMgl,xTizO5 Cungl,XTiZO5

Starting materials oxides oxides oxides oxides, a-Ti  oxides
Speed of the disc rotation 300 rpm 300rpm  300rpm 750 rpm 300rpm
Grinding atmosphere air air air Ar air
Material of bowls and balls tungsten carbide (93% WC + 6% Co, density 14.7 gcm ™)
Volume of bowls 80mL

Diameter of balls 10mm

Mass ratio of balls to powder 10:1

2.1.2 Solid state synthesis

Solid state synthesis is the most common and conventional method to synthesise com-
pounds!!' 5. The compound crystallises at high temperatures and retains the crystal
structure at ambient temperature['®]. In the solid state synthesis process, the start-
ing materials were mixed, pressed into cylinders and then heat treated in a furnace
(Nabertherm) at different temperatures. The green density of the cylinders, which
refers to a bulk density of the ceramic compact prior to sintering, was controllable by
varying the mass of the mixture. Solid state reactions of the explored compounds and
solid solutions took place at a temperature range of 1073-1573 K. The samples were ei-
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ther cooled down naturally to ambient temperature by switching off the electric power
of the furnace or quenched from the synthesis temperature into a mixture of ice/water.

2.1.3 Self-propagating high-temperature synthesis

Self-propagating high-temperature synthesis describes a process in which, once be-
ing initiated, the reaction occurs in a very fast mode as combustion wave propaga-
tion116117] Tt is discovered in 1967 and allows a near net-shape production of industrial
components even ones with complex shapes!M8l. A wide range of materials, such as re-
fractory compounds, thermal unstable compounds, alloys and thermoelectrics, have
been synthesised by using this method [''7/119].

Figure 2.2 presents a photograph and a schematic diagram of our SHS set-up. The
reactions were initiated using the tungsten coil and five samples could be placed in
the combustion chamber at maximum. The combustion chamber was pumped to be
vacuum and then purged with Ar prior to the reaction. In order to exclude reactive gas
in the chamber, the process was repeated twice. The SHS reaction took place under Ar
flow and pressure of the inert gas inside the chamber was slightly higher than ambient
pressure.

Over-pressure Valve
Valve 1 [ % 4

Pressure
indicator

[ =

Ar DC power
supply

Vacuum pump

D

Camera

Figure 2.2: Photograph and schematic drawing of the SHS set-up.
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2 Experimental methods and principles

2.2 X-ray diffraction and neutron diffraction

Crystal structures of the polycrystalline samples were determined by XRD and ND
data. Rietveld refinement, which was developed by Hugo M. Rietveld 1201211 was em-
ployed to analyse the XRD and ND data. The Rietveld refinements were carried out
using the GSAS, EXPGUI and gsaslanguage software packages!122-124],

The Bragg equation 2.11'%] expresses the condition for diffraction when the electro-
magnetic waves or neutrons interact with crystals.

nA = 2dsinf (2.1)

where 7 is an integer, A refers to the wavelength of the radiation, d is the interplanar
spacing between lattice layers and 0 is the angle between the incident beam and the
family of lattice planes.

In the elastic scattering process, X-rays interact with the electron cloud whereas neu-
trons interact with the nucleil'?®l. Figure 2.3 shows the change of the X-ray scattering
factor and coherent neutron scattering length with sinf/A for some ions!'?7128], The
scattering factor of X-rays decreases with the increasing scattering angles while the
scattering length of neutrons is independent of the scattering angles.

30

(a) X-ray 1 (b) Neutron

25 ¢

20 -

05 Mg*2
151

f (e atom Y

10

Tt

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
sinB /A sin /A

Figure 2.3: (a) X-ray scattering factor with CuKa; radiation and (b) coherent neutron
scattering length vs. sin6/A for the ions!127/128],

The XRD data were measured using our laboratory X-ray diffractometer (PANalytical
X'Pert Pro) with Bragg-Brentano geometry and CuKw; radiation, as shown in figure 2.4
(a). A PIXcel detector is installed, which improves the resolution and greatly shortens
the measuring time. The ND data were collected on the D2B diffractometer at ILL.
Figure 2.4 (b) shows the layout of the instrument!1?°].

The Rietveld method uses least-squares refinements to minimise residuals between
the experimental data and the calculated data'3%l. Equation 2.2 is the residual'3%l.

Sy = Liwi(yi—yei) (2.2)

where w; =1/y;, y; and y,; is the observed and calculated intensity at the i step,
respectively.
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Cull"matnr of the mcomig
Iilnchmmah'l: beam

Figure 2.4: (a) Bragg-Brentano geometry in PANalytical X'Pert Pro X-ray diffractometer,
(b) Instrument layout of D2B neutron diffractometer at ILLU29T,

Peak shapes and the background in the XRD and ND data were described by pseudo-
Voigt functions and the polynomial function, respectively!'®l. Background, zero shift,
absorption correction, lattice parameters, and profile parameters (GU, GV, GW, LX, LY)
were preliminarily refined using the Le Bail method 3], It differed from the Rietveld
method in that only background, lattice parameters and peak shape were refined and
no structural parameter contributed to the calculated intensities!!3"l. Then Rietveld
refinement was carried out to refine these parameters together with structural parame-
ters, which included atom positional parameters (x, y, z), site occupancies and isotropic
thermal displacement parameters (Uis,). Finally, convergence was achieved after some
iterations and estimated standard deviations (esd’s) of the refined parameters were ob-
tained. Esd’s provided by the programme GSAS indicated the accuracy of the least-
squares fit[122],

Rietveld agreement R-factors and the reduced x> (goodness of fit) were used as in-
dicators for the quality of the least-squares refinement. Weighted profile R-factor Ryyp,
weighted background corrected R-factor Ry,pp, and the reduced x> were described in

equation 2.3, 2.4 and 2.5, respectively122].

I — L)?
pr = Zw£w12 ) (23)
Zw ((Io—lc)l(lo_lb))Z
R = . 2.4
wpb EZU(IO — IC)Z ( )
2
2o rulb—l) (2.5)

Nobs - Nvar

where w is the weight, I, and I. denote the observed and computed reflection inten-
sities, respectively!!??]. I is the background contribution to the profile['??l. Ny is the
total number of observations in the diffractogram and Ny, is the number of variables
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2 Experimental methods and principles

in the least-squares refinement[122].

2.3 Raman and infrared spectroscopy

Vibrational properties of the polycrystalline samples were characterised by Raman and
IR spectroscopy in experiments and theory. The data complement each other and are
able to provide information about the structures.

Raman scattering is the inelastic scattering generated by the interactions of photons
with molecular vibrations, phonons in solids or other excitations!'3?]. Figure 2.5 gives a
photograph of the Raman spectrometer (Renishaw) and an energy-level diagram show-
ing the incident radiation E; and the scattered radiation E. [133],

A\ Virtual
energy states
3
> E; = hv, E; = hv, E; = hv,
on
5 E, = -h(vytvy,) E.=-hv, E, = -h(vy-vy)
=)
m
5
4 m™ excited
3 vibrational
1 2 energy states
I 1
0 Ground state
Infrared  anti-Stokes Raman Rayleigh Stokes Raman
Absorption Scattering Scattering Scattering
(Ao =-v,) (Av=0) (Av=v,)

Figure 2.5: (a) Photograph of the Raman spectrometer (Renishaw), (b) Energy-level di-
agram showing the states and radiations involved in Raman scattering %3],

The inelastic Stokes and anti-Stokes Raman scattering lines are on each side of the
elastic Rayleigh line where energies of the scattered photons are the same with the in-
cident energy of hvo[1%3. The Stokes scattered photon has an energy of k (vg + v)
while the anti-Stokes scattered photon has an energy of i (Vo — V) [132134135] The en-
ergy shift of photons gives information about the phonon modes in the systems. A
polarizability change of phonons is required for the systems to exhibit the Raman effect
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2.4 Low-temperature heat capacity

and the amount of the polarizability change determines the Raman scattering inten-
sity (132134135

IR spectrum, which plots the vibrational intensity with IR frequency, is generated by
the changes of dipole moment or charge distribution caused by the vibrational excita-
tion of bonds and groups upon absorption of the infrared radiations!!®!. It provides a
reflection of the vibrational motions!%].

2.4 Low-temperature heat capacity

Low-temperature heat capacity C,, of solids is mainly contributed from electrons and
phonons['*l. For nonmetal and nonalloy solids without magnetic transition at low
temperatures, the electronic contribution is very small compared with the contribution
of phonons (lattice vibrations)!!%!. Hence, Cp, equals to the lattice heat capacity, i.e. the
contribution of phonons!13¢l.

The standard enthalpy H° and entropy S° at 298K can be calculated by integrating
Cp and C—T? over temperature in the range of 0-298 K, respectively, as shown in equations
2.6 and 2.711361,

0 298 K
H' — /0 CpdT 2.6)
298K C
S0 — / —P4T @.7)
0 T

A physical property measurement system (PPMS, Quantum Design) with an avail-
able temperature range of 1.9-400 K was employed to measure heat capacities of the
samples. Figure 2.6 shows a photograph of the equipment.

|

Figure 2.6: Photograph of the physical property measurement system (Quantum De-
sign).

The PPMS probe consists of a superconducting magnet, a temperature control and
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2 Experimental methods and principles

a sample puck connector’¥l. The connector is at the bottom of the sample chamber

and offers convenient access to electrical leads and sample mounting1%’1. Tt allows you
to plug in a removable sample insert!!¥]. Environment of the sealed sample chamber
is controllable by operating the vacuum pump, heaters and thermometers!!¥”l. The
sample insert is first pumped to be vacuum and cooled down to 1.9K by helium 7],
Then heaters warm the gas to the correct temperature'®]. At each temperature, the
response to a heat pulse is measured three times!'¥). Heat capacities of the empty
holder containing adhesive, with which the sample is thermally coupled to the sample
insert, are measured prior to the sample mounting and are automatically removed by
the operation system!!¥]. The actual thermal coupling of the samples is recorded and
compensated in order to determine the heat capacities of samples[!%].

2.5 Density functional theory

Density functional theory is presently one of the most successful approaches to com-
pute the electronic structure of condensed matter!!38l.  Using this theory, the
structure-property relations of a many-electron system can be investigated by using
functionals of the electron density!'®. Perdew-Burke-Ernzerhof (PBE), the most pop-
ular GGA-type (generalised gradient approximation) functional, is able to give reliable
results for the chemical bonds including the covalent, ionic, metallic and hydrogen
bridge 381,

In order to predict lattice dynamical properties of fully ordered MgTi,Os, ab initio
simulation based on DFT using a plane-wave basis set and normconserving pseudopo-
tentials!'40141 was carried out by Prof. Dr. Bjorn Winkler. The theoretical results com-
plemented the experimental observations and provided fundamental understanding of
the vibrational, elastic and low-temperature thermodynamic properties.

2.6 Other methods

A scanning electronic microscopy (PhenomProX) was employed to examine the mi-
crostructure homogeneity of the bulk samples for the elasticity and thermal expansion
measurements. Figure 2.7 (a) shows the SEM photograph. Bouyancy density of the
samples was obtained by using the set-up in figure 2.7 (b).

Elastic stiffness coefficients of the samples at ambient conditions were predicted by
DFT calculations and determined by the plane-wave ultrasound spectroscopy (HP
4395A network analyzer). Figure 2.8 (a) gives a photograph of the set-up. The velocities
of the ultrasonic wave, v, are obtained by equation 2.8 [142,143]

v=2DAf (2.8)

where D is the thickness of the sample, Af is the separation between neighboring
resonant frequencies.
The elastic stiffness coefficients, ¢;j, are related to the ultrasound velocity v and the

sample density p by equation 2.91142143],
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Figure 2.7: Photographs of (a) the SEM (PhenomProX) and (b) the buoyancy density
set-up.

Thermal expansions of the samples were measured in the temperature range of 297-
1067 K in air atmosphere with a dilatometer (Netzsch4), as shown in figure 2.8 (b). The
dilatometer was calibrated with a corundum pellet.

Figure 2.8: Photographs of (a) the plane-wave ultrasound spectroscopy (HP 4395A) and
(b) the dilatometer (Netzsch4).

Optical properties of the samples were measured by UV-vis spectroscopy equipped
with a tungsten lamp and a deuterium lamp. UV-vis absorption spectra demonstrate
the absorbed wavelengths of light. The samples absorb UV and visible radiations and
undergo electronic transitions. The absorbance of samples, A, is related to the intensity
of light passing through the sample (I) and the intensity of light passing through the
blank reference (Ip) according to equation 2.10.

A= logIi (2.10)
0
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3 CuyxZn, 4 TiO4with0 <x <1

3.1 Introduction

Among the Ti*"-containing spinels, all the known compounds Mg, TiO,, Mn,TiO,,
Fe,TiO4, Co,TiO,4, Zn,TiO, and LiFeTiO, crystallise with an inversion parameter i =1 in
space group Fd3m at ambient conditions#+14]. Solid solutions based on the Zn,TiO,
cubic inverse spinel have attracted significant attention due to a wide range of appli-
cations, including their use as catalysts, semiconductors, pigments, photoluminescent
materials and dielectrics 1461471,

According to the XRD studies and colour of the spinels, replacing Zn?" in cubic
spinel Zn,TiO, with other divalent metal ions like Mg?", Co?* and Ni*" led to an in-
creasing loss of zinc in the octahedral site of the cubic spinels!?!l. The divalent cations
had similar Shannon ionic radii®: rz, =0.74 A, rmg =0.72 A, mi=0.69A, rco =0.65A
for low spin state and 0.745 A for high spin state. For the Mg,Zn, ,TiO, spinel solid
solution with 0 < x <1, there was no change in the lattice parameter (211 However, in-
corporation of the transition metal cations (Co**, Ni?>*) into spinel Zn,TiO, consistently
resulted in a contraction of the unit cell!'*8]. With increasing replacement of Zn?>* by
Co?t, the lattice parameter of the Co,Zn;_,TiO4 spinel solid solution decreased lin-
early for x below 0.6 and remained the same for 0.6 <x < 101481 In the other cubic
spinel solid solution of Ni,Zn,_,TiOy4, the accessible incorporation of Ni?t was lim-
ited to 0.6351%8]. With the increase of nickel, the lattice parameter of NiyZny_,TiOy
decreased linearly 148,

A recent study showed that around 0.85 molar fraction of Zn>* was substituted by
Cu?t (rcy=0.73 A) at maximum!13]. The lattice parameter of the Cu,Zn;_,TiO4 cubic
spinel solid solution (0 < x<1) decreased with increasing copper concentrations113l.
The results indicated that Cu?* was probably incorporated into both the octahedral
and tetrahedral sites of the spinel solid solution[!'3l. Since very few studies have been
reported on Cu?*-containing 4-2 oxide cubic spinels[*>!!3], the accurate cation dis-
tribution of Cu,Zn,_,TiO4 cubic spinels are of fundamental interest. In addition, a
complete substitution of Zn?t for Cu?t was reported in the Cu,Zn;_,Al,O4 normal
spinel solid solution™! which was different with the incomplete solid solubility of
Cu,Zny_, TiO4 1! Tt is worth comparing cation distribution of the two systems. There-
fore, high-resolution powder neutron diffraction data of the cubic spinel solid solution
CuyZny_,TiO4 with 0 < x <1 were collected and the Rietveld method was employed to
provide detailed structural changes due to the replacement of Zn>* by Cu®*.
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3.2 Materials and methods

3.2.1 Sample preparation

Ten samples with compositions of Cu,Zn;_,TiO4 (0 <x<1) were prepared starting
from the binary oxides (purity 99%, Merck) ZnO, CuO and TiO, (anatase). For x rang-
ing from 0 to 0.7, the interval was 0.1 and molar ratio of the oxides was in stoichio-
metric amounts. Molar fractions of CuO:ZnO:TiO, in the other two samples were
0.75:1.25:1and 1:1:1, which corresponded to the spinel Cu,Zn,_,TiO4 with x around
0.75 and 0.86, respectively.

The mixture of the oxides was ball milled at 300 rpm for 8 h using a planetary ball
mill (Fritsch P7). The material of the grinding bowls and balls was tungsten carbide and
the mass ratio of balls to powder was 10: 1. Then the well-blended mixture was pressed
into small cylinders (diameter 5mm, height 9 mm), followed by a heat treatment at
1073 K for 8h in air. Finally, the cylinders were ground into powder using an agate
mortar.

The phase composition of the samples was checked by XRD using CuKa; radia-
tion (A =1.5406 A, 40kV, 30mA) at ambient conditions. The X-ray diffractometer was
calibrated using silicon powders. The 26 scan range, step size, and time per step were
10-90°, 0.01° and 150s, respectively. It took 1h for the data collection of one sample.
Results showed that the samples were mainly cubic spinel phases. However, a sec-
ond phase ZnO appeared in the samples with a nominal composition of x <0.5 and an
increasing amount of an impurity phase CuO emerged for x > 0.6.

Acetic acid was tested to reduce the impurity contamination in Cu,Zn;_,TiO4
spinels. Before treating the samples, the starting chemicals of ZnO and CuO were
immersed in a dilute solution of acetic acid (75vol.% CH;COOH and 25vol.% H,0),
respectively. ZnO dissolved in the solution quickly while it took a longer time to re-
move CuO. The samples with a nominal composition of Cu,Zn;_,TiO4, 0 <x <0.7,
were treated by soaking in the acetic acid solution for 4 days and then washed with
distilled water 5 times. Afterwards, XRD measurements were repeated in a selected
range of 260 =25-44°. Due to the slow dissolution rate of CuO in the acetic acid solution
and the apparent amount of co-existing CuO, the samples with x=0.75 and 0.86 were
used without any treatment.

3.2.2 X-ray diffraction

XRD measurement with a CuKa; radiation was carried out for the sample with x =0.4
before and after the soaking treatment, respectively. A 20 scan range of 10-140° and a
step size (~0.002 °) were used. Each measurement took around 15 h.

Rietveld refinements!'2121l of the powder XRD data with pseudo-Voigt profile
functions were carried out using the GSAS'??l and EXPGUII?®! software packages.
The background was described by a Chebyshev polynomial with 8 terms. Absorption
correction due to the rough surface of powder samples was made. All atoms were de-
scribed with an isotropic thermal displacement parameter U;s,. Cations in the same set
of sites were constrained to have the same value of Ujs,. All sites were assumed to be
fully occupied and copper was assumed to occupy the octahedral sites. The refinement

26



3.2 Materials and methods

sequence was as follows: scale factor, background, absorption correction, zero shift, lat-
tice parameter a, sample displacement, more background, profile parameters (GU, GV
GW, LX, LY), oxygen positional parameter u, Uis, and cation occupancy. Titanium was
allowed to be in both tetrahedral and octahedral coordinations.

3.2.3 Neutron diffraction

High-resolution powder neutron diffraction data of 10 samples were collected at am-
bient conditions on the D2B diffractometer of the Institut Laue-Langevin. The powder
sample with a typical mass of 5 g was put into a cylindrical vanadium can for the mea-
surement. A Ge 335 monochromator was employed to produce a neutron beam with
a monochromatic wavelength of 1.5946(10) A. The primary neutron beam was focused
by putting a collimator with a vertical divergence of 1/6° and a horizontal slit of 30 mm
between the monochromator and sample. Neutron reflection intensities were collected
in a 20 range of 0-160°. The diffractometer is equipped with 128 detectors which are
spaced at 1.25° intervals. With a step size of 0.05°, every scan takes 25 steps. Each scan
was repeated 10 times to obtain a complete diffraction pattern with improved statistics.
One measurement took around 4 h.

Structural analyses by Rietveld refinements120121l of the neutron diffraction data
were performed using the GSAS!1??, EXPGUI??l and gsaslanguage ['?*! software pack-
ages. Data in the 26 range of 0-20° (d >3.68 A) were excluded from the analyses, since
there were no reflections and the backgrounds were too complex to refine. The back-
ground was modeled by a Chebyshev polynomial with 24 terms. Neutron cross section
for Ti, Zn, Cu and O was taken as —0.3438, 0.5680, 0.7718 and 0.5803 x 10 12cm—1,
respectively 1281,

A starting model of Zn,TiO, with the fully inverse cubic spinel structure!'>! was
used to refine CuyZn,_,TiOy spinels. Fractions of Zn?*, Cu?* and Ti** were allowed
to vary in either the tetrahedral sites or the octahedral sites. All atoms were treated
with an isotropic thermal displacement parameter Ujs, and cations in the same set of
sites were constrained to have the same Ujs,. The refined parameters are tabulated in
table 3.1. Convergence was achieved at the last step of refinement, where scale factor,
background, crystal structural parameters and profile parameters were refined simul-
taneously. Moreover, charge balance, full site occupancy and chemistry of the spinels
are satisfying in a successful Rietveld refinement.

3.2.4 Characterisations of the bulk sample with x=0.4

A bulk sample of Cu,Zn;_,TiO4 with x =0.4 was prepared in order to characterise the
microstructure and physical properties at ambient conditions. The powder was pressed
into a cylinder (diameter 10 mm). The cylinder was heat-treated at 1123 K for 12h and
at 1273K for 2h. Density of the bulk sample was measured by buoyancy method in
water at ambient condition. The measurement was repeated 5 times to give an average
bulk density.

SEM imaging of the bulk sample was performed on a Phenom ProX desktop SEM
using an accelerating voltage of 10.0 kV. The surfaces of the sample were polished with
3-15um Al,O; powder and the two sides were parallel with each other. It had an
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Table 3.1: A list of the refined parameters for Rietveld refinement of the neutron diffrac-
tion data.

Scale factor

Zero shift

Background A Chebyshev polynomial with 24 terms
Lattice parameter a

Oxygen positional parameter u

Site occupancies Zn2t (8a), Cu2t (8a), Ti** (8a),

Zn®t (16d), Cu?t (16d), Ti*t (164d)
Thermal displacement parameters ~ Oxygen Uiso, Uiso (8a), Uigo (16d)
Profile parameters Pseudo-Voigt functions with GU, GV, GW, LX, LY

initial height of 5.697(5) mm. Plane wave ultrasound spectroscopy was employed in
order to determine the elastic stiffness coefficients. Thermal expansion was measured
in the temperature range of 297-1067 K at a heating rate of 2K min~!. The sample was
measured two times in air. UV-vis absorption spectra of the sample with x =0.4 were
collected in the wavelength range of 400-1000 nm.

The SEM data were collected with the help of Dr. Anja Thust and Dr. Nadine
Schrodt. The elasticity and dilatometry were performed with the help of Dr. Eiken
Haussiil. The UV-vis spectra were obtained with the help of Dr. Alexandra Friedrich
and Dr. Javier Ruiz-Fuertes.

3.3 Results and discussion

The colour of the synthesised spinels varied with the change of copper concentrations,
ranging from white, lightyellow, yellowgreen to darkolivegreen, as shown in figure 3.1.

x=0.75

Figure 3.1: Photograph of the spinel solid solution Cu,Zn,_,TiO4.
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Figure 3.2 gives powder XRD patterns in the 20 range of 25-41° for the samples
Cu,Zny_,TiO4 (0 < x <0.7) before and after being soaked. The reflections of the impu-
rity phase (ZnO or CuO) were very weak and disappeared after the soaking treatments.
It indicated that phase-pure spinels were synthesised.
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Figure 3.2: XRD patterns of the samples Cu,Zn, ,TiO4 before and after the soaking
treatments. Reflections of the impurity phases ZnO and CuO are indicated
by open and filled squares, respectively.

Figure 3.3 presents powder neutron diffraction patterns of 10 samples at ambient
conditions. The data showed that the Jahn-Teller Cu?* cations produced no long range
distortion of the Cu,Zn;_, TiOy4 spinels (0 < x < 1), which confirmed the previously pub-
lished XRD datal'3l. This study differed with the literature!''3! by replacing the agate
milling bowls and balls by tungsten carbide ones in the mechanochemical activation
process. The impurity phase Zn,SiO, was avoided and the phase purity was improved
in this study. Nevertheless, both of them yielded cubic inverse spinels Cu,Zn;_,TiO4
with space group Fd3m.

Owing to the small deviations from stoichiometry of the samples
CuyZny_,TiO4 (0 < x <0.7), the composition of the spinels is, in the following, assumed
to be stoichiometric. However, CuO appeared in the samples with high copper contents
of x around 0.75 and 0.86.
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Figure 3.3: Neutron diffraction patterns of Cu,Zn;_,TiO4 (0 <x<1) solid solution at
ambient conditions. Black tickmarks indicate the reflection positions of the
Zn,TiOy4 spinel phase whereas the purple ones show the reflection positions
of the second phase CuO.

3.3.1 Rietveld refinement for the sample with  x=0.4

Rietveld refinements of Cu,Zn,_,TiO4 with x =0.4 using the XRD data gave a lattice
parameter of a=8.46045(1) A and a positional parameter of u=0.2583(1). No change
was observed after the soaking process, as tabulated in table 3.2. The average Uis,
values were 0.0267(3) A2, 0.0186(1) A2 and 0.0193(1) A2 for anions and cations in the
tetrahedral 82 and octahedral 164 sites, respectively.

Figure 3.4 shows X-ray diffractograms for the sample with x =0.4 before and after
the soaking treatment.

Table 3.2: Rietveld refinement result of XRD for the sample CuyZn;_,TiO4 with x=0.4
before and after the soaking treatment. Thermal displacement parameters
Uiso have a unit of x 0.01 A2,

Before After
a[A] 8.46045(1)  8.46045(1)
u 0.25826(5)  0.25831(5)
Oxygen Ujgo 2.74(3) 2.61(3)
Uiso (8a) 1.89(1) 1.82(1)
Uiso (164) 1.91(1) 1.95(1)
Rwp [%] 16.59 16.75
Rypb [%] 25.29 23.77
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Figure 3.4: Rietveld refinement result of XRD for the sample Cu,Zn;_,TiO4 with x = 0.4 before and after the soaking treatment.
Observed (circles) and calculated data (red curves), a difference curve (bottom black curves), and reflection positions
of the crystalline phases (tickmarks) are shown.

UOISSNISIp pue SIMsay £°¢
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3.3.2 Rietveld refinements for the endmember Zn  ,TiOy4

The endmember Zn,TiO4 was refined with a fully inverse spinel structure, where ini-
tial 2 and u values from the literature['®" were used. Titanium was allowed to occupy
the tetrahedral site in the refinement. Value of Ujs, for the cations in the same site was
constrained to be the same. No constraint was added on the site occupancy. Conver-
gence was achieved by refining scale factor, background, a, u, site occupancies, U;s, and
profile parameters together. Due to the unrealistic value of U, (16d) =2.27 x 102 A?,
the thermal displacement parameter for cations in the octahedral site was constrained
to have a reasonable value of 0.01 A2,

Figure 3.5 presents the final Rietveld refinement result of Zn,TiO4. The refinement
parameters are tabulated in table 3.3. The results in this study are in very good agree-
ment with the Rietveld refinement results of XRD data for Zn,TiO4 1% and of neutron
diffraction data for Mg, TiO4 (1501 No Ti** was found in the tetrahedral site, which was
the same with the result by Millard et al.[1%]. Tt was consistent with < 1% titanium in the
tetrahedral site of Mg, TiO4 cubic spinel, as determined by X-ray and neutron diffrac-
tion1617150] The refinement of neutron diffraction data showed that the Zn, TiO4 cubic
spinel had a stoichiometric chemistry.

Table 3.3: Rietveld refinement results for the endmember spinel Zn,;TiO4 from neutron
diffraction data of this study and data in the literature. Thermal displacement
parameters Ui, have a unit of x 0.01 A,

Parameter ZnyTiOy (this study) ~ Zn,TiOy (Lit.'50l) Mg, TiO, (Lit. [150])

a[A] 8.47119(2) A 8.47056(3) A 8.4872(1) A
u 0.26037(3) 0.2599(2) 0.2610(1)
Zn%t (8a) 1.01(1) 1 1
Zn%t (16d) 0.51(1) 0.5 0.5
Ti*t (16d) 0.48(1) 0.5 0.5
Oxygen Usg, 1.07(1) 0.912(63) 1.02(3)
U, (8a) 0.85(3) 0.481(25) 1.14(8)
Uiso (16d) 1.00 + 0.887(25) 1.19(8)
Mean dr_¢ 1.986(2) A 1.9792) A 1.999(2) A
Mean dy;_o 2.034(2) A 2.037(2) A 2.033(2) A
Ryp [%] 1.17 12.96 8.9

1 The value was constrained in the refinement.
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Figure 3.5: Rietveld refinement results of neutron diffraction data for Zn,TiO4. Observed (circles) and calculated data (red curve),
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3 CuyZny_TiOg with 0<x < 1

3.3.3 Rietveld refinement for the sample with  x=0.5

Basically, two requirements of the spinel structure have to meet during the refinement:
(1) a full cation occupancy of each set of sites, (2) an overall mass balance of each atom
and a charge balance. However, both aspects are highly correlated with each other
and only one aspect of the constraints can be added in GSAS during the refinement
process. Therefore, a free refinement of the cation distribution is not possible due to the
complexity in three cations occupying two distinct sets of sites, which allows at least
two independent cation occupancy parameters.

Rietveld refinements were employed to each data set using 4 strategies by assum-
ing different cations in the tetrahedral 8a sites: only Zn?* (strategy 1), Zn>* and Cu?*
(strategy 2), Zn?>* and Ti*" (strategy 3), Zn?*, Cu?* and Ti** (strategy 4). The refine-
ment sequence for each strategy was not exactly the same. For the sample with x=0.5,
the refinement sequences are given in table 3.4 using 4 different strategies.

Table 3.4: Rietveld refinement sequences of neutron diffraction data for the sample with
x =0.5 using 4 different strategies.

Sequence

Strategy 1: only 7Zn2t in the tetrahedral sites

To achieve convergence

To add new atoms

To add constraints of Ujg,

To add constraints of site occupancies

To set damping factor of all parameters
To refine u and Usg,

To refine cation occupancies

To achieve convergence

To check the result

scale factor, background, zero shift, a, profile functions
Ti (16d) =Til (16d) + Ti2 (16d)

Cu (16d) = Zn (16d) = Til (16d) = Ti2 (16d)

Cu (16d) + Til (16d) =0.5

Zn (16d) + Ti2 (164)=0.5

5

scale factor, a, 1, Uigy, profile parameters

scale factor, a, u, Uig,, site occupancies (16d)

scale factor, background, zero shift, a, u,

Uigo of all atoms, site occupancies, profile parameters
chemical stoichiometry and charge balance

Sequence

Strategy 2: Zn>" and Cu”" in the tetrahedral sites

To achieve convergence
To add new atoms
To add constraints of Ujg,

To add constraints of site occupancies

To set damping factor of all parameters
To refine u and Usg,

To refine cation occupancy in the 8a sites
To reset cation occupancies (84)

To refine cation occupancy in the 164 sites
To delete the constraint

To refine cation occupancies (8a)

To achieve convergence

To check the result

scale factor, background, zero shift, a, profile functions
Ti (16d) = Til (16d) + Ti2 (16d)

Cu (8a)=2Zn (8a)

Cu (16d) =Zn (16d) =Til (16d) = Ti2 (16d)
Cu (8a)+Zn (8a)=1

Cu (16d) + Til (16d) =0.5

Zn (16d) + Ti2 (16d) =0.5

5

scale factor, a, 1, Uigo, profile parameters
scale factor, a, 1, Uig,, site occupancies (8a)
Cu (8a)=0and Zn (8a)=1

scale factor, a, 1, Uig,, site occupancies (164)
Cu (8a)+Zn (8a)=1

scale factor, a, u, site occupancies (84)

scale factor, background, zero shift, a, u,
Ujgo of all atoms, profile parameters
chemical stoichiometry and charge balance

Continued on next page
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3.3 Results and discussion

Table 3.4: (continued)

Sequence

Strategy 3: Zn’T and Ti** in the tetrahedral sites

To achieve convergence
To add new atoms
To add constraints of Ujg,

To add constraints of site occupancies

To set damping factor of all parameters
To refine u and Ujg,

To refine cation occupancy in the 84 sites
To refine cation occupancy in the 164 sites
To achieve convergence

To check the result

scale factor, background, zero shift, a, profile functions
Ti (16d) = Til (16d) + Ti2 (16d)

Zn (8a)=Ti (8a)

Cu (16d) =Zn (16d) =Til (16d) = Ti2 (16d)
Cu (16d) + Til (16d)=0.5

Zn (16d) + Ti2 (16d) =0.5

5

scale factor, a, 1, Uiso, profile parameters
scale factor, a, u, site occupancies (8a)

scale factor, a, 1, Uig,, site occupancies (164d)
scale factor, background, zero shift, a, u,
Ujso of all atoms, profile parameters
chemical stoichiometry and charge balance

Sequence

Strategy 4: Zn’t, Cu?" and Ti*" in the tetrahedral sites

To achieve convergence
To add new atoms

To add constraints of Ui,

To add constraints of site occupancies

To set damping factor of all parameters
To refine u and Usg,

To refine cation occupancy in the 8a sites
To refine cation occupancy in the 164 sites
To achieve convergence

To check the result

scale factor, background, zero shift, a, profile functions
Zn (8a)=Zn1 (8a) + Zn2 (8a),

Ti (16d) = Til (16d) + Ti2 (16d)

Cu (8a) =Ti (8a) =Zn1 (8a) =Zn2 (8a),

Cu (16d) =Zn (16d) =Til (16d) = Ti2 (16d)
Cu (8a) +Zn1 (8a)=0.5,

Ti (8a) + Zn2 (84) =0.5,

Cu (16d) + Til (164)=0.5,

Zn (16d) + Ti2 (16d)=0.5

5

scale factor, a, u, Ujg,, profile parameters
scale factor, a, u, site occupancies (8a)

scale factor, a, u, Ui, site occupancies (16d)
scale factor, background, zero shift, a, u,
Ui, of all atoms, profile parameters
chemical stoichiometry and charge balance

Convergent refinement with a reasonable chemical stoichiometry was achieved

for each strategy. Table 3.5 lists the Rietveld refinement results of neutron diffraction
data for the sample Cu,Zn,_,TiO4 with x =0.5. Rietveld agreement factors showed no
apparent difference. The thermal displacement parameter and site occupancies were
within the experimental error. No copper was found in the tetrahedral sites while at
maximum 0.01 Ti** occupied the tetrahedral sites. Figure 3.6 presents a typical Rietveld
refinement result for this sample (strategy 4).
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3.3 Results and discussion

Table 3.5: Rietveld refinement results of neutron diffraction data for the sample
Cuy,Zny_,TiO4 with x=0.5 using 4 different refinement strategies. Thermal
displacement parameters Ujs, have a unit of x 0.01 A2,

Strategy 1 Strategy 2 Strategy 3 Strategy 4
Cations in 8a Zn%+ Zn®t and Cu?T  Zn?t and Ti*t  Zn?T, Cu®t and Ti**
a[A] 8.45848(2) 8.45848(2) 8.45848(2) 8.45848(2)
u 0.26061(4) 0.26062(3) 0.26062(3) 0.26062(3)
Zn2t (8a) 0.99(1) 1.00(1) 0.99(1) 0.99(1)
Cu?t (8q) 0.00 0.00
Ti*t (8a) 0.01(1) 0.01(1)
Zn2t (16d) 0.25(1) 0.26(1) 0.25(1) 0.25(1)
Cu?t (16d) 0.25(1) 0.25(1) 0.25(1) 0.25(1)
Ti*t (16d) 0.50(1) 0.50(1) 0.50(1) 0.50(1)
Oxygen Uigo 1.13(1) 1.14(1) 1.14(1) 1.14(1)
Uiso (8a) 0.55(1) 0.49(2) 0.49(2) 0.50(2)
Uiso (16d) 0.66(1) 0.69(6) 0.69(6) 0.68(6)
Rwp [%] 3.25 3.24 3.24 3.24
Rypp [%] 4.48 4.46 4.46 4.46
P 10.22 10.16 10.17 10.14

1 The value was constrained in the refinement because it became slightly negative.

3.3.4 Rietveld refinement results of Cu  ,Zn,_, TiOy4

Rietveld refinements of neutron diffraction data for the other samples were carried out
using the strategies as shown in table 3.4. For each sample, the lattice parameter a,
oxygen positional parameter 1 and thermal displacement parameter U;s, were the same
within experimental error. At maximum 0.01 Cu?* and 0.02 Ti** were incorporated
into the tetrahedral 8a sites of the spinel solid solution. The results are presented in
appendix A. Table 3.6 tabulates the Rietveld refinement results for Cu,Zn,_,TiO4 solid
solution assuming Zn?" and Ti*" in the tetrahedral sites.

Considering the fluctuation of Ujs, for the cations and the strong correlation of U,
with the site occupancies, Rietveld refinements were carried out by using a fixed value
of Uiso (82) = Uiso (16d) =0.005 A2. Zn?*, Cu?* and Ti*" were allowed in the tetrahedral
sites. A full site occupancy on each set of sites was constrained. Convergent refinements
were obtained. The results are tabulated in table 3.7. Chemical stoichiometry of the
spinels in this table was not as good as the results in table 3.6. An excess of titanium
was observed.

At maximum 0.04 Cu?" and 0.04 Ti** incorporated into the tetrahedral (8a) sites
of Cu,Zny_,TiOy4 spinel solid solution. This phenomenon is in consistent with the pref-
erence of Cu?" and Ti** for octahedral sites[!>!]. In another cubic spinel solid solution
CuyZn;_,Al,Oy, a complete replacement of Zn?>* by Cu?* was achieved, and Cu?" si-
multaneously occupied the tetrahedral and octahedral sites*°l. This discrepancy was
related to different behaviors of the co-existing cations. With the increase of Cu?", part
of A’ transferred from the octahedral to the tetrahedral sites of CuyZn;_,Al,O, 149,
Cu®* competed with AI** to compensate the loss of Zn?* in the tetrahedral sites14°].
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Table 3.6: Rietveld refinement results of neutron diffraction data for Cu,Zn, ,TiO4 (0 < x<1) assuming Zn?" and Ti** in the
tetrahedral sites. The spinel solid solution crystallises in space group Fd3m (Z = 8). All structural parameters including
a, V, u, Ui, for the atoms and site occupancies of cations, and profile parameters (GU, GV, GW, LX, LY) are presented.
Thermal displacement parameters Ujs, have a unit of x 0.01 A2,

x=0 x=0.1 x=0.2 x=0.3 x=04 x=0.5 x=0.6 x=0.7 x=~0.75 x=~0.86
a[A] 8.47119(2) 8.46896(4) 8.46614(4) 8.4631(1) 8.46089(4) 8.45850(3) 8.45549(4) 8.45262(3) 8.45092(4) 8.44132(4)
\% [A3] 607.901(4) 607.423(8) 606.814(8) 606.16(2) 605.688(8) 605.174(7) 604.529(9) 603.913(7) 603.549(8) 601.494(9)
u 0.26037(3) 0.26038(4) 0.26036(4) 0.26040(4) 0.26052(4) 0.26062(4) 0.26069(4) 0.26081(4) 0.26081(4) 0.26102(4)
Oxygen Ui 1.07(1) 0.86(1) 1.11(1) 1.07(1) 1.47(1) 1.19(1) 1.45(1) 1.49(1) 1.47(1) 1.60(1)
Uiso (8a) 0.85(3) 0.35(2) 0.57(2) 0.45(2) 0.83(2) 0.47(2) 0.77(2) 0.70(2) 0.68(2) 0.76(2)
Uiso (16d) 1 (fixed) 1.12(5) 1.32(5) 0.49 (5) 1.21(5) 0.64(5) 0.81(5) 0.66(5) 0.70(5) 0.86(5)
Total Cu?* 0 0.10(1) 0.20(1) 0.30(1) 0.40(1) 0.50(1) 0.60(1) 0.70(3) 0.73(3) 0.86(5)
Zn%t (8a) 1.01(1) 0.99(1) 0.99(1) 0.99(1) 0.98(1) 0.98(1) 0.98(1) 0.98(1) 0.98(1) 0.98(1)
Ti** (8a) 0 0.01(1) 0.01(1) 0.01(1) 0.02(1) 0.02(1) 0.02(1) 0.02(1) 0.02(1) 0.02(1)
Zn%t (164) 0.51(1) 0.43(1) 0.40(1) 0.33(1) 0.30(1) 0.25(1) 0.20(1) 0.14(1) 0.12(1) 0.04(1)
Cu?t (16d) 0 0.06(1) 0.10(1) 0.16(1) 0.20(1) 0.25(1) 0.30(1) 0.35(1) 0.37(1) 0.44(1)
Ti*t (16d) 0.48(1) 0.51(1) 0.50(1) 0.51(1) 0.50(1) 0.50(1) 0.52(1) 0.51(1) 0.51(1) 0.52(1)
GU 107(1) 110(1) 108(1) 149(5) 99(1) 93(1) 121(1) 89(1) 78(1) 107(1)
GV —349(3) —342(3) —351(3) —421(5) —355(3) —319(2) —353(3) —319(3) —282(3) —345(3)
GW 360(2) 365(2) 359(2) 363(3) 378(2) 351(2) 365(2) 347(2) 314(2) 360(2)
LX 10.3(1) 11.9(1) 11.9(1) 12.6(2) 10.4(1) 9.1(1) 10.0(2) 9.3(1) 9.7(1) 9.1(1)
LY 0.63(1) 0.84(1) 0.69(1) 0.84(2) 0.69(1) 0.76(1) 0.80(1) 0.79(1) 0.93(1) 0.74(1)
Rwp [%] 1.17 1.36 3.98 3.36 3.68 3.28 3.56 2.77 3.98 4.17
prb [%] 2.51 2.43 4.81 3.96 4.65 4.53 4.55 3.92 5.01 5.50
xz 3.15 3.70 11.85 12.93 6.08 10.26 10.12 7.89 11.43 12.23
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Table 3.7: Rietveld refinement results of neutron diffraction data for Cu,Zn,_,TiO4 (0 < x <1) by using a fixed value of the ther-
mal displacement parameter U, for the cations. The constraint was added in the refinement: Ui, (8a) = Ui, (16d) =
0.005 A2. Thermal displacement parameters U, have a unit of x 0.01 A2,

x=0 x=0.1 x=0.2 x=0.3 x=04 x=05 x=0.6 x=0.7 x=~0.75 x~0.86
a [A] 8.47119(3) 8.46897(2) 8.46615(2) 8.4631(1) 8.46093(2) 8.45850(2) 8.45550(2) 8.45263(2) 8.45092(4) 8.44134(2)
u 0.26027(3) 0.26043(3) 0.26032(3) 0.26042(5) 0.26046(4) 0.26071(3) 0.26067(3) 0.26079(3) 0.26077(4)  0.26099(4)
Oxygen Uigo 1.11(1) 0.89(1) 1.10(1) 1.06(1) 1.45(1) 1.12(1) 1.38(1) 1.43(1) 1.49(1) 1.61(1)
Zn?t (8a) 0.979(2) 0.990(2) 0.972(9) 0.978(4) 0.958(9) 0.975(6) 0.961(2) 0.936(2) 0.956(6) 0.955(1)
Cu?* (8a) 0 0.008(1) 0.011(9) 0.012(4) 0.005(5) 0.014(1) 0.033(2) 0.027(1) 0.011(6) 0.008(1)
Ti** (8a) 0.021(1) 0.002(2) 0.017(2) 0.010(1) 0.037(5) 0.011(6) 0.006(1) 0.037(2) 0.033(1) 0.037(1)
Zn?t (164) 0.473(1) 0.476(1) 0.454(9) 0.332(1) 0.302(1) 0.256(1) 0.241(1) 0.144(1) 0.129(1) 0.035(1)
Cu?t (16d) 0 0.017(1) 0.043(2) 0.160(1) 0.187(1) 0.243(1) 0.258(1) 0.343(1) 0.359(1) 0.437(1)
Ti*t (16d) 0.527(1) 0.507(1) 0.503(9) 0.508(1) 0.511(1) 0.501(1) 0.501(1) 0.513(1) 0.512(1) 0.528(1)
Total Cu?™ 0 0.042 0.097 0.332 0.379 0.500 0.549 0.713 0.729 0.882
Total Zn2* 1.925 1.942 1.880 1.642 1.562 1.487 1.443 1.224 1.214 1.025
Total Ti*t 1.075 1.016 1.023 1.026 1.059 1.013 1.008 1.063 1.057 1.093
Rwp [%] 1.23 1.38 4.05 3.35 3.93 3.27 3.71 2.87 4.08 4.28
prb [%] 2.88 2.55 5.03 3.93 5.12 4.43 4.73 4.05 5.08 5.65
XZ 3.46 3.83 12.33 12.87 6.91 10.17 10.88 8.43 11.97 12.75

UOISSNISIp pue S)Msay €°¢



3 CuyZny_TiOg with 0<x < 1

3.3.5 Structural changes in the Cu ,Zn,_,TiO4 solid solution

According to the Rietveld refinement results of neutron diffraction data, structural
changes in Cu,Zn;_,TiO4 spinel solid solution are analysed.

Figure 3.7 shows the lattice parameter against molar fraction of Cu?" in the spinels.
The agreement between ND data of this study and XRD data from the literature!!3! is
excellent. The maximum incorporation of copper in Cu,Zn;_,TiO4 was 0.86(5). Con-
sidering the whole composition of 0 < x <1, the variation of a does not obey the Ve-
gard’s law. The solid solution shows an excess volume which has been modeled by
a two-parameter Margules equation[!®l. However, a correlates linearly with x in the
other spinel solid solutions Co,Zny_,TiO4 and NiyZny_,TiO4, as shown in figure 3.7.
A linear fitting of a for CuyZn;_,TiO4 was made using a combination of the ND and
XRD data with 0 <x <0.6. The linear equation is 2 = 8.4716 — 0.027 x where the unit of
ais A. At x above 0.6, a contracted more strongly and deviated from the line.
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Figure 3.7: Lattice parameter a plotted against x in the spinel solid solutions from
neutron diffraction data in this study and X-ray diffraction data in the lit-
erature 1131481 represents the molar fraction of Cu?* in Cu,Zn, ,TiOy4
spinels, or Co?" in CoxZny_,TiO4 spinels, or Ni?* in Ni,Zn,_,TiOy spinels.
Error bars for the copper content below 0.7 are smaller than the symbol size.
Data of each solid solution are described by the linear fittings.

The positional parameters u and the thermal displacement parameters Ui, of the
anions O2~ are plotted against the molar fraction of Cu?t in Cu,Zny_, TiO4 spinels, as
shown in figure 3.8. Model 1 shows the Rietveld refinement results in table 3.6 while
model 2 presents the results in table 3.7. The differences of values between the two
models are within the experimental error. Data in model 1 were used for the second-
order polynomial fitting of u and the linear fitting of oxygen Uiso.

Replacing Zn%t by Cu?t in CuyZny_,TiO4 led to a slight increase of the positional
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Figure 3.8: The positional parameter u (a) and the thermal displacement parameter
Uiso (b) of the anions O?~ plotted against the molar fraction of Cu?* in the
CuyZny_,TiO4 spinel solid solution. Model 1 shows the Rietveld refinement
results in table 3.6 while model 2 presents the results in table 3.7.

parameter u from 0.2604(1) for x =0 to 0.2610(1) for x =0.86(5). According to equation
1.1 without changing a the increase of u means an expansion of the tetrahedra at the
expense of the octahedra, while it is the opposite if a increases and u keeps stable in the
meantime. Then both the decrease of a2 and increase of u indicated a contraction of the
octahedra or an expansion of the tetrahedra or both together.

The oxygen Ui, increased by ~ 0.006 A2 due to the incorporation of Cu?t, which
is consistent with the literature data based on XRD data'’3. However, the ND results
were around 0.01 A% smaller than the XRD results!'!?l. In other oxide spinel solid solu-
tions like MgAl,O,~MgMn, O, 1521 and MgAl1,0,-CuAl,0, %%, the increase of Ui, for
the anions caused by cation substitutions was also observed. Recently, oxygen U;s, was
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3 CuyZny_TiOg with 0<x < 1

reported to be unchanged in the (Cu,Mn)WO, spinel system 134l Tt was probably due
to the very limited solid solution range where only 0.25 Mn?*+ was replaced by Cu?* at
maximum in the molar fraction 154,

Figure 3.9 shows the mean tetrahedral bond lengths d7_o and the mean octahe-
dral bond lengths dj;_o of the CuyZn;_,TiO4 spinels. The values of dr_g for 0 <x <1
and dp;_o for 0 <x < 0.6 were fitted by a line. With the increase of Cu?t concentra-
tion from 0 to 0.86(5) in the solid solution, no change of dr_p was observed (dr_o =
1.986 4+ 0.002 A) whereas d);_o decreased from 2.034(2) Ato 2.022(2) A. The relation of
dy—o with x in Cu,Zny_,TiO4 was dy; o = 2.034(2) — 0.011(3) x (0 <x <0.6). There-
fore, the decrease of a (figure 3.7) and the increase of u (figure 3.8) were due to the stable
dr_o and the reduction of dy; 0.
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Figure 3.9: Mean tetrahedral bond lengths dr_o and mean octahedral bond lengths
dy—o with the molar fraction of Cu?* in the Cu,Zn,_,TiOy4 spinels. The
solid lines are linear fittings of the data.

The decrease of dy;_o is attributed to the replacement of Zn*t by Cu?" in the octa-
hedral sites. In a regular octahedron of the cubic spinel structure, the average bond
length dz,_o was determined to be 2.10 A based on DFT calculations[!®], whereas
a value of 2.08 A was reported for the average bond length dc, o from the experi-
ments 153, Consequently, the decreases of dj;_o by 0.012(3) A in CuyZny_, TiO4 spinels
can be ascribed to the cation substitution.

3.3.6 Physical properties of the bulk sample with x=0.4

In order to evaluate the effect of structural changes on physical properties, UV-vis op-
tical absorption, thermal expansion and elastic properties of the Cu,Zn,_,TiO4 solid
solution were investigated.
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3.3 Results and discussion

Due to the d-orbital splitting, the transition metal ion Cu?* (3d”) suffers the Jahn-
Teller effect and typically induces local tetragonal distortion of the regular oxygen octa-
hedra CuQy via stretching two Cu-O bonds and contracting the other four perpendic-
ular to them 150, The electronic d-d transition of Cu®>* allows an absorption band in the
UV-vis spectrum. The Cu,Zn;_,Al,Oy4 spinels have a maximum absorption at 750 nm
for the octahedrally coordinated Cu?* and at 1550 nm for the tetrahedrally coordinated
Cu2t %1 In another spinel solid solution Cu,Mgj_,Al,Oy, Cu?* in the octahedral and
tetrahedral sites led to the absorption bands at ~ 740 nm and 1430 nm, respectively 1531,
Therefore, an absorption band in visible light region (around 750 nm) is expected for
CuyZny_,TiO4 spinels. Figure 3.10 shows UV-vis absorption spectrum of the the sam-
ple with x =0.4. No absorption peak was observed.

Absorbance

T T
250 500 750 1000

Wavelength (nm)

Figure 3.10: UV-vis absorption spectrum of Cu,Zn;_,TiO4 with x =0.4.

The bulk sample with x =0.4 had a buoyancy density of 90%. Figure 3.11 shows
SEM images of the sample. It reveals an inhomogeneous microstructure with a large
porosity.

Figure 3.11: SEM images of the bulk sample Cu,Zn,_,TiO4 with x =0.4.
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3 CuyZny_TiOg with 0<x < 1

The 4-2 inverse oxide spinels have similar thermal expansion coefficients with
Zn, TiO,, which was 11.7(4) x 10~ 0 K171, Figure 3.12 (a) shows thermal expansion
properties of the bulk sample with x=0.4. A linear thermal expansion coefficient of
1.05(3) x 107 K~! was obtained by fitting the experimental data in 297-1067 K with a
second-order polynomial. The value was much smaller than that of Zn,TiOj in the tem-
perature range of 293-1298 K, which was investigated by in situ high-temperature X-ray
diffraction[”!l. The coefficient of linear thermal expansion varies significantly with the
relative density and microstructure of the bulk sample!'>1581. It normally decreases
with the porosity. A porosity of 10% leads to 10% of the expected thermal expansion
coefficient.
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Figure 3.12: Thermal expansion property (a) and plane wave ultrasound spectrum (b)
of the bulk sample Cu,Zn,_,TiO4 with x =0.4.

Figure 3.12 (b) gives the plane wave ultrasound spectrum of the bulk sample with
x =0.4. The propagation velocity of the longitudinal wave depends on the sample den-
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3.4 Conclusion

sity 1431, The wave velocity and the elastic coefficient decrease with decreasing density.

A relative density of 90% is too low to measure the elastic property of the sample.

3.4 Conclusion

Spinel solid solution Cu,Zn,_,TiOy, 0.0 < x <0.86(5), with high purities were synthe-
sised from the binary oxides by the mechanochemical activation assisted solid state
synthesis using tungsten carbide milling bowls instead of agate ones and an additional
soaking treatment with acetic acid solution. Rietveld refinements of neutron diffrac-
tion data indicated the structural changes due to the substitution of Zn?>* by Cu?*. The
results showed nonambiguously an increase of positional parameter u with an increas-
ing incorporation of Cu?*. In addition, despite local tetragonal Jahn-Teller distortions
around Cu?" were not strong enough to lower the cubic symmetry of the spinels, they
led to a significant contraction of the average octahedral bond length while not chang-
ing the average tetrahedral bond length. Due to the electronic d-d transition of octahe-
dral Cu?*, an absorption band in visible light region (around 750 nm) is expected but
could not be measured for Cu,Zn,_,TiO4 cubic spinel solid solution. The coefficient of
linear thermal expansion for the bulk sample with x =0.4 indicated 10% of the expected
value due to the inhomogeneous microstructure and 90% of the theoretical density.
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4 MgT|205

4.1 Introduction

A low bulk thermal expansion coefficient171%1 a high refractive index'%, the ability
to host transition metal ions[74159160] 5 one-dimensional channel structure'®!!, and a
wide bandgap of 3.4 V192l make MgTi,Os (karrooite) attractive for multiple applica-
tions, such as ceramic pigments [101,103] ' filters163 UV photocatalysts[104], and as anode
materials for batteries[101164165]  According to the MgO-TiO, equilibrium phase dia-
gram in air at atmospheric pressure!110166167] MgTi, O is only stable over the temper-
ature range of 403-1953K in equilibrium. It melts at around 1953 K and decomposes
to MgTiO; (geikielite) and TiO, at temperatures below around 403 K%, However,
the large positive entropy at high temperatures!®8792%1 and the slow kinetic of the
Mg/ Ti interchange at low temperatures (below 973 K)1878%93110] a]low the metastable
MgTi,O5 with an orthorhombic pseudobrookite structure and various Mg/ Ti disorder
to be formed and employed in a wide temperature range 8287881 Synthesis, structural
characterisation and thermodynamic stability of the endmember MgTi,Os are of funda-
mental importance for understanding the structures and properties of the isostructural
pseudobrookite-type solid solutions.

MgTi,O5 exhibits anisotropic physical and mechanical properties. The thermal ex-
pansion anisotropy and elastic modulus anisotropy for MgTi,O5 are found to show an
opposite trend. Bayer!??! observed that the largest thermal expansion occurs in the
[001] direction and the smallest expansion occurs in the [100] direction. It is due to the
fact that the coefficient of thermal expansion for Ti-O bonds (~6 x 107 K™!) is half
that for Mg-O (~14+2 x 107K 121, Hazen and Yang![®”! investigated the depen-
dence of bulk moduli on the Mg/Ti order by studying the high pressure compress-
ibility of MgTi,O5 single crystals in the range of 0-8 GPa in diamond anvil cells. The
result showed the [100] direction of MgTi,O5 to be the most compressible and [001]
the least!””], which can be explained by the different bulk moduli of MgO, octahedra
(170 GPa) and TiO, octahedra (250 GPa) (191, However, up to now, the elastic stiffness
coefficients of MgTi,O5 have not been investigated theoretically or experimentally. In
order to probe the elasticity of fully ordered MgTi,Os5, lattice dynamical calculations
are carried out based on density functional theory.

Cation distribution affects the structural and vibrational properties of MgTi,O5 1%,
Lennie et al.l??] systematically investigated the dependence of lattice parameters and
octahedral parameters on Mg/Ti disorder. However, effect of Mg/Ti disorder on the
vibrational properties has not been determined. According to group theory, the or-
thorhombic pseudobrookite-type MgTi,O5 has 24 Raman modes (8Ag + 5B1¢ + 3By +
8B3g), 21 infrared modes, of which 18 are optic (7By, + 7By, + 4B3,) and 3 are acoustic
(B1y + By + Bsy), as well as 3 silent modes (3A,). There have been several Raman and
infrared spectroscopy studies on MgTi,O5 observing Raman spectra that expand up
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4 MgTizO5

to around 1500 cm ! 1621681 and reporting 3 discernible infrared peaks in the range of

400-1000 cm 111621691701 " Theoretical methods are capable of providing an analogous
assignment of the vibrational modes, which allows to establish a direct relationship
between cation ordering and vibrational properties. Therefore, experimental measure-
ments and DFT calculations are employed to correlate optic properties of MgTi,O5 with
Mg/ Ti disorder.

The Mg/Ti disorder contributes to the heat capacity of MgTi,O5 and thermody-
namic models have been proposed 838792931, The molar Gibbs free energy of MgTi,O5
consists of a configurational contribution as well as a lattice vibrational contribution[®l.
The simple configurational component can be described as —TS onsig, where the con-
figurational entropy Sconfig is @ function of the cation disorder parameter X (X is de-
fined in page 8)[873l. The vibrational component is represented by model parameters,
which are estimated from the measured high-temperature relative enthalpies 8392931,
Only very few experimentally determined data for vibrational enthalpy and entropy
of MgTi,O5 have been reported, which demands a low-temperature heat capacity mea-
surement. The heat capacities of MgTi,O5 powder (197 g, purity > 99.5%) between 50 K
and 298 K was measured using a quasi-adiabatic low-temperature calorimeter, from
which the vibrational entropy of MgTi,O5 at ambient temperature was estimated to
be 127.2(8) JK~ 111711721 Though the sample was probably disordered MgTi,O5*!, no
detailed structural information of the sample including the cation distribution was re-
ported in the study[17!l. Here, we have measured the low-temperature heat capacities
of MgTi,O5 with different Mg/Ti disorder parameters and calculated the vibrational
entropies and enthalpies of MgTi,Os.

4.2 Experimental and computational approaches

4.2.1 Sample preparation

Powder samples of MgO and TiO, anatase (purity 99%, Merck, Germany) were used.
The MgO was pre-calcined at 1073 K for 2h. A mixture of the oxides with a stoichio-
metric molar ratio of 1:2 were first ball milled at 300 rpm for 3 h using a planetary ball
mill (Fritsch P7). Tungsten carbide milling balls (diameter 10 mm) were used and the
mass ratio of balls to powder was 20:1. Then the mixture was pressed into cylinders
(diameter 5mm, height 10 mm), followed by heat treatments at 1073-1473 K in air for
4-96h. Finally, the samples were cooled down by turning off the furnace and were
ground into fine powders for further characterisation. As a reference, the stoichiomet-
ric mixture without ball milling was ground, pressed, heat treated at 1273-1473 K in air
and then cooled within the furnace.

Two small pellets with dimensions 2x2x 0.5 mm were cut from the sample milled
for 3h and sintered at 1473 K. One pellet was measured without further treatment while
the other one was enclosed in a Pt foil and annealed at 873K for 60 days in order to
increase the Mg/ Ti order.

Figure 4.1 shows photographs of the MgTi,O5 cylinders and pellets under differ-
ent synthesis conditions. MgTi,O5 with a synthesis temperature of 1173 K is white in
colour. The colour of MgTi,O5 quenched at 1473 K is dark grey.
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Figure 4.1: Photographs of MgTi,Os. cylinders and the pellets for low temperature
heat capacity measurements. (a) The MgTi,O5 cylinders were synthesised
at 1173K and 1473 K, respectively. (b) The MgTi,Os5 pellet was synthesised
at 1473 K. (c) The MgTi,O5 pellet was annealed at 873 K.

4.2.2 X-ray diffraction

Powder X-ray diffraction data were collected on a X'pert X-ray diffractometer (PANa-
lytical) with Bragg-Brentano geometry over a 26 range of 10-140 ° using CuKw; radi-
ation (A=1.5406 A, 40kV, 30mA) at ambient conditions. In the incident beam path,
a curved Ge 110 monochromator, 0.5° divergence slit and 15 mm brass mask were
mounted. Around 20 wt.% silicon powder was added as an internal standard for a
long measurement with collecting time of around 17 h, using a step size of 0.002° and
200 s per step.

Rietveld refinements of the XRD data with pseudo-Voigt profile functions were car-
ried out using the GSAS programme[!?2] and the EXPGUI interface['?3l. Initial cell and
atomic parameters of MgTi,O5 and TiO, (rutile) were taken from the literature®2173].
The background was fitted by a Chebyshev polynomial with 8 terms. All atoms were
regarded as having isotropic thermal displacement parameters and chemical compo-
sitions of MgTi,O5 were treated as stoichiometric. Due to the small difference in scat-
tering power between the Mg?" ion and the Ti*" ion for this energy of X-rays, the site
occupancy was not refined but calculated from the ambient-temperature lattice param-
eter b using the linear relation mentioned in section 1.2.1 (page 8)[%2l.

4.2.3 Raman spectroscopy

Raman spectra of powders were collected in backscattering configuration at ambient
conditions with a micro-Raman spectrometer (Renishaw) using the 532 nm line of an
Nd: YAG laser (Lightwave). The spectral region ranged from 100 cm ! to 1500 cm 1. In
order to avoid sample degradation, the laser power was kept at 20 mW and the sample
was exposed for 10s. A 1800 groovemm ! grating was used and the Rayleigh line
filtered with an edge filter. The spectral resolution was 2 cm™!. The measurements were
done by Dr. Igor Alencar, Dr. Javier Ruiz-Fuertes and Dr. Lkhamsuren Bayarjargal.
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4.2.4 Low-temperature heat capacity

Low-temperature heat capacity of the two pellets was measured in the range of 2K
to 325K using PPMS (Quantum Design). At each temperature, the response to a heat
pulse was measured three times. The heat capacities of the empty holder containing
Apiezon N grease, with which the sample was thermally coupled to the sample holder,
was measured and subtracted from the data obtained for the samples. The data were
collected by Dr. Johannes Bauer. The enthalpies and entropies of MgTi,O5 were cal-
culated after fitting the measured heat capacity data by high-order polynomials for
different temperature ranges.

4.2.5 Density functional theory

DFT calculations were performed by Prof. Dr. Bjorn Winkler with commercial and
academic versions of the CASTEP programme using the generalised gradient approx-
imation (GGA) formalised by Perdew-Burke-Ernzerhof (PBE) with a plane wave ba-
sis set and normconserving pseudopotentials!140141l A fully ordered MgTi,O5 model
with lattice parameters of a =3.7317 A, b=9.7919 A and ¢=10.1112 A was constructed.
The maximum cutoff energy of the plane waves was 990 eV. A 8x8x4 Monkhorst-Pack
grid was employed to compute phonon frequencies and eigenvectors, corresponding
to a k-point separation less than 0.36 A~". Lattice dynamical properties of fully ordered
MgTi,Os5, such as the vibrational frequencies and intensities, the elastic stiffness coeffi-
cients and the low-temperature heat capacities were obtained, assuming the validity of
both the harmonic and adiabatic approximation 741,

4.3 Results and discussion

4.3.1 Mg/Ti disorder

After 3h of ball milling, no reaction occurred and the average crystallite sizes of the
starting materials (TiO, anatase and MgO) were decreased to around 500 nm, as esti-
mated by applying the Scherrer equation[7>176]. Pure MgTi,O5 was obtained after a
heat treatment at 1173 K. Figure 4.2 shows the Rietveld refinement results of XRD data
of pure MgTi,O5 synthesised at 1173 K.

Table 4.1 summarises the synthesis conditions and Rietveld refinement results of
MgTi,Os5. The required synthesis temperature decreased from 1373K to 1173 K after
3h of ball milling. The unannealed MgTi,O5 had a Mg/Ti disorder parameter varying
from 0.30(1) to 0.37(1), which was drastically reduced to 0.14(1) after annealing at 873 K.
Mg/ Ti disorder of MgTi,O5 was retained from the high-temperature cation configura-
tion. With the increase of disorder, the average M1-O1 bond length decreased while
the M2-0O1 bond length increased, which is in accordance with the literature 89,92]

The dependence of the disorder parameter X of MgTi,O5 on the synthesis condi-
tions is depicted in figure 4.3. It shows that ball milling prior to the heat treatment
causes an increase of the Mg/Ti disorder in MgTi,Os.
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Figure 4.2: Rietveld refinement results of XRD data of the pure MgTi,O5 synthesised at
1173 K. 10 wt.% silicon powder was added to MgTi,Os5 as an internal stan-
dard. The bottom black curve represents the difference between the ob-
served data (black circles) and the calculated (continuous red curve) data.
The bottom tickmarks indicate reflections of the crystalline phases.
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Figure 4.3: Dependence of the Mg/ Ti disorder parameter X on the synthesis condition.
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Table 4.1: Synthesis condition and Rietveld refinement results of XRD for MgTi,O5 with space group Cmcm and Z =4. Thermal
displacement parameters were fixed to reasonable values: Uis, (M1) = Uiso (M1) = 0.006 A? oxygen Uis, = 0.01 A2,
Estimated standard deviation (esd) in the last decimal digit is indicated with parentheses.

Milling time [h] 0 0 3 3 3 3 3
Sintering temp. [K] 1373 1473 1173 1273 1373 1473 1473
Sintering time [h] 4 4 15 4 4 4 4
Annealing temp. [K] 873
Annealing time [h] 1500
Purity [wt.%] 98(1) 99(1) 100 100 100 100 100
a[A] 3.7439(1)  3.7433(1) 3.7448(1) 3.7437(1) 3.7444(1) 3.7456(1)  3.7386(1)
b[A] 9.7384(1)  9.7381(1)  9.7422(1) 9.7422(1) 9.7432(1) 9.7463(1)  9.7192(1)
c[A] 9.9956(1) 10.0012(1)  9.9958(1) 9.9989(1) 9.9960(1) 9.9939(1) 10.0160(1)
V [A%] 364.44(1) 364.57(1) 364.67(1) 364.67(1) 364.71(1) 364.84(1) 363.95(1)
M1 (4c) sites
X 0.1937(4)  0.1939(3)  0.1931(1) 0.1935(1) 0.1939(4) 0.1954(2)  0.1921(2)
M2 (8f) sites
X 0.1353(2)  0.1352(2)  0.1354(1) 0.1350(1) 0.1357(2) 0.1391(1)  0.1332(1)
y 0.5650(2) 0.5649(2)  0.5643(1) 0.5645(1) 0.5644(2) 0.5636(1) 0.5656(2)
O1 (4c)
X 0.7698(9)  0.7734(8)  0.7718(3) 0.7732(3) 0.7728(4) 0.7595(5)  0.7850(5)
02 (8f)
X 0.0488(7) 0.0467(6)  0.0465(2) 0.0452(2) 0.0475(3) 0.0626(3)  0.0494(3)
y 0.1135(6)  0.1131(5)  0.1133(2) 0.1126(2) 0.1120(3) 0.1070(3)  0.1096(4)
03 8f)
X 0.3114(6) 0.3122(5) 0.3126(2) 0.3129(2) 0.3131(2) 0.3136(3)  0.3083(4)

y 0.0664(7)  0.0654(5) 0.0669(2) 0.0665(2) 0.0648(2) 0.0617(3)  0.0637(5)
M1-Ollength [A]  2.014(1)  2.025(3)  2.023(1) 2.026(1) 2017(1) 1975Q2)  2.076(2)
M2-Ollength [A]  2.067(1)  2.054(4)  2065(1) 2.059(1) 2075(1) 2.1092)  2.011(2)

01-M1-Ol angle [°]  136.8(1)  135.1(4)  1354(2) 1349(1) 1355(4) 1431(3)  1284(2)

Rup [%] 26.4 20.8 222 217 205 249 25.8

Ryvpb [%] 342 36.6 38.2 31.0 335 40.1 442
x> 1.10 1.09 0.98 1.04 1.01 1.15 115
Xt 0.30(1) 0.30(1) 033(1)  033(1)  034(1)  0.37(1) 0.14(1)

t The Mg/Ti disorder parameters X are calculated values: X = 8.6909b — 84.334 (921,
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4.3 Results and discussion

For all refinements, Ry, factors are relatively high and x> are less than 1. The
possible reason is the relative low intensity of the Bragg reflections with respect to the
background in the current experimental settings'177/178]. However, the refinements con-
verged quite satisfactorily, as indicated by figure 4.2.

4.3.2 Vibrational properties

Raman spectra of the MgTi,O5 samples are shown in figure 4.4. The spectra were nor-
malised to the most intense band in the sample with the smallest disorder parameter of
X =0.14(1) to facilitate a comparison. Due to the significant broadening present in all
samples, only 12 Raman modes were unambiguously identified. For the samples with
a larger X value, only 9 bands could be identified. As the Mg/Ti disorder increases,

the mode at 640(2) cm~! shows the most apparent blueshift within the resolution of our
Raman spectrometer (-2 cm™1).
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Figure 4.4: Raman spectra of MgTi,O5 which are distinguished by the disorder param-
eter X. The dashed line is a guide to the eye highlighting the Raman shift.
The short vertical bars show the observed Raman band positions where the
three in red colour are only valid for X =0.14(1).

Figure 4.5 (a) shows a comparison of the theoretical Raman spectrum of fully or-
dered MgTi,O5 to the measured Raman spectrum of MgTi,O5 with X =0.14(1). The
agreement of the computed maximum intensities with experimentally determined in-
tensities is outstanding. Figure 4.5 (b) gives a plot of the theoretical Raman shifts of
MgTi,O5 against the experimentally determined values. The agreement of the fre-
quency is very good except for the mode at 640(2) cm ™!, as indicated by the circle area.
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4 MgTi,Os

This mode is assigned to be the B14(5) Raman mode according to the calculation. Fre-
quencies of the B1¢(5) mode for the disordered MgTi,O5 are higher than that for fully

ordered MgTi,Os. The B14(5) Raman mode is a very sensitive indicator for cation dis-
order of MgTi,Os.
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Figure 4.5: (a) The theoretical Raman spectrum with band assignments of fully ordered
MgTi,O5, compared to the measured Raman spectrum of MgTi,O5 with

X =0.14(1). (b) The theoretical Raman shifts of MgTi,O5 against the experi-
mental determined values.

Table 4.2 shows the frequencies and assignment of our calculated and observed
Raman modes, as well as those previously reported in the literature1%>168]. The assign-

54
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ment was based on the frequency and the intensity of the Raman modes. Some Raman
modes overlap in frequency and might lead to questionable assignments, e.g. Ag(1)
and By;(2) Raman modes.

The simulated Raman spectrum of fully ordered MgTi,O5 distributed in the range
of 100-800cm ™!, a much limited frequency range than previously reported by Lier-
mann et al.l%] who assigned Raman modes up to 1500cm~'. Only one higher fre-
quency mode was observed in our experiments at around 905(2) cm ! which was as-
signed to an overtone due to the combination of the B14(3) Raman mode at 251(2) cm ™!
and Bi4(5) Raman mode at 650(2) cm ™. The origin of this band is very likely identical
to the previously reported Raman bands at 915cm~! and 913 cm ! [162168] " The exper-
imental Raman modes with frequencies higher than 800 cm™! in the literature!'*! are
probably overtones or combination bands.

Table 4.2: Theoretical and experimental Raman vibrational modes I' of MgTi,O5 from
this study as well as experimental values from the literature1°21%8 with esd
of the least-significant unit in parentheses. DFT calculation of Raman fre-
quency (cm~!) and Raman activity v was based on fully ordered MgTi,Os

(X=0).
Theory Experimental results
T X=0 7 X=014(1) X=0.37(1) X=0.0701168I X =0.485168 X unknown 162

Big(1) 144 201 155 160 165.3(3) 168(1) 165

Boo(1) 146 7

Bse(1) 193 9

Ag(1) 197 17

B14(2) 200 28 200 205 206.8(3) 198(1) 207

Boo(2) 203 10

B14(3) 245 243 250 252 260.7(5) 259

Ag(2) 256 153 263 265 270.34(3) 274(2)

B3o(2) 278 11

B3, (3) 284 8

Ag(3) 321 135 324 329.1(1) 323.8(8)

Ag(4) 364 29 364 359 369.9(1) 356(1)

B3o(4) 384 66 390

Ag(5) 415 85 417 421.9(1) 448(2)

Bsq(5) 448 4

Big(4) 473 249 477 484 499(13) 491

Ag(6) 477 61

B, (6) 488 27

Ag(7) 519 11 522(1)

Boo(3) 579 14 593(3)

B4(5) 604 790 640 650 632(1) 653(3) 654

B3, (7) 633 7

B3, (8) 766 8

Ag(8) 775 1137 784 782 789.92(1) 779.2(1) 798
Overtone 901 902 913.0(2) 908.7(4) 915
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Assuming the experimental data from this study and the literature['%®! are in an
equal weight, Raman frequencies of the B1¢(5) mode for MgTi,O5 have a linear depen-
dence on the Mg/Ti disorder parameter X: I'=629(1) +60(5) X cm ™!, as indicated in
figure 4.6. The extrapolated I' for fully ordered (X =0) and fully disordered (X =0.67)
is 629cm ™! and 669 cm ™!, respectively. The theoretical frequency of Bi,4(5) mode is
25cm~! lower than the extrapolated value. Nevertheless, the linear relation provides a
convenient way for the rapid detection of the Mg/ Ti ordering state of MgTi,O5.

In order to understand the high sensitivity of the B14(5) Raman mode on X, we
have calculated its eigenvector. A sketch is shown in figure 4.7. This mode has an un-
usual displacement pattern. It corresponds to a displacement of oxygens O1 parallel
to around [001], while all other atoms essentially remain stationary. The By¢(5) Ra-
man mode mode is related to two O1-M1-O1 bending movements and an anti-phase
stretching movement of two M2-O1 bonds, where the two M1 octahedra and two M2
octahedra share a same corner O1. The bending and stretching motions compete to in-
crease the frequency of the B14(5) Raman mode with the increase of the Mg /Ti disorder.
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Figure 4.6: Frequencies of the B;4(5) Raman mode for MgTi,O5 against the Mg/Ti dis-
order parameter X. The filled squares are experimental data from this study;,
while the open circles presents data from the literature!'%8l. The dashed line
is the linear fit of these two data sets which are assumed to carry equal
weight. As a comparison, the calculated value from the DFT calculation
is plotted in the filled triangle.

The computed infrared absorption of fully ordered MgTi,Os is depicted in figure
4.8. Wavenumbers and assignments of the 18 infrared-active modes are tabulated in
table 4.3, excluding the three acoustic modes with By, By, and Bs, symmetry. Concern-
ing both the wavenumbers and the intensities, the experimentally determined infrared

56



4.3 Results and discussion

Figure 4.7: Oxygen O1 motions corresponding to the B1,(5) Raman mode of fully or-
dered MgTi,Os5 in (100) plane. The red, green and gray spheres denote oxy-
gen atoms, M1 sites and M2 sites, respectively. Bonds between the Mg/Ti
cations and the oxygen anions are shown.

modes of disordered MgTi,Os at around 426 cm ™!, 505 cm ! and 648 cm 111691701 yyere
assigned to B3, (3), B3,(4) and B,,(6) modes, respectively. There is a 5-9% deviation be-
tween our theoretical infrared absorption bands and the reported experimental values.
The quality of the spectra in the literature!'%17% is too poor to be used to evaluate the
effect of Mg/ Ti disorder on IR frequencies of MgTi,Os.

B,(3)

—— DFT (fully ordered)

B, ()

Absorption (arb. unit)

B,(4)/B,(4)

|
T T T
0 250 500 750 1000

Wave number (cm'l)

Figure 4.8: Computed infrared absorption spectrum of fully ordered MgTi,Os.
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Table 4.3: Theoretical infrared vibrational modes I' and IR activity - of fully ordered
MgTi,O5 from DFT calculation and experimental IR frequencies in the litera-
ture[1991701 The three acoustic modes are not included.

Theory Experimental results
r X=0 ¢« X=0.11T1T X =0.34 1701

Biu(1) 119 3
Bi,(2) 208 94
Bou(l) 210 4
Bs(1) 240 27
B,(3) 257 12
B2 275 68
Bsu(2) 294 26
Bn(3) 322 12
Bi,(4) 361 0.1
Bou(4) 371 8
(
(
(
(
(
(
(
(

Bs,(3) 396 166 425.99
Bo(5) 437 27
Bi,(5) 451 30
By,(4) 538 10 509.8 505.30
Bi,(6) 561 02
By (6) 620 6 641.2 648.03

Bu(?) 723 6
Bo(7) 752 52

4.3.3 Elasticity

Table 4.4 lists the 9 independent elastic stiffness coefficients c;; of fully ordered MgTi,O5
derived from DFT calculations. The compression coefficients (c11, c22 and c33) as well
as the shear coefficients (c44, c55 and cgs) show some anisotropy. The compressibility
is smallest along the [100] direction and largest along the [001] direction, which shows
a same trend with the thermal expansion properties!??l. Because the TiO, octahedron
is more compressible than the MgOy octahedron'’], a decreasing elastic anisotropy is
expected during the structural transition of MgTi,O5 from fully ordered to fully disor-
dered, where c;; tends to decrease while c33 increases. Our elastic parameter calcula-
tions yielded a bulk modulus of 161(1) GPa for fully ordered MgTi,O5, which is close
to the reported value of 167(1) GPa!*’l.

Table 4.4: Elastic stiffness coefficients ¢;; of fully ordered MgTi,O5 from theory in GPa.

C11 €22 €33 C44 C55 Co6 C12 €13 €23
300(1) 269(1) 244(1) 76(1) 85(1) 53(1) 145(1) 105(1) 87(1)

Figure 4.9 is the representation surface of the longitudinal stiffness based on fully
ordered MgTi,O5 structure. No strong anisotropy is visible.
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4.3 Results and discussion

Figure 4.9: Representation surface of the longitudinal elastic stiffness of fully ordered
MgTi,Os.

4.3.4 Low-temperature thermodynamic properties

Figure 4.10 depicts the theoretical and the experimental low-temperature heat capac-
ities C, of MgTi,O5. The theoretical values obtained from DFT calculations of fully
ordered MgTi,Os are in reasonable agreement with our measured C,, and the reported
experimental Cp 7! of disordered MgTi,Os.

For disordered MgTi,O5 with X =0.14(1) and X =0.37(1), the measured C, in the
range 2-325 K were fitted by high-order polynomials in three temperature ranges, re-
spectively. The fittings are shown in figure B.1. Then the fitted values were used to
calculate the standard enthalpy H and entropy S° of disordered MgTi,O5 at 298 K us-
ing equations 2.6 and 2.7. The results are tabulated in table 4.5 and compared with the
literature['1. H? and S° of MgTi,O5 increased by 4.6(2)JK~! and 0.66(5) x 10%] with
the increase of Mg/Ti disorder from X =0.14(1) to X =0.37(1), respectively.

The standard entropy S° is a sum of the lattice vibrational contribution and the
configurational contribution. By assuming an equilibrium and random Mg/Ti distri-

bution in each set of the octahedral sites, the standard configurational entropy 52 . . of

MgTi,O5 at 298 K was associated with the disorder parameter X by equation 4.1879317],
Figure 4.11 plots S? of MgTi,O5 against the disorder parameter. As tabulated in ta-

config

ble 4.5, S° of MgTi,O5 with a fully ordered structure, X =0.14(1) and X =0.37(1)

config
were 0,7.6(4) and 13.4(2) JK1, respectively. With an increase of the disorder parameter
from 0.14(1) to 0.37(1), the excess configurational entropy was 5.9(6) J K~ 1.

sgmﬁg = — R[XInX + (1 — X)In(1 — X) "
+ XIn(X/2) + (2 — X)In(1 — X/2)] .

The standard lattice vibrational entropy S°. at 298 K was calculated by S — S°

vibra config’
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Figure 4.10: Low-temperature heat capacities C, of MgTi,Os. The continuous black
curve are the theoretical data of fully ordered MgTi,O5 from DFT calcula-
tions. The filled blue squares and the filled red circles show the measured
data of MgTi,O5 with X =0.14(1) and 0.37(1) from this study, respectively.
The open squares are the reported experimental data of MgTi,O5 with an
unknown X in the temperature range 50-298 K711,
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Figure 4.11: Evolution of the standard configurational entropy SY_ . . of MgTi,O5 with

the disorder parameter X. With the increase of X from 0.14(1) (the blue
square) to 0.37(1) (the red circle), S increased by 5.9(6) J K.
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4.3 Results and discussion

as shown in table 4.5. The value of Sgibra for MgTi,O5 with X =0.14(1) and 0.37(1)
was 117.2(4) and 116.0(2)JK1, respectively. They were smaller than the values of
134.24]JK~! from DFT calculation in this study and 149.55] K~! from thermodynamic

modeling in the literature[#3].

Table 4.5: Standard enthalpies (x 10%]) and entropies (J K~!) of MgTi,O5 at 298 K. Val-
ues shown in parentheses are esd’s in the last decimal place.

X=0(DFT) X=0.14(1) (exp.) X=0.37(1) (exp.) X=0(cal.)®l X unknown (exp.)!"”!]

HO 2343 22.12(3) 22.78(3)
S0 124.8(1) 129.4(1) 127.2(8)
0

S i 7.6(4) 13.4(2)

S 134.24 117.2(4) 116.0(2) 149.55

The experimental C, of MgTi,O5 with X =0.37(1) was higher than MgTi,O5 with
X =0.14(1) in the temperature range of 0-298 K. The differences, AC,, increased with
increasing temperature. The differences of enthalpies and entropies between the two
disordered samples of MgTi,O5 at low temperatures were calculated by integrating

ACp and % over temperature. Figure 4.12 plots AH and AS with temperature.

0.75

(a)

0.60 |-
0.45 -

0.30 |-

AH (x 10° J)

0.15 -

0.00

T T T T T
0 50 100 150 200 250 300
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ASJK™

. . . . .
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Figure 4.12: Low-temperature vibrational enthalpies AH (a) and entropies AS (b) be-
tween the two disordered MgTi,O5 with X =0.37(1) and X =0.14(1).
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4.4 Conclusion

Solid state synthesis of pseudobrookite-type compound MgTi,O5; was facilitated by a
mechanochemical activation process, as evidenced by the reduced synthesis temper-
ature of 1173 K compared to 1373 K without ball milling treatment. The Mg/Ti dis-
order of MgTi,O5 at ambient conditions varied from 0.14(1) to 0.37(1) and depended
on the synthesis conditions. For example, the mechanochemical activation process
led to a more disordered structure. Reliable predictions of the vibrational, elastic and
thermodynamic properties were achieved by DFT calculations based on fully ordered
MgTi,O5, which were in accordance with the experiments. A comparison between ex-
perimental and theoretical Raman and IR spectra showed that the vibrational prop-
erties of MgTi,O5 were sensitive to the Mg/Ti disorder. In particular, the Bi¢(5) Ra-
man mode blueshifted significantly with the increase of the Mg/Ti disorder and its
frequency correlated with the Mg/Ti disorder parameter by a linear relation, which
allowed a rapid detection of the ordering state of MgTi,O5. According to the calcula-
tion, a total standard entropy of 134.24JK~! and a bulk modulus of 161(1) GPa were
estimated for fully ordered MgTi,Os.
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5 7ny Mgl_XTi205 (O <x < 1) and CUXMgl_XTi205
(0<x <0.5)

5.1 Introduction

The synthetic compound MgTi,O5 and MgTi,Os-based solid solutions have attracted
much attention due to the pseudobrookite-type structure which bears distinct octahe-
dral M1 (4c) and M2 (8f) sites and can host di- and trivalent transition metal ions 1001,
Al,TiO5—MgTi,O5 solid solution improves the thermal stability and mechanical prop-
erties of the isostructural compound Al,TiO51%l. Investigations of FeTi,O5-MgTi,Os
solid solution are valuable in understanding the intermediate member of armalcolite
mineral (Fep5Mgp5Ti»O5) which is found in natural rocks, such as terrestrial igneous
and lunar basalt[7180181] " Replacement of the element Mg in MgTi,O5 by the diva-
lent element Zn, Co, Ni, Mn or Ca can enhance its practical application as microwave
dielectric ceramics1%%1%! and pigments 1011031,

Because of the high thermodynamic instability of the pseudobrookite-type struc-
ture under ambient conditions, many endmember compounds have not been obtained,
which blocks the studies of MgTi,Os-based solid solutions! %1821, Effect of cation sub-
stitution on crystal structure and properties of MgTi,O5 were rarely investigated 1031611,
The normal substitution fractions of Mg?* by other divalent cations were reported in
the molar ratio range of 5-20%!00102169] " In addition, the limitation of Ni** in the
NiTi,O5-MgTi,Os5 solid solution was only extended to 60% in molar ratio and the com-
pound NiTi,O5 was not discovered [1%]. As Ni?* possesses a special preference for the
octahedral site, Zn>* which strongly prefers the tetrahedral site was chosen as a com-
parison. Cu?*, which has a comparable Shannon radius with Mg?* and Zn?*, was also
employed to replace Mg?*.

Limited research has been reported on ZnTi,O5-MgTi,O5 solid solution, among
which only 5-10% Mg?* was substituted by Zn?* 10219l Huang and Shen!'%?! found
that replacing 5% Mg?" by Zn?* led to an increase of the unit cell volume of MgTi,Os.
However, Karande et al.[®! observed that the unit cell volume of the intermediate
compound Zng1Mgp9TipOs was smaller than that of MgTi,Os. The evolution of the
unit cell dimensions due to substituting Mg?" by Zn?" needs to be systematically in-
vestigated. Besides, Kapoor et al.['%] attempted to synthesise the endmember com-
pound ZnTi,O5 using an aerogel process but only obtained a composite of ZnTiO; and
TiO,. Here, mechanochemical activation assisted solid state synthesis with a subse-
quent quenching and self-propagating high-temperature synthesis were employed to
explore synthesis and crystal structures of the substitutional solid solutions ZnTi,O5—
MgTi,O5 and CuTi,O5-MgTi,O5 at ambient pressure.
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5.2 Experimental section

5.2.1 Sample preparation

The samples with compositions of Zn,Mg;_,Ti,Os (0 < x <1) were prepared from the
binary oxides (purity 99%, Merck) ZnO, MgO and TiO, (anatase) in stoichiometric
amounts. The interval of x was 0.1. MgO was calcined at 1073K for 2h. The mix-
ture of the oxides was ball milled at 300 rpm for 3 h using a planetary ball mill (Fritsch
P7). The material of the grinding bowls/balls was hard metal tungsten carbide and the
mass ratio of balls to powder was 10:1. Then the well-blended mixture was pressed
into small cylinders (diameter 5 mm, height 10 mm). The cylinders were heat treated
at 1473-1573 K for 2—4h in air, followed by a process of quenching the cylinders from
the synthesis temperature into a mixture of ice and water. Finally, the cylinders were
ground into powders using an agate mortar.

Some additional approaches were employed to synthesise the endmember com-
pound ZnTi,O5. In the first method, a stoichiometric composition of ZnO:TiO, =1:2
in molar ratio was used. The mixture was first ball milled at 750 rpm for 600 min and
then pelletised. Some of the pellets were sintered at 1473-1573 K for 4 h with a muffle
furnace in air while the other pellets were ignited using our SHS set-up (page 15) under
Ar atmosphere. In another method, a starting composition of ZnO: TiO, (anatase): x-
Ti=1:1.5:0.5 in molar ratio was used. The mixture was first milled at 750 rpm for
330 min under Ar atmosphere and then pelleted, and the pellet was ignited using the
SHS set-up under Ar atmosphere.

The samples Cu,Mg;_,Ti;O5 (0 < x <0.5) were prepared starting from the binary
oxides (purity 99%, Merck) CuO, MgO and TiO, (anatase) in stoichiometric amounts.
MgO was calcined at 1073K for 2h. The mixture of the oxides was ball milled at
300rpm for 3h using a planetary ball mill (Fritsch P7). The material of the grinding
bowls/balls was hard metal tungsten carbide and the mass ratio of balls to powder
was 10:1. Then the well-blended mixture was pressed into small cylinders (diameter
5mm, height 10 mm). The cylinders were heat treated at 1273 K for 4 h in air, followed
by a process of quenching the cylinders directly into a mixture of ice and water. Finally,
the quenched cylinders were ground into powders using an agate mortar.

Fig 5.1 shows photographs of Cu,Mg;_,Ti;Os5 and Zn,Mg;_,Ti»Os. Cation substi-
tutions led to changes of MgTi,Os in colour. CuyMg;_,TirOs are dark brown and black
while Zn,Mg; _,TirOs vary from light grey to dark grey.

5.2.2 X-ray diffraction

Powder X-ray diffraction data were collected on a X'pert diffractometer (PANalyti-
cal) with Bragg-Brentano geometry over a 26 range of 10-140 ° using CuKa; radiation
(A=1.5406 A, 40kV, 30 mA) at ambient conditions. In the incident beam path, a curved
Ge 110 monochromator, a 0.5 © divergence slit and a 15 mm brass mask were mounted.
An external method was employed to calibrate the diffractometer using silicon powder.
The collecting time of the samples was around 17 h, using a step size of 0.002 ° and 200's
per step.

Rietveld refinements of the XRD data for Zn,Mg;_,TiOs were carried out using
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Figure 5.1: (a) Cu,Mg;_,Ti,O5 with x = 0.2, (b) Cu,Mg;_,Ti,O5 with x = 0.5, (c)
Zn,Mg;_,Ti,Os with x=0, 0.2, 0.4, 0.6 and 0.8.

the GSAS programme!'??l and the EXPGUI interface['?®l. The peak shapes were de-
scribed by pseudo-Voigt profile functions. Initial cell and atomic parameters of MgTi,O5
and TiO, (rutile) were taken from the literature®>!73l. The background was fitted by
a Chebyshev polynomial with 8 terms. Thermal displacements of all atoms were re-
garded as isotropic. The positional parameters and Ujs, of the cations in the same set
of sites was constrained to be the same. Meanwhile, each site was constrained to be
fully occupied. Absorption correction, lattice parameters, positional parameters, Uis,,
profile parameters (GU, GV, GW, LX, LY) and the scale factor were refined.

Le Bail refinements of the XRD data for Cu,Mg;_,Ti;Os with pseudo-Voigt pro-
file functions were carried out using the GSAS programme!'??l and the EXPGUI inter-
facel'?’l. The lattice parameters and atomic parameters of MgTi,Os[*? were used as
starting structural models for Cu,Mg;_,Ti,Os. The background was described by a
Chebyshev polynomial with 8 terms. Besides, zero shift, lattice parameters and profile
parameters (GU, GV, GW, LX, LY) were refined.

5.2.3 Neutron diffraction

High-resolution powder neutron diffraction data for Zn,Mg;_,TiOs were collected
at ambient conditions on the D2B diffractometer of the Institut Laue-Langevin (ILL).
Two samples (x = 0.0 and 0.8) were measured with a typical sample mass of 5g. The
incident beam Ge 335 monochromator was mounted to produce a neutron beam with
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a monochromatic wavelength of 1.5946 A. The primary neutron beam was focused by
putting a collimator with vertical divergence of 1/6° and a horizontal slit of 30 mm
between the monochromator and the samples. Neutron intensities were collected in
the 20 range of 0-160° with a step size of 0.05°. The diffractometer was equipped with
128 detectors which were spaced at 1.25° intervals. In order to improve statistics, each
scan was repeated 10 times. The time for one measurement was around 4 h.

Rietveld refinement was employed to analyse the crystal structures of
Zn,Mg,_,TioOs with x=0.0 and 0.8. The profile of the reflections was refined with a
pseudo-Voigt profile function and the background was fitted using a Chebyshev poly-
nomial with 8 terms. Thermal displacements of all atoms were regarded as isotropic.
The positional parameters and U, of cations in the same set of sites were constrained
to be the same. Each site was constrained to be fully occupied.

5.2.4 Raman spectroscopy

Raman spectra of the products were collected in the range of 100-2000cm ! using a

Renishaw Raman spectrometer (RM-100) equipped with a Leica DMLM optical micro-
scope at ambient conditions. For excitation, the 532 nm line of a Nd: YAG laser with
an exposure time of 10-30s was used. The power was 2mW for Zn,Mg;_,Ti,Os and
20mW for Cu,Mg; _,TioOs. A quasi-backscattering geometry and a 1800 groove mm !
grating was employed. The data were collected by Dr. Lkhamsuren Bayarjargal.
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5.3 Results and discussion

5.3.1 Phase compositions

According to the XRD data, Zn,Mg;_,Ti,Os with 0 < x <0.9 and Cu,Mg; _,Ti,O5 with
0 <x <0.5 were synthesised by mechanochemical activation assisted solid state synthe-
sis. The solid solutions crystallised in an orthorhombic pseudobrookite-type structure
with space group Cmcm. Solid state synthesis of the endmember ZnTi,O5 from binary
oxides yielded a composite of x-Zn,TiO, and TiO, (rutile). Though no propagation oc-
curred in the SHS reactions, high temperature was achieved to generate the endmember
ZnTi,Oj in the SHS product by using a-Ti in the starting materials.

Table 5.1 summarises the synthesis conditions and purities of the Zn,Mg;_,Ti>Os
and Cu,Mg;_,Ti,Os5 solid solution. The purity of Zn,Mg;_,TiOs depended on the
synthesis temperature. For 0 < x <0.6, 99(1) wt.% purities were achieved at 1473 K. At
the same temperature, the purity slightly decreased to 96(1) wt.% when the molar frac-
tion of zinc increased to 70%. Therefore, the synthesis temperature of Zn,Mg;_,TixOs
with x > 0.7 was increased to 1573 K. The sample with x = 0.8 had a purity of 96(1) wt.%
while for x =0.9 the purity decreased dramatically to ~30wt.%. During the Rietveld
refinement, the chemical compositions of Zn,Mg;_,Ti,Os with x <0.8 were treated as
stoichiometric. The synthesis temperature of CuyMg;_,Ti,Os was 1273 K. Since reflec-
tions of the impurity phase TiO, (rutile) were at the background level, chemical com-
positions of Cu,Mg;_,Ti,Os were treated as stoichiometric for the sake of simplicity.

Table 5.1: Synthesis conditions and purities of Zn,Mg;_,Ti,Os with 0 <x <1 and
Cu,Mg;_,TipO5 with 0 <x <0.5.

anMgl_XTizo5 ZnTizOS Cungl_xTiQO5
Method Solid state synthesis SHS set-up Solid state
Chemical composition 0<x<06 x=07 x=08 x=09 ZnTi, O3 0<x<05
Speed of milling [rpm] 300 300 300 300 750 300
Time of milling [h] 3 3 3 3 3 3
Temperature [K] 1473 1473 1573 1573 1273
Holding time [h] 2 2 4 4 4
Purity [wt.%] 99(1) 96(1) 96(1) ~ 30 19 minor CuO

Figure 5.2 shows a picture of the cylinder by employing SHS reaction of ZnO, TiO,
and a-Ti. The reaction occurred at the top part of the cylinder which was the origin of
the ignition. The XRD pattern of the product (the top part of the cylinder) indicates a
new crystalline phase, which could not be identified by any known compound in the
ZnO-TiO, binary system?%183]_ Le Bail refinement result shows an orthorhombic sym-
metry with lattice parameters of 3.7188(25) A for a,9.7886(25) A for b and 10.1205(25) A
for c. These values are comparable with lattice parameters of MgTi,Os.

A Rietveld refinement of XRD for the SHS product was carried out by assuming
the new crystalline phase as an orthorhombic pseudobrookite-type ZnTi,O5 phase. The
positional parameters and Ujs, of the atoms for ZnTi,O5 were based on MgTi,Os. Fig-
ure 5.3 presents the Rietveld refinement result. The reaction yielded 19 wt.% ZnTi,Os
and the impurities included TiO, (rutile), Zn,TiO, (spinel) and ZnTiO;. The formation
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Figure 5.2: The product for the synthesis of ZnTi,O5 starting from ZnO, TiO, and «-
Ti using the SHS set-up. The reaction occurred at the ignition point of the
cylinder (top part).

of ZnTi,O5 by employing the SHS set-up is attributed to an extremely high ignition
temperature and the high thermal conductivity of -Ti metal (21.9 Wm ! K~1) with re-
spect to oxides. In addition, the starting composition and the super-fast cooling rate of
the reaction are responsible for stabilising ZnTi,O5 at ambient conditions.

5.3.2 Rietveld refinements for MgTi ;05

Structural parameters of the endmember MgTi,O5 were obtained by refining the X-ray
diffraction and neutron diffraction data for the samples with a synthesis temperature
of 1273 K and 1473 K. The Mg/Ti disorder parameter X was calculated from the linear
relation with lattice parameter b (page 8), which was 0.38 for MgTi,O5 synthesised at
1273 K and 0.4 for 1473 K.

The XRD data were refined by using fixed values for the site occupancy and the
thermal displacement parameter. The thermal displacement parameter U;s, of cations
and anions was constrained to be 0.005 A2 and 0.01 A2, respectively. The zero shift,
scale factor, backgrounds, lattice parameters, atomic positional parameters and profile
parameters were refined simultaneously to achieve convergence.

The site occupancy and the thermal displacement parameter were refined for the
ND data. Constraints were added to have a full occupation of the M1 and M2 sites.
The value of Ui, (M2) was fixed to be 0.005 A due to the unphysically small value in
the refinement. In the final Rietveld refinement results, convergence was achieved by
refining the zero shift, scale factor, backgrounds, lattice parameters, atomic positional
parameters, thermal displacement parameter, site occupancies and profile parameters
simultaneously.

Table 5.2 lists the Rietveld refinement results for MgTi,O5. Figure 5.4 shows Ri-
etveld refinements of neutron diffraction for MgTi,O5 with X = 0.4. As inferred from
the stoichiometric atomic fraction and Ryp value, the ND results are reasonable. The
XRD and ND results of this sample agree well with each other. They show very small
differences with the single crystal XRD data of MgTi,O5 with X = 0.404(5)!81.
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Figure 5.3: Rietveld refinement result of XRD for the SHS product. The bottom black curve represents the difference between the
observed data (black circles) and the calculated (continuous red curve) data. The tickmarks indicate reflections from
crystalline phases including ZnTi,Os, TiO, (rutile), Zn,TiO, (spinel) and ZnTiO;.
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5.3 Results and discussion

Table 5.2: Rietveld refinement results of X-ray diffraction and neutron diffraction for the
orthorhombic pseudobrookite-type endmember MgTi,O5 with space group
Cmcm. The thermal displacement parameter U, has a unit of x 0.01 A2, The
values without error bars have been fixed in the refinement. The results are
compared with single crystal XRD data from the literature®’].

X =038 (XRD) X=04(XRD) X=04(ND) X =0.4 (Lit.I)

Unit cell
a[A] 3.74509(5) 3.74643(2) 3.74445(5) 3.7464(4)
b[A] 9.7488(2) 9.75128(6) 9.75223(13) 9.7461(6)
c[A] 9.9909(2) 9.98896(6) 9.99307(13) 9.9875(4)
V [A%] 364.768(7) 364.922(5) 364.914(6) 364.67(4)
p [gem™3] 3.644 3.642 3.636 3.644
X 0.38 0.4 0.392(3) 0.404(5)
M1 (4c) sites
X 0.1927(4) 0.1921(2) 0.1906(5) 0.19241(7)
Uiso 0.5 0.5 0.71(12) 0.71(4)
Mg?* 0.62 0.6 0.610(3) 0.596(5)
Titt 0.38 0.4 0.390(3) 0.404(5)
M2 (8f) sites
x 0.1353(2) 0.1353(1) 0.1349(3) 0.13523(4)
y 0.5644(2) 0.5636(1) 0.5602(3) 0.56386(4)
Uiso 0.5 0.5 0.5 0.62(3)
Mgt 0.19 0.2 0.192(3) 0.202(5)
Ti*t 0.81 0.8 0.808(3) 0.798(5)
O1 (4c)
x 0.7669(8) 0.7672(4) 0.7687(1) 0.76906(23)
Uiso 1.0 1.0 0.85(3) 1.13(6)
02 (8f)
x 0.0468(6) 0.0471(3) 0.0469(1) 0.04670(15)
y 0.1137(5) 0.1164(3) 0.1155(1) 0.11550(17)
Usso 1.0 1.0 0.81(2) 1.10(4)
O3 (8f)
x 0.3110(6) 0.3132(3) 0.3113(1) 0.31197(16)
y 0.0690(6) 0.0688(3) 0.0684(1) 0.06764(16)
Uiso 1.0 1.0 0.70(2) 0.98(5)
Atomic fraction
Total Mg?*+ 1 1 0.995 1.00
Total Ti** 2 2 2.005 2.00
Rietveld agreement factors
Ryp [%] 23.7 39.1 3.9 2.3
Ryepb [%] 33.5 49.5 4.4
X2 1.1 0.9 6.5
5.3.3 Rietveld refinement results for Zn  ;Mgq_,Ti»Os

Rietveld refinements of XRD for Zn,Mg;_,TiOs were carried out by fixing the site oc-
cupancies and thermal displacement parameters due to the excessive structural param-
eters, including 3 lattice parameters, 8 atomic positional parameters, 5 U;s, parameters,
6 cationic site occupancies and 5 profile parameters.
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For x < 0.6, the structural model is built by setting 80% Ti** and 20% Zn?" in the
M2 octahedral sites. The M1 octahedral sites were occupied by Zn%t, Mg2+ and 40%
Ti**. The thermal displacement parameters Uis, for cations and oxygen were fixed
at 0.5 and 1 x 1072 A2, respectively. Convergent refinements were achieved and the
difference curves between the observed and calculated X-ray reflection intensities were
narrow, indicating reasonable structural models. Figure 5.5 shows Rietveld refinement
results of Zn,Mg;_,Ti;O5 with x =0.4 in a short 20 range of 15-65°.

Table 5.3 summarises Rietveld refinement results of XRD for the Zn,Mg;_,Ti,Os
solid solutions with 0<x <0.6. A full site occupancy for each set of sites was con-
strained. With the increase of x, the unit cell volume and density of the solid solutions
both increased. The goodness of fit was smaller than 1.0 and Ry factors were high. One
reason is that too much data points were collected ['#4]. As the samples were quenched
from 1473-1573 K, texture could existed. Another reason is because of the inaccurate
site occupancies and Ui, values. The small deviation of chemical compositions of the
solid solution from their ideal composition would also lead to an increase of the gap
between the calculated and observed values.

For Zn,Mg; _,Ti;O5 with x =0.7 and 0.8, Rietveld refinements of XRD were carried
out by setting several different site occupancies of the cations. The refinement strate-
gies and results are tabulated in table 5.4. Thermal displacement parameters Ui, of the
cations and oxygen anions were fixed at 0.5 and 1 x 10~2 A2, respectively. For both sam-
ples, the models of incorporating 60% Zn* into the M1 (4c) sites generally achieved
better results than those having 70% Zn?* in the M1 (4c) sites. The best site occupancies
was 60% Zn>*, 10% Mg?* and 30% Ti** in the M1 (4c) sites and the Rietveld refinement
results are shown in figure 5.6.

Rietveld refinement of neutron diffraction for x = 0.8 was employed by fixing Ui,
of the cations in the M2 sites to be 5 x 1073 A2, Two constraints were added to keep
a full site occupancy of the M1 (4c) sites and the M2 (8f) sites. The site occupancy of
Ti*" in each set of sites was divided into two parts. One part was constrained with
Zn%" in the same sites and the other part was constrained with Mg?" in the same sites.
Convergence was achieved by refining zero shift, background, scale factor, lattice pa-
rameters, atomic positional parameters, Ujs, parameters, cationic site occupancies and
profile parameters simultaneously. The results are tabulated in table 5.4 and plotted in
figure 5.7. The refined atomic fraction of cations agreed well with the stoichiometric
chemical composition, indicating reliable site occupancies.

The result of neutron diffraction for x = 0.8 is tabulated in table 5.4. It shows
58.5(3)% Zn?" occupying the M1 (4c) sites, which is consistent with the structural
model of setting 60% Zn?* in M1 in the XRD data. Site occupancies of ZnyMg;_,TirOs
with x =0.8 are almost the same with the XRD results of strategy 2 in table 5.4. It con-
firms a reasonable structural model of the XRD data.
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Table 5.3: Rietveld refinement results of XRD for Zn,Mg;_,Ti;O5 with 0 <x <0.6 using fixed values for site occupancies and
thermal displacement parameters. The solid solution was refined using an orthorhombic pseudobrookite-type struc-

ture with space group Cmcm. The thermal displacement parameter Ui, has a unit of x 0.01 A2,

x=0.0 x=0.1 x=02 x=03 x=04 x=05 x=0.6

Unit cell

a[A] 3.74643(2) 3.74386(2)  3.74083(2)  3.73828(2)  3.73542(2)  3.73169(1)  3.72841(1)

b[A] 9.75128(6)  9.75812(5)  9.76247(5)  9.76747(4)  9.77258(4)  9.77567(4)  9.78154(5)

c[A] 9.98896(6) 10.00192(5) 10.01304(5) 10.02488(4) 10.03825(4) 10.05195(4) 10.06418(5)

V [A%] 364.922(5) 365.401(3)  365.674(2)  366.044(2)  366.443(2)  366.692(2)  367.037(2)

p [gem™3] 3.642 3.712 3.784 3.855 3.925 3.997 4.067
Site occupancy

Zn** (4c/8f) 0/0 0.1/0 0.2/0 0.3/0 0.4/0 0.5/0 0.6/0

Mg?* (4c/8f) 0.6/0.2 0.5/0.2 0.4/0.2 0.3/0.2 0.2/0.2 0.1/0.2 0/0.2
M1 (4c) sites

X 0.1921(2) 0.1921(2) 0.1910(1) 0.1900(1) 0.1896(1) 0.1888(1) 0.1884(1)

Uiso 0.5 0.5 0.5 0.5 0.5 0.5 0.5
M2 (8f) sites

X 0.1354(1) 0.1355(1) 0.1353(1) 0.1352(1) 0.1347(1) 0.1346(1) 0.1343(1)

Yy 0.5636(1) 0.5637(1) 0.5639(1) 0.5643(1) 0.5643(1) 0.5649(1) 0.5649(1)

Uiso 0.5 0.5 0.5 0.5 0.5 0.5 0.5
O1 (4c)

X 0.7669(4) 0.7668(4) 0.7667(4) 0.7651(5) 0.7642(5) 0.7635(4) 0.7600(7)

Uiso 1.0 1.0 1.0 1.0 1.0 1.0 1.0
02 (8f)

X 0.0470(3) 0.0495(3) 0.0461(3) 0.0448(3) 0.0447(3) 0.0429(3) 0.0435(4)

y 0.1162(3) 0.1135(3) 0.1144(3) 0.1155(3) 0.1165(3) 0.1179(3) 0.1155(4)

Uiso 1.0 1.0 1.0 1.0 1.0 1.0 1.0
03 (8f)

x 0.3130(3) 0.3120(3) 0.3127(3) 0.3146(3) 0.3140(3) 0.3174(3) 0.3174(4)

Yy 0.0688(3) 0.0669(3) 0.0662(3) 0.0651(3) 0.0637(2) 0.0629(2) 0.0662(4)

Uiso 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Rietveld agreement factors

Rwp [%] 39.1 39.1 39.0 38.8 38.6 39.7 41.2

Rypb [%] 49.5 45.8 484 474 41.6 45.7 46.1

x> 0.9 0.9 0.9 0.9 1.0 1.0 1.1
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Table 5.4: Rietveld refinement strategies and results of X-ray diffraction and neutron diffraction for Zn,Mg;_,Ti,Os with x=0.7
and 0.8. Thermal displacement parameters Uis, have a unit of x 1072 A2. The values without error bar have been fixed
in the refinement.

x=0.7 (XRD) x=0.8 (XRD) x=0.8 (ND)
a[A] 3.72536(2) 3.72135(2) 3.72134(4)
b[A] 9.78700(5) 9.79117(6) 9.78623(12)
c[A] 10.07842(5) 10.09127(6) 10.09588(13)
o [gem 3] 4.137 4.208 4216
M1 (4c) sites
Zn?* 0.6 0.6 0.7 0.7 0.6 0.6 0.8 0.585(3)
Mg+ 0.1 0.1 0.1 0.119(3)
Titt 0.4 0.3 0.2 0.3 0.4 0.3 0.2 0.296(3)
X 0.1870(1) 0.1873(1) 0.1869(1) 0.1862(1) 0.1870(1)  0.1874(1) 0.1865(1) 0.1872(3)
Usso 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.38(7)
M2 (8f) sites
Zn%t 0.05 0.05 0.1 0.1 0.101(5)
Mg?* 0.15 0.1 0.1 0.15 0.1 0.05 0.1 0.034(5)
Titt 0.8 0.85 0.9 0.85 0.8 0.85 0.9 0.865(5)
X 0.1337(1)  0.1336(1) 0.1337(1) 0.1345(1) 0.1348(1)  0.1347(1) 0.1352(1) 0.1365(2)
y 0.5657(1) 0.5655(1) 0.5657(1)  0.5684(1) 0.5654(1) 0.5653(1)  0.5659(1) 0.5600(3)
Uiso 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
01 (4¢)
x 0.7668(5)  0.7680(5) 0.7666(5)  0.7634(5) 0.7682(5)  0.7690(5)  0.7682(5) 0.7736(1)
Usso 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.02(4)
02 (8f)
X 0.0386(4) 0.0392(4) 0.0386(4) 0.0298(4) 0.0453(3) 0.0417(3)  0.0393(3) 0.0464(1)
y 0.1179(3) 0.1166(3) 0.1181(3) 0.1347(4) 0.1151(3)  0.1150(3) 0.1179(3) 0.1141(1)
Usso 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.90(3)
O3 (8f)
x 0.3210(3) 0.3202(3)  0.3207(3)  0.3258(4) 0.3173(3) 0.3170(3)  0.3182(3) 0.3128(1)
y 0.0624(3) 0.0628(3) 0.0625(3)  0.0654(3) 0.0626(3)  0.0635(3)  0.0623(3) 0.0648(1)
Uiso 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.99(3)
Ryp [%] 41.0 39.41 40.28 46.19 36.2 35.67 37.65 2.7
Rywpb [%] 46.5 44.78 45.83 52.14 37.2 36.18 38.53 35

x> 1.0 0.97 1.01 1.33 0.9 0.83 0.92 44
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5 ZnyMgy_xTi;Os (0<x < 1) and CuxMg1_xTi»Os (0<x<0.5)

5.3.4 Structural changes in the Zn Mg;_,Ti»Os5 solid solution

Lattice parameters of the Zn,Mg;_,Ti,Os solid solution with 0 <x <1 were plotted
against the composition, as shown in figure 5.8. The complete solid solution system
ZnTi,O5-MgTi,O5 obeyed Vegard’s law. A similar linear correlation has been reported
for Zn,Cu;_,Fe,0,18 and Zn,Ni; _,Fe;Oy spinels!'#8l. Extrapolating the line to x = 1.0
gave a=3.7158(26) A, b=9.7997(33) A, ¢ =10.1159(26) A and V =368.37(31) A for end-
member ZnTi,Os5. The experimentally determined lattice parameters of ZnTi,O5 devi-
ated only slightly (£ 0.11%) from the extrapolated values, which confirmed the forma-
tion of pseudobrookite-type ZnTi,O5 by using the SHS set-up. The unit cell volume
increased with increasing 7Zn%t. However, the results are different with the values in
the literature 1921691,
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Figure 5.8: Lattice parameters of the solid solution Zn,Mg;_,TioOs with 0 < x < 1. The
filled squares represent the samples quenched at 1473 K, which are fitted
linearly. The open diamonds denote the sample quenched at 1573 K, while
the open squares show the SHS product of ZnTi,Os5. The open squares and
circles are data in the literature[10%169],

Cation distribution in the M1 (4c) sites of the Zn,Mg;_,Ti;O5 solid solution is
demonstrated in figure 5.9. Both XRD results and neutron diffraction results are shown.
The endmember MgTi,Os5 has 40% Ti** and 60% Mg?* in the M1 (4c) sites. With the in-
creasing incorporation of Zn?* up to 60%, Mg?* in the M1 sites was gradually replaced
by Zn?**. Zn?" preferably incorporated into the larger M1 octahedra. When more than
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5.3 Results and discussion

60% Mg?" was substituted by Zn?>*, 60% Zn>* occupied the M1 octahedra and the ex-
tra part of Zn%t was forced into the M2 octahedra. Meanwhile, Ti*t in the M2 sites
exchanged with Mg?" in the M1 sites.
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Figure 5.9: Site occupancy in M1 (4c) of the solid solution Zn,Mg; _,Ti;Os with 0 < x <
0.8. The open symbols show XRD results while the filled symbols show
neutron diffraction results.

Figure 5.10 presents the M-O bond lengths of the Zn,Mg;_,Ti»Os solid solution.
M1-03, the largest of M1-O bond lengths, increased significantly with the substitution
of Mg?* by Zn?>*. Meanwhile, M1-O2, the smallest of M1-O bond lengths, decreased
moderately. Changes of the M1-O bond lengths show that incorporation of Zn?* in
ZnMg;_,TirOs led to an increased distortion of the M1 octahedra. Among the M2-
O bond lengths, with increasing Zn?* only M2-02" and M2-O3 shortened while the
others expanded. The distortion of the M2 octahedra increased with increasing Zn**.
Variation of the M-O bond lengths is summarised in table 5.5.

Table 5.5: Variation of the M-O bond lengths of Zn,Mg;_,Ti,Os with increasing
amount of Zn?* from 0 to 0.8.

M1-01 M1-02 M1-O3 M2-O01 M2-02 M2-02" M2-O3 M2-0O3F
A —0.62% —111%  7.98% 1.62% 5.73% —3.80% —1.58%  4.48%

Table 5.6 tabulates the M1-M2 and M2-M?2 bond lengths of the Zn,Mg;_,Ti>Os
solid solution. With the replacement of Mg?" by Zn?", the M1-M2 bond lengths in-
creased. The M2-M2 bond length, between two M2 octahedra which share the O2-02
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Figure 5.10: The M1-O and M2-O bond lengths of the Zn,Mg;_,Ti;Os solid solution
with 0 <x <0.8. Filled squares represent the samples quenched at 1473 K
while open diamonds denote the sample quenched at 1573 K. The lines are
guides for the eye.

edges, remained a constant value of 2.94(1) A. The other M2—M2 bond lengths, between
two M2 octahedra which share the O3-O3’ edges, increased by 2.24%.

Table 5.6: Bond lengths of M—-M (A) in the Zn,Mg;_,Ti;Os solid solution with 0 < x <
0.8 based on Rietveld refinements of XRD data.

x 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

M1-M2 3.181(3) 3.186(1) 3.190(1) 3.196(1) 3.200(1) 3.209(1) 3.213(1) 3.222(1) 3.224(1)
3.132(3) 3.131(1) 3.138(1) 3.143(1) 3.148(1) 3.150(1) 3.155(1) 3.162(1) 3.158(1)
M2-M2 2930(2) 2935(2) 2.935(2) 2939(2) 2.933(2) 2.939(2) 2.935(2) 2.930(2) 2.949(2)
3.182(2) 3.181(2) 3.187(2) 3.192(1) 3.198(2) 3.204(1) 3.210(1) 3.225(2) 3.209(2)
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5.3 Results and discussion

Figure 5.11 shows the evolution of the M2-O1-M2 and M2-O1-M1 bond angles
of Zn,Mg;_,Ti;O5 (0 < x <0.8). With the increase of Zn*t, M2-O1-M2 drastically de-
creased (—3.37% at maximum) while M2-O1-M1 slightly increased (+0.82% at maxi-
mum). It shows a decreasing kinking angle between the M2 octahedra which share the
corner atom O1.
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Figure 5.11: Bond angles of M2-O1-M2 (a) and M2-O1-M1 (b) in the solid solution
Zn, Mg, TioOs with 0 <x <0.8. Filled squares represent the samples syn-
thesised at 1473 K while open diamonds denote the sample synthesised at
1573 K.
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5.3.5 Raman spectra of Zn Mgq_,TiOs

Figure 5.12 shows Raman spectra of Zn,Mg;_,Ti;Os with 0 < x < 0.8 which were nor-
malised to the band with the smallest wavenumber. Raman bands of Zn,Mg;_,Ti,Os
are distributed in the range of 1001000 cm !, which is similar to the isostructural end-
member MgTi,Oj (figure 4.4). Line broadening of the Raman spectra was observed and
the Raman bands overlapped. Based on the previous DFT calculations of fully ordered
MgTi,Os, some of the Raman bands were identified unambiguously.

Intensity (arb. unit)
= = =
Iy

0 250 500 750 1000

Raman shift (cmﬁl)

Figure 5.12: Raman spectra of the Zn,Mg;_,Ti;Os solid solution which were nor-
malised to the band with the smallest wavenumber. The bottom tickmarks
show theoretical Raman frequencies of fully ordered MgTi,Os.

Zn, Mg, TiOs with x =0.9 and the endmember ZnTi,O5 were also characterised
by Raman spectroscopy. The results are shown in figure 5.13. The most intense Raman
bands were indexed to the TiO, (rutile) phase[l%]. Due to the broadening of Raman
bands, only one band at 175(2) cm ™! was recognized for Zn,Mg;_,TiOs with x = 0.9,
which was assigned to be the Bj¢(1) Raman mode. No Raman mode was observed for
ZnTi,Os.

Figure 5.14 shows the most obvious Raman shifts in the Zn,Mg;_,Ti;Os solid so-
lution. Substitution of Mg?* by Zn?* led to a significant blueshift of the B14(1) Raman
mode, a strong redshift of the A¢(3) Raman mode, and slight redshifts of the B14(3) and
B1¢(5) Raman modes. As known from figure 4.7, the B14(5) Raman mode of MgTi,Os5
corresponded to the displacement of the cornersharing atoms O1 parallel to [001]. With
increasing Zn?" in Zn,Mg;_,Ti2Os, the M1-O1 bond length shortened by —0.62% and
the M2-0O1 bond length elongated by 1.62%. Consequently, the energy for O1-M1-O1
bending and M2-O1 stretching along c direction increased and decreased, respectively.
Raman frequency of the B14(5) Raman mode was influenced by both motions.
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Figure 5.13: Raman spectra of Zn,Mg;_,Ti»Os with x=0.9 and ZnTi;Os. Fraction of
Zn,Mgq_,TirOs5 is ~30wt.% for x=0.9 while 19 wt.% for ZnTi;Os. The
blue tickmarks show the first and second order Raman scattering of the
TiO, rutile phase'8l. The black tickmarks indicate theoretical Raman fre-
quencies of fully ordered MgTi,Os. Several weak Raman modes could not
be indexed and are marked with red texts.

As a comparison, replacing Mg?* by Zn?* and exchanging Mg?* (4c) with Ti**
(8f) both led to a reduction of the bond length M1-O1 and an increase of the bond
length M2-O1. However, the B14(5) mode shifted towards a lower wavenumber due
to the Zn?" replacement while moved to a higher wavenumber due to the Ti*" ex-
change. Reason for the contrary trend of Raman shift of B14(5) mode was probably that
the M1-O1 bending stiffness was smaller than the M2-O1 stretching stiffness for the
former case while larger than the stretching stiffness for the latter. In the solid solution
Zn,Mg;_,TirOs, substitution of Mngr in the M1 (4c) sites by Zn** caused weakening
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5 ZnyMgy_xTi;Os (0<x < 1) and CuxMg1_xTi»Os (0<x<0.5)

of the M1-O1 bending motion along [001] direction.

The B1¢(3) Raman mode corresponded to displacements of the cornersharing O1
along [010] direction. The O1 motion comprised of a bending vibration of the M1-
O1 bond and a stretching vibration of the M2-O1 bond. The intensity of this mode
decreased gradually with the increase of Zn?>* and disappeared at x = 0.6. It was due
to the increasing cation substitution in the M1 (4c) sites. Thus replacing of Mg2+ by
Zn?* in the Zn,Mg;_,Ti;Os solid solution not only caused a redshift in frequency of
the B1¢(3) Raman mode but also resulted in a disappearance of the intensity.
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Figure 5.14: Raman shifts of the Raman modes for the Zn,Mg;_,Ti»Os solid solution.
(a) B1g(1) Raman mode, (b) B14(3) Raman mode, (c) A¢(3) Raman mode and
(d) B1g(5) Raman mode.

The overtone at around 900 cm ™!, which was experimentally observed in the dis-
ordered MgTi,O;5, appeared in Raman spectra of the Zn,Mg;_,Ti,Os solid solution.
The Raman frequency of the overtone redshifted with the increase of zinc concentra-
tion, as shown in figure 5.15. As the overtone was interpreted to be a combination of
B1¢(3) and B14(5) Raman modes, a sum of the two modes was calculated and compared
with the experimental frequencies. The calculated values are slightly smaller than the
observed values. The redshift of the overtone was ascribed to redshifts of B14(3) and
B1¢(5) Raman modes (figure 5.14).

84



5.3 Results and discussion

910 T T T T T T T T T
m O Experimental data
O Calculated values
900 % i
o ;

' 9
1

0.0 0.2 0.4 0.6 0.8 1.0

Raman shift (cmgl)

X

Figure 5.15: Raman shift of the overtone at around 900 cm ! for Zn,Mgq_,TiyOs. Filled
squares represent the samples synthesised at 1473 K while open diamonds
denote the sample synthesised at 1573 K. Open circles indicate the sum of
B1¢(3) and B1¢(5) Raman modes.

5.3.6 Le Bail refinement results for Cu Mgq;_,Ti»O5

The XRD data of CuyMg;_,TioOs with 0 < x < 0.5 were analysed by Le Bail refinements.
The zero shift, background parameters, lattice parameters and profile parameters were
refined. Table 5.7 lists the Le Bail refinement results for Cu,Mg;_,Ti;Os. Figure 5.16
gives a typical Le Bail refinement result for x = 0.5.

Figure 5.17 presents the variation of lattice parameters and unit cell volume V with
molar fraction of copper in Cu,Mg;_,Ti»Os. The change of 2 was very small while b
increased slightly. With the increase of Cu?t, ¢ remained unchanged at a low copper
concentration and slightly decreased at x > 0.5. As a result, V held a constant value of
364.99(6) A3.

As a comparison, the complete replacement of Mg?* by Zn?* led to a volume in-
crease of 0.9%, as shown in figure 5.8. Though Shannon ionic radii of the octahedrally
coordinated Mg?* (r=0.72 A), Cu®* (r=0.73 A) and Zn?** (r=0.74 A) are close, unit cell
dimensions of the Zn,Mg;_,Ti,Os and Cu,Mg;_,Ti;Os solid solutions are different
from each other. The possible reason is that the cations have different crystal field split-
ting energies and electronegativity.
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5.3 Results and discussion

Table 5.7: Le Bail refinement results of XRD for Cu,Mg;_,Ti,Os with 0 <x <0.5. The
solid solution was refined using an orthorhombic pseudobrookite-type struc-
ture with space group Cmcm.

x=0.1 x=02 x=03 x=04 x=0.5
Unit cell
a[A] 3.74537(1)  3.74504(4) 3.74910(1) 3.74985(1)  3.75022(1)
b[A] 9.7496(2)  9.7527(2)  9.7525(2)  9.7519(2)  9.7560(2)
c[A] 9.9941(2)  9.9926(2)  9.9835(2)  9.9827(2)  9.9774(2)
V [A%] 364.944(1) 364.973(1) 365.031(1) 365.048(1) 365.047(1)
Profile parameters
GU 66.2(2) 259(3) 22.6(2) 18.1(2) 3.7(2)
GV -20.909) -109(2) -8.6(1) -7.9(1) -0.6(1)
GW 6.6(2) 13.8(2) 1.33(1) 1.07(2) 1.13(2)
LX 3.07(4) 4.29(6) 0.45(1) 0.50(1) 0.37(2)
LY 0.76(7) 2.08(1) 0.84(2) 1.28(3) 1.86(2)
Rietveld agreement factors
Rwp [%] 43.2 423 29.6 37.0 37.4
Rupb [%] 47.6 48.0 31.5 37.2 50.0
x> 1.1 1.1 1.1 1.1 1.0
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Figure 5.17: Lattice parameters of the samples Cu,Mg;_,TiO5 which have an or-
thorhombic pseudobrookite-type structure with space group Cmcm.
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5.3.7 Raman spectra of Cu Mg;_,Ti,Os5

Raman spectra of the Cu,Mg;_,Ti»Os solid solution with 0 <x <0.5 were normalised
to the intensity of the first band, as plotted in figure 5.18. Only a few Raman modes
were identified unambiguously due to serious broadening of the Raman modes. As-
signments of the Raman modes for Cu,Mg;_,TirOs are based on the theoretical Raman
frequencies and intensities of fully ordered MgTi,O5 (see figure 4.5 and table 4.2).
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Figure 5.18: Raman spectra of Cu,Mg;_,TipOs normalised to the intensity of the first
band.

Frequencies of the Raman modes for Cu,Mg;_,Ti;Os are tabulated in table 5.8.
Almost no shift was observed for the B14(2) mode with a frequency of 202(3) cm ! while
the overtone at around 900 cm~! was too broad to be identified for x > 0.3.

Table 5.8: Assignment of Raman modes I for the pseudobrookite-type Cu,Mg;_,TirOs
solid solution with 0 <x <0.5 based on the theoretical Raman frequencies
and intensities of fully ordered MgTi,O5 (figure 4.5 and table 4.2).

T x=00 x=01 x=02 x=03 x=04 x=0.5

B (1)  155(2) 157(2) 157(2) 155(2) 158(2) 160(2)
Bo(2)  201(2) 201(2) 201(2) 201(2) 203(2) 203(2)
Big(3)  248(3) 247(3) 245(3) 242(3) 243(3) 245(3)
B,(5)  648(2) 646(2) 643(2) 635(2) 637(2) 640(2)
)
)

Ag®)  777(2)  778(2) 772Q2) 777(2)  772(2)  777(2)
Overtone 901(3) 898(3) 892(3)

Figure 5.19 shows Raman shifts of the By¢(1), B14(3), B14(5) and A¢(8) Raman modes
with the molar fraction of Cu?* in Cu,Mg; ,TioOs. The Big(1) Raman mode had a
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5.3 Results and discussion

stable frequency of 155(2) cm~! for x below 0.3 and shifted slightly towards higher fre-
quencies at a higher content of copper. In addition, the frequency of the B1¢(3) Raman
mode decreased from 248(2) cm ™! to 242(2) cm~! with the increase of x from 0.0 to 0.3,
and then increased slightly to 245(2) cm ™! for x = 0.5. A similar trend was observed for
the frequency of the B14(5) Raman mode, which decreased from x = 0 to 0.3 and then
increased at 0.3 <x <0.5. Fsor x below 0.3, the redshifts of the B14(3) and B14(5) Ra-
man modes are consistent with the redshift of the overtone at around 900 cm . Aq(8)
Raman mode fluctuated in the employed range of solid solution and was positioned at
around 775(3) cm™1.
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Figure 5.19: Raman shifts of the Bi¢(1), B1g(3), B14(5) and A¢(8) Raman modes for the
solid solution Cu,Mgj_,Ti;Os.

In order to evaluate the cation distribution, Raman spectra of the Cu,Mg;_,TirOs
solid solution were compared with those of Zn,Mg;_,Ti,Os. The frequency of the
B1¢(3) Raman mode lowered by 7(2) cm~! due to the incorporation of 30% Cu®*t, which
was close to the decrease of 6(2) cm ™! due to the incorporation of 80% Zn?*. However,
replacement of 30% Mg?" by Cu?" led to a reduction of 13(2) cm ! in frequency of the
B14(5) Raman mode, which was nearly double of the frequency reduction of 6(2) cm™!
caused by the substitution of 90% Mg?*" by Zn?*. The blueshifts of the B14(3) and Bi4(5)
Raman modes for \Mg;_,TixOs at x, > 0.3 indicate a movement of Ti** from the M2 to
M1 octahedral sites.

In both solid solutions, the relative intensity of Bi¢(3) mode to B1g(5) mode de-
creased with increasing replacements of Mg?t by Cu?*/Zn?". However, the relative
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5 ZnyMgy_xTi;Os (0<x < 1) and CuxMg1_xTi»Os (0<x<0.5)

intensity of Bi4(2) to Big(1) decreased in Zn,Mg; ,Ti»Os while kept at around 1 in
Cu,Mg;_,TipOs. Changes in the Raman frequencies and intensities of the solid solu-
tions are ascribed to different site occupancies of the cations.

5.4 Conclusion

The complete solid solution Zn,Mg;_,Ti;Os was synthesised by mechanochemical ac-
tivation assisted solid state synthesis and by employing the self-propagating high-
temperature synthesis set-up. It crystallised in the orthorhombic pseudobrookite-type
structure with space group Cmcm. Vegard’s Law was obeyed in the complete solid so-
lution. With increasing substitution of Mg?" by Zn?", the lattice parameter a decreased
while b and ¢ increased, which resulted in around 1% increase of the unit cell volume.

Structural parameters of Zn,Mg;_,Ti,Os with 0 < x < 0.8 were refined by using X-
ray and neutron diffraction data. Zn?>* preferred to replace Mg?* in the M1 sites up to
an atomic fraction of 60%. At x > 0.6, 60% Zn*" occupied the M1 sites and the extra part
of ZnZt incorporated into the M2 sites. Meanwhile, almost an equivalent amount of
Ti** moved from the M1 to M2 sites to exchange with Mg? " in the M2 sites. Variation
of the M-O bond lengths and M—-O-M bond angles indicated a decreasing kinking
angle between the cornersharing M2 octahedra with the increase of zinc concentration.

Raman modes of Zn,Mg;_,TioOs were assigned based on Raman frequencies and
intensities of fully ordered MgTi,Os. Due to the replacement of Mg?* by Zn?* in the
MT sites, B1g(1) Raman mode blueshifted while A¢(3), B14(3) and By¢(5) Raman modes
redshifted. Moreover, the intensity ratio of B¢(2) to Big(1) mode and that of By4(3) to
B1¢(5) mode both decreased, which was caused by the increasing cation disorder in the
M1 sites.

By a combination of mechanochemical activation and solid state synthesis, the
Cu,Mg;_,Ti;Os solid solution with 0 <x <0.5 was synthesised at a temperature of
1273 K. The replacement of Mg?" by Cu®" led to no change of the orthorhombic sym-
metry of MgTi,O5. Though lattice parameters varied slightly, the unit cell volume of
Cu,Mg; ,Ti,Os remained 364.99(6) A3. Due to substituting Mg?* by Cu?*, frequen-
cies of both B1¢4(3) and Bi4(5) Raman modes slightly redshifted for copper below 30%
and blueshifted at a higher content of copper. Meanwhile, the relative intensity of the
B1¢(3) mode to the B14(5) mode decreased while the Bi¢(2) Raman mode had the same
intensity as the Bi¢(1) Raman mode. It was deduced that incorporation of more than
30% Cu?* led to the movement of Ti** from the M2 (8f) to M1 (4c) sites.
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6 TisSizZx with Z=Bor O

6.1 Introduction

Self-propagating high-temperature synthesis (SHS) has been shown to be an effective
technique to synthesise endmember Zn,TiOs in the Zn,Mg; _, Ti,Os solid solution, and
thus was employed to investigate interstitial solid solutions based on Ti5Si;.

The intermetallic compound TisSi; with Mn;sSis-type structure, as described in
hexagonal symmetry with space group P63/mcm (no. 193), has a high melting point of
2403 K and a high enthalpy of formation of —579 k] /mol from the elements'®”]. TiSi,
has been synthesised by various methods including chemical/physical vapour depo-
sition, rapid thermal processing, casting or powder metallurgical processes and self-
propagating high-temperature synthesis! 18181, Figure 6.1 shows the crystal structure
of TizSi;[1%°l. Til (4d) atoms are in distorted octahedral coordination by Si and form
a linear chain parallel to [001]19%1°1. Ti2 (6¢) atoms constitute the shared triangular
faces of a trigonal antiprismatic chain extending along the [001] direction!'*1°1l. Each
Ti2 atom is linked to Si atoms, which builds connections between the octahedra and
trigonal antiprisms and globally results in a hexagonal structure 1201911,

Figure 6.1: Crystal structure!*! of Ti;Si; with hexagonal symmetry and space group
P63 /mcm: (a) view parallel [110] and (b) view parallel close to [001].

Solid solutions of Ti5Si3Z, (Z =B, C, N, O and x < 1.0) retained the same structure
as endmember TisSi; and the interstitial atoms Z occupied the centre of the trigonal an-
tiprisms 1911921, Lattice parameters of TisSi, varied with the type and content of intersti-
tial atoms 1911931, Here, self-propagating high-temperature synthesis was employed to
synthesise the interstitial solid solutions TisSi3Z, by using a-Ti, Si and NaBH, as start-
ing materials. NaBH, has a low melting temperature and decomposes in the reaction.
It serves as a boron source.
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6 TisSizZyx withZ =B or O

6.2 Experimental details

6.2.1 Sample preparation

Firstly, self-propagating high-temperature synthesis of Ti5Si; was revisited. A mixture
with a molar ratio of Ti:Si=5:3 was prepared by fully grinding titanium (purity 99%,
~ 40 ym, sigma-Aldrich) and silicon (purity > 99%, ~ 40 ym, sigma-Aldrich) powders
using a mortar. Then the mixture was pressed into cylinders with a green density of
60% (diameter 6 mm, height 15 mm), under an axial force of 80bar for 20s. After that,
the cylinders were ignited by a tungsten coil in the solid flame set-up under argon
flow and then cooled down to ambient temperature in argon atmosphere. Finally, the
products were crushed and ground into powders.

Additionally, Ti5Si; product a fraction of 5-40 wt.% was added to the stoichiomet-
ric starting materials as a retardant. Then self-propagating high-temperature synthesis
was carried out on the mixture in the same conditions as demonstrated previously.
Consequently, a series of diluted samples were prepared and ground into powders.

Atlast, 1-4 wt.% NaBH, (~ 40 um, sigma-Aldrich) was added to the stoichiometric
starting materials. The mixture was pressed into cylinders with green densities of 85—
95% under axial forces of 30-120bar for 20s. Solid flame reactions were conducted on
the cylinders and the obtained samples were ground into powders.

6.2.2 X-ray diffraction

Around 10wt.% silicon powder was added to each sample as internal standard. X-
ray diffraction data were collected on a PANalytical X'Pert Pro X-ray diffractometer
equipped with a CuK,; radiation source (Ge 110 monochromator, A =1.5406 A, 45kV,
35mA). The measurements were carried out in Bragg-Brentano geometry and spinning
mode (2 revolutions per second) over a 26 range of 10-110° with a step size of 0.0016°.
One measurement took around 14 hours.

Rietveld refinement of the XRD data was employed to determine lattice parame-
ters, positional and isotropic thermal displacement parameters of atoms and the frac-
tion of the crystalline phases using the GSAS!?2l and EXPGUI!?3 packages. The initial
structure models were taken from the literature 14191, The background was refined by
a Chebyshev polynomial with 8 terms while the profile parameters were refined using
a pseudo-Voigt function.

6.3 Results and discussion

Revisiting of self-propagating high-temperature synthesis of Ti;Si; yielded a pure Ti5Si;
phase (space group P63/mcm), which was in accordance with the literature[189196-198]
As observed by Yeh and Hsu!'%7], a mechanochemical activation procedure of the start-
ing materials (Ti:Si=5:3 in molar ratio) for 10 h led to the formation of a second phase
Ti5Siy in the self-propagating high-temperature synthesis of Ti5Si;. Hence, mechano-
chemical activation was not employed in the experiments.
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6.3 Results and discussion

Table 6.1 tabulates the phase composition of the samples with 0-40 wt.% dilution
and the Rietveld refinement results using the XRD data. Crystalline phase of the prod-
ucts remained Ti5Si; when the dilution was less than 10 wt.%. With further increase
of the dilution, impurities emerged. The main one was Ti5Si,, along with TiSi,, TiSi
and some unknown reflections that were hard to index because of the weak reflection
intensity.

Table 6.1: Phase composition of the samples with 0—40 wt.% dilution obtained by self-
propagating high-temperature synthesis and Rietveld refinement results us-

ing the XRD data.
Dilution [wt.%] Si [wt.%] Products Reduced x> Rup
0 15.4(2) Ti5Sis 1.12 20.87%
5 13.5(3) TisSi, 1.12 21.40%
10 17.7(3) Ti5Sis 1.30 23.31%
15 17.9(3) Ti5Sis, TisSiy 1.67 23.99%
20 21.8(2)  TisSis, Ti5Siy, TiSi, 1.43 22.48%
25 21.9(2)  TisSis, TisSi,, TiSi, 1.35 21.65%
30 17.0(7)  TisSi,, TisSiy, TiSi 1.30 23.03%
35 17.4(5)  TisSis, TisSi,, TiSi 1.35 23.68%
40 17.2(2)  TisSis, TisSiy, TiSi 1.37 19.42%

In the X-ray diffraction patterns obvious splitting of the reflections was observed
for TisSiz in the whole 26 range, indicating two Ti5Si; phases with different unit cells.
Though refining the data with one Ti5Si; phase or two TizSi; phases both achieved
convergence, results with two phases were better than with one phase, as shown in
figure 6.2. Hence all samples were refined using two TisSi; phases. Figure 6.3 presents
the Rietveld refinement results for the samples with no dilution and 20 wt.% dilution.
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Figure 6.2: Rietveld refinement results in the selected 20 range for the sample with a
dilution of 30 wt.% using one Ti;Si; unit cell (a) and using two Ti5Si; unit
cells (b).

Figure 6.4 shows the evolution of lattice parameters of Ti;Si; with the increase of
dilution by refining using two unit cells. 2 and c values of the Ti5Si5(1) phase were stable

93



6 TisSizZyx withZ =B or O

900 " T T T T T

(a) Ti,Si, without dilution = L(obs)
I (cal)
= 600 —— 1 (obs) — I (cal) 7
g | I Reflection positions
,e' 300 E E B
&
2 ol L ” A N D U
Z Tisi | )Y R T R I T R A B R T T A
£ 300 - . - | ““L'YJ , — - S
10 . 20 . 30 . 40 . 50 60 70
20(°)
1200 T T T T T T T T T T
(b) 20 wt.% dilution o I(obs)
o= 800} I (cal)
X —— I (obs) — I (cal)
§ I I Reflection positions
g 400 + E i
z 0 ¢ 4 S". A A ‘J ‘—“—h-
E I R e R O B VR B T A B TR AN o B I TR
Q
S .400 | 4
S 2} . vL A ‘F\A’ f T - "
10 20 30 40 50 60 70
20(°)

Figure 6.3: Rietveld refinement results in 26 = 10-70° of the samples with different dilu-
tions by using two Ti5Si; phases. (a) the sample without dilution and (b) the
sample with a dilution of 20 wt.%.

for all dilutions, while for the Ti5Si5(2) phase a decreased at high dilutions (> 20 wt.%)
and ¢ kept constant.

For the TizSi5(1) phase, 1=7.446(1) A was smaller than 2=7.459(1) A of the pure
Ti5Si; while ¢ =5.143(2) A was also smaller than ¢=5.152(1) A of the pure Ti5Si; (911 1t
probably contained an interstitial atom oxygen, which was introduced due to porosity
of the cylinders and came from the starting materials. As estimated from lattice param-
eters of TisSizOy in the literature[191192] the Ti5Si5(1) phase had a formula of Ti5SizO,
with x around 0.3. The Ti5Si5(2) phase disappeared at a high dilution of 40 wt.%. Con-
sidering the formation of impurities at high dilutions, the TisSi;(2) phase indicated
Ti5Siz with an increasing silicon deficiency.

Table 6.2 tabulates the synthesis condition, phase composition and Le Bail refine-
ment results of the samples containing 1-4 wt.% NaBH, obtained by self-propagating
high-temperature synthesis. An impurity of Ti5Si; phase emerged when fraction of
NaBH, was above 2 wt.%.

In the XRD data splitting of the reflections from Ti5Si; was much more obvious
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Figure 6.4: Evolution of lattice parameters of Ti;Si; with increasing dilution by refining
using two unit cells. The results were compared with pure Ti5Si; phase in
the literature'911.

Table 6.2: Synthesis conditions, phase composition and Le Bail refinement results of
the samples containing 1-4wt.% NaBH, by using self-propagating high-
temperature synthesis.

NaBH, [wt.%] Density  Press Products Reduced x? Rwp

1 85%  30bar TisSi, 1.20 22.69%
2 85%  30bar TisSi, 1.17 22.66%
3 95%  30bar  TisSis, TisSi, 0.97 20.40%
3 95%  60bar  TisSis, TisSi, 1.14 22.03%
3 95%  120bar TisSis, TisSi, 0.96 20.76%
3 90%  60bar  TisSi,, TisSi, 0.95 20.28%
3 90%  80bar TisSiy, TisSi, 1.24 22.11%
3 90%  90bar  TisSi,, TisSi, 1.36 24.59%
3 80%  60bar  TisSis, TisSi, 1.05 20.31%
4 85%  30bar TisSis, TisSi, 1.21 23.29%
4 85%  120bar TisSis, TisSi, 0.94 20.10%

than the samples with 0-40wt.% dilution. However, only Le Bail and no Rietveld re-
finement was performed on the X-ray diffraction data of the samples containing NaBH,
because the interstitial atoms could not be detected by powder X-ray diffraction. Fig-
ure 6.5 shows Le Bail refinement result of the sample containing 3 wt.% NaBH, in the
range of 20 =40-43°, which clearly indicated two TisSi; phases in the sample. Some
interstitial atoms were incorporated into Ti5Si; forming Ti5SizZy.

Figure 6.6 shows the evolution of lattice parameters of TisSi3Z, in the samples
containing 1-4 wt.% NaBH, based on Le Bail refinement results. The phase TisSiz(1)
had a contracted unit cell and the interstitial atoms might be oxygen/sodium. In the
other phase, both a and ¢ expanded as compared to pure Ti5Si; phase, increasing from
a=7.459(1) A, c=5.152(1) Al to 7 = 7.468 A, ¢ = 5.172 A. The lattice parameters were
very close to those of TisSizB, with x = 0.5: a = 7.478 A and ¢ = 5.179 A[1%2]. Therefore,
this phase was determined to be Ti5Si3B, with x around 0.5.

95



6 TisSizZy withZ =B or O

g

=)

<

&

2

D

j & "

9 " i A - i

0 R
1S Ti5Six(1) | \ [
TigSis(2) | \ \

o g oot i o

40 l;l 1‘12 1‘13
26 ()
Figure 6.5: Le Bail refinement result in 20 =40-43° of the sample containing 3 wt.%
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Figure 6.6: Lattice parameters of TizSi3Z, in the samples containing 1-4 wt.% NaBH,
where Z refers to oxygen/sodium in one phase and denotes boron in the
other phase.

6.4 Conclusion

Self-propagating high-temperature synthesis of TisSi; with a dilution of 0-40 wt.% from
the stoichiometric elements yielded Ti5Si; and TisSi3Oy (x around 0.3). With a dilution
above around 20 wt.%, Ti5Si; phase had an increasing silicon deficiency as indicated by
the decrease of lattice parameter 2. When 1-4 wt.% NaBH, was added into the stoichio-
metric mixture of Ti and Si, obvious splitting of reflections were observed in the XRD
patterns of the samples. It was due to the formation of TisSi3B, and TisSizZ, (Z = oxy-
gen/sodium), which led to an expansion and contraction of the unit cell, respectively.
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7 Summary and outlook

A series of Ti*"-containing solid solutions have been synthesised. The synthesis ap-
proaches include: (i) conventional solid state synthesis of MgTi,O5 from oxides, (ii) me-
chanochemical activation assisted solid state synthesis of the spinel-type Cu,Zn;_,TiOy,
the pseudobrookite-type Zn,Mg;_,Ti,Os and CuMg;_,Ti,Os from oxides, (iii) me-
chanochemical activation assisted self-propagating high-temperature synthesis of end-
member ZnTi,O5 from oxides and a metal, and (iiii) self-propagating high-temperature
synthesis of the Mn;Sis-type TizSi3Zy (Z=B/O) from elements and a hydride. The
impurities of ZnO and CuO in Cu,Zn;_,TiOy4 solid solution with 0 <x <0.7 were re-
moved by soaking the samples in the acetic acid solution. For Cu,Zn;_,TiO4 with x
around 0.75 and 0.86, a minor amount of CuO co-existed with the spinel phase. More-
over, the disordered MgTi,O5; was annealed at 873K for a long time in order to im-
prove the Mg/Ti order. Meanwhile, a quenching process was employed for MgTi,O5
and its solid solutions in order to retain their high-temperature structures. Purities of
Zn,Mg;_,Ti,Os with 0 <x <0.8 and CuyMg;_,Ti,Os were above 96 wt.%. Purity of
Zn,Mg;_,TiOs with x = 0.9 and ZnTi;Os was 30 wt.% and 19 wt.%, respectively. Two
TisSi3Zy phases were generated for the self-propagating high-temperature synthesis of
TisSi3 with additions.

Rietveld refinements of Cu,Zn,_,TiO4 cubic spinels using neutron diffraction data
were carried out with several strategies. When variable thermal displacement parame-
ters of the cations were allowed, Zn%", less than 0.01 Cu?t and no more than 0.02 Ti**+
in molar fraction occupied the tetrahedral 8a sites. When thermal displacement pa-
rameter of the cations was fixed to be Uig, = 0.005 A2, at maximum 0.04 Cu2" and 0.04
Ti*t+ incorporated into the tetrahedral 8a sites. With increasing incorporation of Cu?t,
the lattice parameter decreased linearly for x < 0.6 and contracted more strongly with
higher copper contents. The positional parameter and isotropic thermal displacement
parameter of the anions increased with increasing copper in the solid solution range
of 0.0 <x <0.86(5). The average octahedral bond length increased while the average
tetrahedral bond length held the same value. The structural changes as well as incom-
plete solubility of the Cu,Zn;_,TiO4 solid solution were ascribed to local Jahn-Teller
distortions around Cu?".

The pseudobrookite group with an orthorhombic symmetry, another dense oxide,
has been much less studied than spinels. Both experimental and theoretical approaches
were employed to investigate the endmember MgTi,Os5. Structural changes and vi-
brational properties of the pseudobrookite-type solid solutions Zn,Mg;_,Ti,Os and
Cu,Mg;_,TipO5 were compared. The synthesis temperature of MgTi,O5 was reduced
to 1173K due to the mechanochemical activation process. With increasing exchange
of Ti** in the M2 (8f) sites with Mg?" in the M1 (4c) sites, the B1¢(5) Raman modes
blueshifted linearly. Vibrational properties and low-temperature thermodynamic prop-
erties of MgTi,O5 varied with the Mg/Ti disorder.
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7 Summary and outlook

A new endmember ZnTi,O5 was discovered by employing the self-propagating high-
temperature synthesis set-up and using the mechanical activated mixture of Ti metal,
TiO, (anatase) and ZnO, showing a high crystallisation temperature of ZnTi,Os.
Zn,Mgq_,Ti,Os with 0 <x <0.8 were synthesised at temperatures of 1473-1573K
whereas CuyMg;_,TioOs with 0 < x < 0.5 was obtained at 1273 K. Rietveld refinements
of the X-ray and neutron diffraction data for Zn,Mg;_,Ti;Os solid solution showed
that Zn?T preferably substituted Mg?" in the M1 sites at x < 0.6. At a higher content of
zinc, 0.6 Zn?* occupied the M1 sites while the other part of Zn?* incorporated into the
M2 sites. Zn?>* in the M2 sites forced a migration of Ti*" from the M2 to MT1 sites to
exchange with Mg?" in the M1 sites.

The structural and vibrational properties of Zn,Mg;_,Ti;O5 and Cu,Mg;_,TixOs
solid solutions depended on the type and site occupancy of the cations. The unit cell
of MgTi,O5 expanded significantly and linearly due to the replacement of Mg?* by
Zn?* while no obvious change was observed with the substitution of Mg?* by Cu?*.
Zinc induced a linear increase of b and a decreasing kinking angle of the edgeshar-
ing chain of the M2 octahedra. With the increase of x, the B1¢(5) Raman mode red-
shifted in Zn,Mg;_,Ti,Os whereas the mode first redshifted and then blueshifted in
Cu,Mg;_,TipOs. This indicated different site occupancies of the two solid solutions.
Neutron diffraction data are capable to reveal the accurate cation distributions. A sys-
tematic investigation of structural changes using in situ time-of-flight neutron diffrac-
tion under high (p, T) conditions can provide thermodynamics of cation exchange in
the pseudobrookite-type structure.

The attempt to synthesise hexagonal Ti5Si3 with small interstitial atoms by using self-
propagating high-temperature synthesis is successful. More efforts could be made for
synthesis of pure interstitial solid solutions by SHS.
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A CuyZn, 4 TiOy4 cubic spinels

Figure A.1: Picture of the samples being soaked in the acetic acid solution (25vol.%
CH3;COOH and 75vol.% H,O) by using glass tubes. The samples have
nominal compositions of Cu,Zn,_,TiO4 before the soaking treatments.

Table A.1: Structural parameters of the co-existing CuO in the sample Cu,Zn,_,TiO4
with x=0.86(5) as compared with literature values of the pure phase CuO
and their differences A 1992001,

This study Lit. [199,200] A
Space group C2/c¢ (no.15) C2/c (no. 15)
z 4 4
a[A] 4.6912(3) 4.6837(5) —0.16%
b[A] 3.4177(2) 3.4226(5) +0.14%
c[A] 5.1350(4) 5.1288(6) —0.12%
BI°] 99.40(2) 99.54 +0.14%
Oy 0.41805(8) 0.4184(13)  +0.08%
Uiso (Cu) [x 0.01 A2] 0.76(3)
Uiso (O) [x 0.01A2] 0.62(5)
Cu(2)-0-Cu(3) [°] 145.94(3) 145.82 —0.08%
Cu(1)-O-Cu(4) [°] 109.02(3) 108.85 —0.16%
Cu(2)-O-Cu(4) [°] 103.96(3) 104.03 +0.07%
Cu(2)-0-Cu(5) [°] 95.68(3) 95.72 +0.05%
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and Ti*" in the tetrahedral sites (strategy 4). Observed (circles) and calculated data (red curve), a difference curve
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Figure A.3: Rietveld refinement results of neutron diffraction for the sample Cu,Zn;_,TiO4 with x=0.2 assuming Zn?t, Cu%t
and Ti*" in the tetrahedral sites (strategy 4). Observed (circles) and calculated data (red curve), a difference curve
(bottom black curve) and reflection positions of the spinel (black tickmarks) are shown.
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Figure A .4: Rietveld refinement results of neutron diffraction for the sample Cu,Zn;_,TiO4 with x =0.3 assuming Zn?t, Cu%t
and Ti*" in the tetrahedral sites (strategy 4). Observed (circles) and calculated data (red curve), a difference curve
(bottom black curve) and reflection positions of the spinel (black tickmarks) are shown.

spourds oIqno YOI X —uzXn) v




€01

6000

| | | | |
x=04 ° o [(obs)
) I (cal)
—— I (obs) — I (cal)
| Reflection positions
4500 |- -

=

= ]

= 3000 | 8 .
=

<
N—

>
R

2

S 1500 |

+~

=
f—

0
| | | | |

1.0 15 2.0 25 3.0
d (A)
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Figure B.1: Polynomial fits of the measured low-temperature heat capacities of
MgTi,O5 with X =0.14(1) and 0.37(1) in three temperature ranges, as com-

pared with the DFT calculated curve of fully ordered MgTi,Os.
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Figure B.2: Rietveld refinement results of X-ray diffraction for MgTi,Os with X =0.14(1), which was annealed at a temperature of
873 K. Observed (red crosses) and calculated data (blue curve), a difference curve (bottom black curve) and reflection
positions of the crystalline phase (black tickmarks) are shown.
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C Pseudobrookite-type Zn Mgi_4TioOs and
CuyMg1_xTi»Os

Figure C.1: Mixtures of Zn,Mg;_,Ti;Os after ball milling: (a) x=0.5 and (b) x=0.0, 0.4
and 0.8.

Figure C.2: Mixtures of Cu,Mg;_,Ti;Os after ball milling: (a) x =0.5and (b) x=0.1,0.2,
0.3,0.4 and 0.5.
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Figure C.9: Rietveld refinement results of X-ray diffraction for Cu,Mg;_,Ti»Os with x =0, which had a synthesis temperature of
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Figure C.11: Le Bail refinement results of X-ray diffraction for Cuy,Mg;_,Ti»Os with x=0.2, which had a synthesis temperature
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