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to the data, and the green line represents the difference between the two.
The refined AOg polyhedra volumes of the NaLa(WOQOy), in (a) disordered
I4,/a and (b) ordered T4 over a range of 1.2-30 A. The yellow spheres

represent Na™, whereas the green spheres represent La*. . . . . . . . . ..

Neutron pair distribution function fits to NaLa(WQOy,), conducted over the
range of 12-40 A to the 14 model. A fixed distribution of Na* and La®*

across the 2c Wyckoff position was modelled, and the R,,, value was used

to assess the quality of the fits. . . . . . ... ... ... ... .. ...,

Fits to the neutron pair distribution function data at 100 K of NaBi(WOy),
over a range of 1.2-30 A to the (a) disordered tetragonal 4, /a, (b) ordered
tetragonal 74 and (c) disordered monoclinic 72/b models. The blue circles

represent the data, the red line represents the fit to the data, and the green

line represents the difference between the two. . . . . . . . ... ... ...

Normalised lattice parameters and unit cell volume for NaBi(WOy),

upon heating, obtained from Rietveld refinements of synchrotron X-ray

diffraction data. . . . . . . . ...

The three phases of BiVO,. (a) The monoclinic-fergusonite form of space
group 12/b, (b) the tetragonal-scheelite form of space group I4;/a, and
(c) the tetragonal-zircon form of space group [4;/amd. Note that the
I12/b — I4,/a phase transition is reversible with both temperature and

pressure, whereas the [4;/amd — 14, /a is irreversible. . . . . . .. .. ..

The structure of (a) a-PbO (Pbem). The four short Pb—O bonds reflect the
projection of the lone pair electron density in the opposite direction (along
the a-axis). (b) The structure of PbS (Fm3m). The centrosymmetry of
Pb2* in the PbSg octahedra, and the six Pb-S bonds of identical length

indicate limited lone pair stereoactivity. . . . . . . . . ... .. ...

Rietveld refinements against the (a) synchrotron X-ray diffraction and (b)
neutron powder diffraction data of BiVO, at room temperature. The black
circles represent the data, the red line represents the calculate profile of
the monoclinic fergusonite 72/b (and diamond in the synchrotron X-ray
diffraction data), the green line represents the difference between the data
and the calculated profile, and the blue (72/b) and orange (Fd3m) tick

marks represent the space group-allowed reflections. . . . . . . . . ... ..
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Rietveld refinements for the synchrotron X-ray diffraction variable
temperature dataset of BiVO,, with (a) the a and c lattice parameters,
(b) the unit cell volume, (c) the monoclinic v angle, and (d) the 2z atomic
coordinates of Bi** and V°* plotted against each other. The black dashed
line represents the temperature of the 12/b — I4;/a phase transition, and
the red dashed line is a fit described in the text. . . . . . . . .. . .. ... 175
(a) Synchrotron X-ray diffraction data for BiVO, heating from 300-700 K,
highlighting the (200) and (020) reflections in the low temperature data,
and (004) in the high temperature data. (b) The plotted full width at half
maximum of the reflections across the temperature range, fitted using two
Gaussians of equal width. The dotted line indicates the 12/b — I4,/a
phase transition. . . . . .. ..o 176
Rietveld refinements for BiVO, using neutron powder diffraction at (a) 723
K refined to the 14;/a space group, (b) 300 K refined to the 12/b space
group, and (c¢) 3 K refined to the I2/b space group. The black circles
represent the data, the red lines represent the calculated profile, and the
green line represents the difference between the data and the calculated
profile, and the blue tick marks represent the space group-allowed reflections. 180
Rietveld refinements for the neutron powder diffraction variable
temperature dataset of BiVO,, with (a) the a and c lattice parameters,
(b) the unit cell volume, (c¢) the monoclinic v angle, and (d) the atomic
displacement parameters of Bi + V, as well as O. The black dashed line
represents the temperature of the 12/b — I4;/a phase transition. . . . . . 181
Temperature dependence of the (a) Bi-O bond distances and (b) V-O
bond distances upon heating. The dotted lines indicate the 12/b — 14, /a
phase transition. . . . . . . ... 182
Temperature dependence of the normalised (a) HoOg and NbOy, and (b)
BiOg and VOy4 polyhedra volumes. The dotted lines indicate the phase
transition. The solid lines have been drawn to guide the eyes. . . . . . .. 183
Rietveld refinements for BiVO, using synchrotron X-ray diffraction at (a)
600 K refined to the 14, /a space group, (b) 500 K refined to the 12/b space
group, and (c¢) 400 K refined to the 12/b space group. The black circles
represent the data, the red lines represent the calculated profile, and the
green line represents the difference between the data and the calculated

profile, and the blue tick marks represent the space group-allowed reflections. 185
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Rietveld refinements to the variable temperature datasets of BiVOy,
collected using (a—d) the Australian Synchrotron, (e-g) the Advanced
Photon Source, and (h-k) Wombat. The black circles represent the data,
the red lines represent the calculated profile, and the green line represents
the difference between the data and the calculated profile. The anomalous
peak shapes identified in the Australian Synchrotron data are identified as
the result of domain wall broadening within BiVO,. . . . . . . . . .. ..
X-ray pair distribution function data for BiVO,. The data were taken at
400 K (blue), 500 K (orange), and 600 K (red). . . ... ... ... ...
X-ray pair distribution function fits for the variable temperature dataset
of BiVO, over a range of 1.0-30 A. Data taken at (a) 600 K and fit to the
t-s 141 /a model, and at (b) 400 K and fit to the m-f 12/b model. . . . .
XPDF data for BiVO, at 400 K fitted over a range of (a) 1.0-30 A and
(b) 3.3-30 A. (¢) The calculated partial fits, with focus placed on the
cation—cation distances. The blue circles represent the measured data, the
solid red line represents the calculated profile, the green line represents the
difference between the observed and calculated profiles. . . . . . . . . ..
Crystallographic models for (a) t-s 14;/a, based on the high-temperature
structure of BiVOy, (b) m-f 12/b, based on the room-temperature structure
of BiVOy, and (c) the monoclinic P2; /¢, based on the room temperature
structure of TIReOy4. . . . . . . . . . . .
Neutron pair distribution function data fits to BiVO4 at 100 K for (a) t¢-s
14y /a, (b) m-f 12/b, and (c) monoclinic P2;/c with rigid VO, tetrahedra,
and (d) monoclinic P2;/c with flexible VO, tetrahedra. The data is fitted
over a range of 1.2-30 A, with the first half highlighting the fit from
1.2-6.0 A, and the second half highlighting from 6.0-30 A. The blue dots
represent the measured data, the solid red line represents the calculated
profile, the green line represents the difference between the observed and
calculated profiles. . . . . . .. ..o
Distribution of Bi—O bond distances in the BiOg polyhedra of BiVOy
extracted from the small box fits of the neutron pair distribution function
data using the (a) t-s [4,/a, (b) m-f 12/b, (¢) P2,/c with rigid VO,
tetrahedra, and (d) P2;/c with flexible VO, tetrahedra models. . . . . .
Distribution of V-O bond distances in the VO, tetrahedra of BiVOy,
extracted from the small box fits of the neutron pair distribution function
data using the (a) t-s I41/a, (b) m-f 12/b, (¢) P2;/c with rigid VO,
tetrahedra, and (d) P2;/c with flexible VO, tetrahedra models. . . . . .
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Distribution of O-V-O bond angles in the VO, tetrahedra of BiVO,
extracted from the small box fits of the neutron pair distribution function
data using the (a) t-s I4y/a, (b) m-f 12/b, (c¢) P2;/c with rigid VO,
tetrahedra, and (d) P2;/c with flexible VO, tetrahedra models. . . . . . .
Neutron pair distribution function fits to BiVO4 at 100 K for (a) the m-f
I12/b, and (b) the monoclinic P2;/c¢ model with flexible BiOg polyhedra
and VO, tetrahedra. (c,d) The calculated partial contributions of each
atom-atom pair. The data is fitted over a range of 1.2-30 A, with a focus
on 1.0-6.0 A. The blue circles represent the measured data, the solid red
line represents the calculated profile, the green line represents the difference
between the observed and calculated profiles. . . . . . . . .. .. ... ...
Neutron pair distribution function fits to BiVOy at 550 K for (a) t-s 4, /a,
(b) m-f 12/b, (c¢) monoclinic P2;/c with rigid VO, tetrahedra, and (d)
monoclinic P2;/c with flexible VO, tetrahedra. The data is fitted over a
range of 1.2-30 A, with the first half highlighting the fit from 1.2-6.0 A,
and the second half highlighting from 6.0-30 A. The blue dots represent
the measured data, the solid red line represents the calculated profile, the
green line represents the difference between the observed and calculated
profiles. . . . . ..
The (left, purple) Bi-O and (right, orange) V-O bond distances from the
variable temperature neutron pair distribution function data fit to the
flexible monoclinic P2;/cmodel. . . . . . . ... 0oL
The phase evolution during the reaction of PbO and WO3 at 750 °C within
the rapidly-actuating pneumatic thermal reactor furnace, as quantified
from Rietveld refinements of the time-resolved X-ray powder diffraction
data. The solid vertical line indicates a change in the x-axis scale from
seconds to minutes. . . . . . ...
The polyhedra environments for W in each of the three Rietveld refined
phases. (a) WOg octahedra in WO3 (Pcnb), (b) strained WOg octahedra
in PbsWOg (P2 /n) with the four short W-O bonds drawn in blue and the
two long W-O bonds drawn in green, and (¢) WO, tetrahedra in PbWO,
(I41/a). . . o o
Combined Rietveld refinements against the (a) synchrotron X-ray and
(b) neutron powder diffraction data of PbWO, at room temperature.
The structure was refined to the ¢-s I4;/a space group, with the inset
highlighting the quality of the fit to the synchrotron X-ray diffraction data.
The black circles represent the data, the red line represents the calculated
profile, the green line is the difference between the data and the calculated

profile, and the blue ticks are the space group-allowed reflections. . . . . .



xli

5.26

5.27

5.28

5.29

5.30

5.31

Rietveld refinements of PbWOy to the t-s 4, /a space group measured at
3 K using neutrons of wavelength (a) 1.30 and (b) 2.44 A. The black circles
represent the measured data, the solid red line represents the calculated
profile, the green line represents the difference between the observed and

calculated profiles, and the blue markers are the space group-allowed

reflections. . . . . . . ..

(a) X-ray pair distribution function fits of PbMoO, at 300 K to the long-
range average t-s I4;/a structure. (b) Neutron pair distribution function
fits of PbWOy at 300 K to the long-range average t-s [4;/a structure. The
data were fitted over a range of 1.2-30 A, with the first half highlighting
the fit from 1.2-8.0 A, and the second half highlighting from 8.0-30 A.
The blue circles represent the measured data, the solid red line represents

the calculated profile, the green line represents the difference between the

observed and calculated profiles. . . . . . . . . ... ... L.

Neutron pair distribution function fits to PbWO, at 115 K for (a) t-s 4, /a,
(b) m-f 12/b, (c) monoclinic P2;/c with rigid WO, tetrahedra, and (d)
monoclinic P2, /c with flexible WO, tetrahedra. The data was fitted over
a range of 1.2-30 A, with the first half highlighting the fit from 1.2-5.0 A,
and the second half highlighting from 5.0-30 A. The blue circles represent
the measured data, the solid red line represents the calculated profile, the

green line represents the difference between the observed and calculated

profiles. . . . ..

Distribution of Pb—O bond distances in the PbOg polyhedra of PbWO, for
the four neutron pair distribution function fits with (a) the ¢-s I4;/a, (b)
the m-f 12/b, (c) the monoclinic P2;/c with rigid WO, tetrahedra, and

(d) the monoclinic P2;/c with flexible WO, tetrahedra angles. . . . . . . .

Distribution of W—O bond distances in the WO, tetrahedra of PbWOQO, for
the four neutron pair distribution function fits with (a) the ¢-s I4;/a, (b)
the m-f 12/b, (c) the monoclinic P2;/c with rigid WO, tetrahedra, and

(d) the monoclinic P2;/c with flexible WO, tetrahedra angles. . . . . . . .

Distribution of O-W-0 angles in the WO, tetrahedra of PbWO, for the
four neutron pair distribution function fits with (a) the ¢-s 74;/a, (b) the
m-f 12/b, (c) the monoclinic P2;/c with rigid WO, tetrahedra, and (d)

the monoclinic P2;/c with flexible WO, tetrahedra angles. . . . . . . . ..
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Partial neutron pair distribution functions plotted for PbWO, at 115 K
using the (a,c) tetragonal 74;/a model, and (b,d) monoclinic P2;/c model
with flexible PbOg polyhedra and WO, tetrahedra. Data was fitted across
the 1.2-30 A range. The blue circles represent the measured data, the

solid red line represents the calculated profile, the green line represents the

difference between the observed and calculated profiles. . . . . . . . .. ..

Neutron pair distribution function fits to the t-s I4;/a structural model
with anisotropic atomic displacement parameters. (a) CaWO, at 100 K,
and (b) PbWOy at 115 K. The data was fitted over a range of 1.2-10 A.
The blue circles represent the measured data, the solid red line represents

the calculated profile, the green line represents the difference between the

observed and calculated profiles. . . . . . . . . ... ...

Rietveld refinements to the X-ray Bragg data of CsReOy4 at (a) 700 K to
the tetragonal 14, /a space group, (b) 400 K to the orthorhombic Pnma
space group, and (c) 100 K to the orthorhombic Pnma space group. The
insets show the high quality fit to the data at high . The black circles
represent the data, the red line represents the fit to the data, the green
line represents the difference between the data and the fit, and the blue

dashes represent the space group-allowed reflections. . . . . ... ... ..

Rietveld refinements for the variable temperature data of CsReQy, with
(a) the a and b lattice parameters, (b) the unit cell volume, (c) the
atomic displacement parameters measured as B, , and (d) the relationship
between the square of the strain in the orthorhombic Pnma phase and
the temperature. the black dashed line represents the temperature of the

Pnma — I4;/a phase transition, and the red dashed line represents a

linear fit. . . . . . . .

(a) The R,, values from the Rietveld refinements of (black squares)
orthorhombic Pnma, (red circles) tetragonal 14;/a, and (green triangles)

tetragonal 14, /amd. (b) The refined oxygen x atomic coordinate from the

Rietveld refinements to the tetragonal /4, /a model. . . . . . . .. ... ..

Variable temperature X-ray pair distribution function data of CsReOy4
at 100 (blue), 300 (green), 500 (orange), and 700 K (red). The vertical
markers correspond to some of the nearest atom—atom pairs in both the
orthorhombic Pnma at 100 K (above) and the tetragonal 14, /a structure

at 700 K (below). Black arrows indicate extra features in the pair

distribution function that are not described by the model. . . . . . . . ..
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A comparison of the (a,c) synchrotron X-ray Bragg diffraction and (b,d)
X-ray pair distribution function data at two pairs of temperatures: (a,b)
400 and 550 K, and (c,d) 100 and 300 K. In each panel, the red line
represents the higher temperature data and the blue line represents the
lower temperature data. In the synchrotron X-ray diffraction plots, the
space group-allowed reflections are indicated, whereas in the X-ray pair
distribution function data, the cation—cation distances are indicated.

Variable temperature X-ray pair distribution function data of CsReO, at
(a) 600 K fitted to the tetragonal I4;/a model, (b) 400 K fitted to the
orthorhombic Pnma model, and (c¢) 100 K fitted to the orthorhombic
Pnma model. The blue circles represent the data, the red line represents
the small box fit to the data, and the green line represents the difference
between the two. . . . . . . ...
Results from the fits of the (a,c,e,g) X-ray Bragg diffraction and (b,d,f,h) X-
ray pair distribution function of the CsReO, data from 100-800 K using the
orthorhombic Pnma (black), tetragonal 14 /a (red), and 14, /amd (green)
models. (a,b) The R, from the Bragg fits, and the R parameter from the
X-ray pair distribution function fits, with the parameter described in text.
(¢,d) The unit cell volume (UCV) across the entire temperature range. (e,f)
The atomic displacement parameters extracted for Cs™ and Re”™ from the
X-ray Bragg (B.,) and the X-ray pair distribution function (Bp,g) fits.
(g,h) The Re-O bond distances, with an additional peak-fitting technique
performed for the X-ray pair distribution function data described in text.
For clarity, the error bars have been omitted. The dashed line at 450 K
represents the Pnma — [4;/a phase transition observed in the X-Ray
Bragg fits, whereas the dotted line at 700 K represents the onset of local
disorder in the X-ray pair distribution function. . . . . . . . .. ... ..
Results from the variable r range X-ray pair distribution function fits with
the 14, /a model. The value of Al is described in text, with two different
Fmaz Of 10 and 30 A used. The values of Aa, Ac, and AUCV correspond
to the differences between the lattice parameters between the two fits. . .
Rietveld refinements to the neutron Bragg data of T1TcO, at (a) 600 K to
the tetragonal 14, /amd space group, (b) 450 K to the orthorhombic Pnma
space group, (c¢) 300 K to the orthorhombic Pnma space group, and (d) 50
K to the orthorhombic Pnma space group. The black circles represent the
data, the red line represents the fit to the data, the green line represents
the difference between the data and the fit, and the blue dashes represent

the space group-allowed reflections. . . . . . .. ... ... ... .. ...
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Rietveld refinements to the neutron Bragg data of T1TcO4 at 600 K to
the (a) tetragonal I4;/a space group, and the (b) tetragonal I4;/amd
structure. The black circles represent the data, the red line represents
the fit to the data, the green line and shaded area represent the difference

between the data and the fit, and the blue dashes represent the space group

allowed reflections. . . . . . . . . .

Rietveld refinements for the variable temperature data of TITcO, with
(a) the a and b lattice parameters, (b) the unit cell volume, (c) the
atomic displacement parameters measured as B, , and (d) the Te-O bond

distances, where only the uncertainties of the average value has been

displayed for clarity. . . . . . . . . ...

Unit cell volumes of the various ABO, phase transitions, (a) Pnma —
14, /amd in T1TcO, taken from synchrotron X-ray diffraction by Kennedy
et al.®® (b) I2/a — I4;/a in NdNbO, taken from neutron powder
diffraction by Saura-Muzquiz et al.,® (c) 12/b — I4y/a in BiVO,
taken from neutron powder diffraction data, and (d) 12/a — I4;/a
in HoNbO, taken from neutron powder diffraction data. The purple
circles represent the low-temperature data, the orange circles represent
the high-temperature data, the dashed line indicates the phase transition

temperature, and the dotted line is extrapolated from the low-temperature

data and is used to guide theeyes. . . . . . . . .. ... ... ... ...

Variable temperature neutron pair distribution function data of T1TcOy4 at

50 (blue), 300 (green), 450 (orange), and 600 K (red). . . . . . ... .. ..

Neutron pair distribution function data of T1TcO, measured at 50 K
fitted to the (a) tetragonal I4;/amd, (b) orthorhombic Pnma, and (c)
monoclinic P2;/c structure. The blue circles represent the data, the red
line represents the small box fit to the data, and the green line represents
the difference between the two. The TcO, tetrahedra in the P2;/c model

were constrained to be rigid. . . . . .. ... oL

Variable temperature neutron pair distribution function data of T1TcO,
at 50 K fitted to the (a) tetragonal I4;/amd, (b) orthorhombic Pnma,
and (c) monoclinic P2 /c structure with rigid TcOy tetrahedra. The blue

circles represent the data, the red line represents the small box fit to the

data, and the green line represents the difference between the two. . . . . .
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7.1

7.2

Neutron pair distribution function data of T1TcO4 at 600 K fitted to the
(a) tetragonal I4;/amd, (b) tetragonal I4;/a, (c) orthorhombic Pnma,
and (d) monoclinic P2;/c structure. The blue circles represent the data,
the red line represents the small box fit to the data, and the green line

represents the difference between the two. The TcO, tetrahedra in the

monoclinic P2;/c model were constrained to be rigid. . . . . . ... .. ..

The A-O, B-O bond lengths, and O—B-0O bond angles from (a—c) T1TcOy,
(d—f) PbWOy, and (g-i) BiVOy, taken from the neutron pair distribution

function fits at 300 K to the monoclinic P2;/c model. . . . . . . .. .. ..

(a) The scheelite-type aristotype in the tetragonal 14;/amd structure. (b)
The monoclinic P2, /¢ structure of T1TcO, derived from the neutron pair
distribution function refinements. Looking along the top row, one TcOy
tetrahedra is rotated about the b-axis, whereas two are rotated about the a-
axis. (c¢) The monoclinic P2, /c structure of TIReO, derived from the Saura
Mzquiz et al. neutron pair distribution function refinements.? Looking

along the top row, one ReO, tetrahedra is rotated about the a-axis, whereas

two are rotated about the b-axis. . . . . . . . .. ...

(a) The unit cell volumes of T1TcO4 and TIReO, taken from the studies by

34,38 Data were taken from the

Kennedy et al. and Chay et al., respectively.
Rietveld refinements of synchrotron X-ray diffraction data, with the unit
cell volume tripled to allow for a comparison between the orthorhombic
Pnma, tetragonal 14, /a, and monoclinic P2, /c structures. (b) The atomic
displacement parameters of Tc™ and O%~ in T1TcO4 compared with that
of Re™ and 0%~ in TIReO4. Data were derived from the neutron pair

distribution function fits to the monoclinic P2;/c structure, and from

Saura-Muzquiz et al.2 . . . . . . . ...

Crystal structures of (a) RbMnF, in the space group P2;/a, and (b)
CsMnF, in the space group P4/nmm. The pink spheres represent Rb*,
the cyan spheres represent Cs', and the purple octahedra represent the
MnFg octahedra. Note the difference in Mn—F-Mn bond angle between

the two structures. . . . . . . . .

(a) The MnFg octahedra in the CsMnF, material. The red axial Mn-F
bonds (~1.8 A) are shorter than the blue equitorial Mn-F bonds (~2.0 A).
(b) The 3d orbital energy diagram of Mn**. The energy levels are shown in

black, with the high-spin electrons shown as blue half arrows. The energy

splittings are shown in green, and are taken from Behatha et al'® . . . . .
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The Rietveld refinement of CsMnF,; immediately after synthesis using
monochromatic Mo source laboratory X-ray diffraction to the tetragonal
P4/nmm space group. The black circles represent the data, the red line

represents the calculated profile, and the green line represents the difference

between the two. The blue ticks indicate the space group-allowed reflections.271

The Rietveld refinement of CsMnF, immediately after synthesis against
neutron powder diffraction to the tetragonal P4/nmm space group at room
temperature. The black circles represent the data, the red line represents

the calculated profile, and the green line represents the difference between

the two. The blue ticks indicate the space group-allowed reflections. . . . .

Magnetic susceptibility of CsMnF, collected under field cooled and zero
field cooled conditions using a physical property measurement system. (a)
The susceptibility collected between 1.8-300 K, with a focus from 1.8-40
K shown in (b). The inset shows the inverse magnetic susceptibility fit
from 80-300 K, with the Curie-Weiss fit shown as a red dashed line. . . .
Magnetisation of CsMnF, collected with a variable magnetic field using
a physical property measurement system. The data collected at 1.8 K is
shown as the blue line, and the data collected at 20 K is shown as the red

line. The inset highlights the opening of the hysteresis loop at 1.8 K (and

lack of opening at 20 K) at low magnetic field strength. . . . . . . . .. ..

The dependence of the structural parameters of CsMnF, with respect to
temperature based on Rietveld refinements of neutron powder diffraction
data. (a) The a and c lattice parameters, (b) unit cell volume, (¢) Mn-F
and Mn—Mn distances, and (d) the Mn—F-Mn bond angle. Dashed lines

have been drawn to guide theeyes. . . . . . . . ... ... .. ... ....

Neutron powder diffraction data collected on CsMnF, using 2.44 A. The
red line corresponds to the pattern at 30 K, the blue line at 3 K, and the
green line is the difference between them. The black lines are the space
group allowed reflections from the nuclear P4/nmm structure. The five
prominent magnetic reflections are seen below 55 © 26. The inset highlights
the presence of diffuse magnetic features above Tz = 18.9 K, with the 30
K data displayed as black circles, the red line is the calculated profile, and

the green shaded area as the difference between the two. . . . . . . .. ..

The structure of CsMnF, derived from neutron powder diffraction data at

3 K. (a) The nuclear structure of CsMnF, in the space group P4/nmm

with (b) the magnetic structure as a result of the Mn®* cations. . . . . .
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7.10 Neutron diffraction data collected on CsMnF, using 2.44 A at 3 K. The
red line is the fit to the nuclear structure, the purple line is the fit to
the magnetic structure, and the green line is the difference between the
calculated fit and the data. The blue ticks indicate the space group-allowed

reflections. . . . . . . . . L

A.1 The Fourier transform, z(w), of the function, x(¢). In this case, z(t) =
sin(t) and z(w) = 0(w+1). . . . . Lo
A.2 The Fourier transform, z(w), of the function, x(¢). In this case, z(t) =
sin(t) + sin(3t) + sin(7t) and z(w) = d(w+1) + d(w+3) + O(w+T7). . . . . .
A.3 The Fourier transform, x(w), of the function, x(¢). In this case, z(t) is a
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Abstract

The replacement of carbon-emitting energy sources with clearner alternatives on an
industrial scale is regarded as a critical priority for limiting the effects of anthropogenic
climate change. The global economy needs ways to limit the carbon emissions produced
from energy generation and manufacturing processes. Current research is focusing on
the use of solid-oxide fuel cells for carbon-neutron energy generation, the production
of hydrogen gas for energy storage, and the safe sequestering of radioactive waste from
carbon-neutral nuclear energy. Each of these technologies, as well as applications in solid
state lasing and spintronics, can be addressed using a single structure type — the ABOy

scheelite-type structure.

The ABQO, structure type has found application in a variety of processes due to the
diverse array of chemical substitutions that can be made into its structure. For example,
LaNbO, has found application as a ceramic electrolyte for solid-oxide fuel cells, BiVO,
and PbWO, as catalysts for photocatalytic water splitting, and ATcOy, salts as a solid for
immobilising highly active *Tc nuclear fission products. Despite the wide applicability
of these materials, a full description of their structure-functionality relationships remains
elusive; how their structure on the atomic scale affects their application in functional

devices.

This dissertation focuses on a small class of ABQO, materials, with a focus on

understanding and developing their structure-functionality relationships. The structures

Ivii



lviii

of these materials were first characterised using a combination of synchrotron X-ray and
neutron powder diffraction in order to understand their long-range average structure.
This was followed by a study of their short-range local structure using X-ray and neutron
total scattering techniques, where the pair distribution function of each is modelled to
identify and quantify local distortions and disordering processes that occur on the atom-
by-atom scale. Finally, the accurate establishment of these structures are related to
their application as functional energy materials, with their ionic conductivity, band gap,
and magnetic susceptibility quantified. This allows for a detailed understanding of the
structure, which is used to identify engineering choices that should be made to design and

manufacture the next generation of these functional materials.

LaNbO, ceramic electrolytes, and their extension into the generalised LnBO,
(Ln3t = La-Lu; B> = Nb, Ta) structures, were studied for their ability to act as mixed
oxygen ion/proton conductors. A delicate interplay between the AOg polyhedra and BOg
distorted octahedra was uncovered that appears to be unique to this structure class. These
interactions could then be either strengthened or weakened depending on the size of the
Ln3T cation and the strength of orbital interaction between the B-site and the oxygen

anionic sublattice.

NaBi(WO,), materials have been studied for their ability to host rare-earth ions in
a stable lattice for solid state lasing applications. Changes in their properties, such as a
broadening of their emission spectra, have been previously identified despite no changes
to its long-range average structure. Although no long-range average ordering between
the A-site cations was identified using a combination of synchrotron X-ray and neutron
powder diffraction, two unique A-site polyhedra were identified using total scattering
techniques. This study explains the broadening of the emission spectra detected in
previous studies, but also identifies a way in which these interactions may be tuned

through cation doping, allowing for greater control over the delicate balance between
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thermal stability and structural disorder required for solid state lasing materials.

BiVO, and PbWQO, have both been identified in the literature as materials capable
of performing photocatalytic water splitting. However, an incomplete structural model
currently exists for these materials. Although PbWO, and CaWQO, exhibit the same
long-range average structure, only PbWQO, has been identified as a photocatalyst in the
literature. A study of the long-range average structure confirms that PbWQO, and CaWQO,
are isostructural down to 3 K. However, neutron total scattering identified structural
distortions in the PbOg polyhedra and WO, tetrahedra that were not observed in the
isostructural CaWQy, as a result of the Pb?" 652 stereochemically active lone pair electrons.
Similar short-range structural distortions were also observed in BiVO, as a result of its
Bi** 6s% lone pair. By understanding the local structure of PbWOQy, and identifying
distortions that are common with the the industrial photocatalyst BiVO,, a model was

proposed to explain its photocatalytic properties.

The final section of this dissertation examined other local scale phenomena that have
not previously been reported in similar ABO, materials. A study of CsReOy, identified
local scale incoherent ReOy4 tetrahedra translations that appear to be unique to the AReOy4
family of materials. A study of T1ITcO, was used to develop a robust understanding of
different distortions that have been identified in ABO, structure with lone pair-bearing
cations on the A site, such as TI*, Pb**, and Bi**. Depending on the oxidation state
of the A-site cation and the polarisability of the B—O bonds, different distortions in
either the AOg polyhedra or BO, tetrahedra are observed. Finally, a brief excursion was
taken outside of the world of metal oxides, where the two dimensional ferromagnetism
of CsMnF, was explored. The magnetic structure is determined using neutron powder
diffraction, which due to its difficult synthesis process and hydroscopic nature, had not

been reported previously.
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1.1 The Need for a Carbon-Neutral Economy D

1.1 The Need for a Carbon-Neutral Economy

The world’s economy operates through a network of transactions between countries such as
international trade, currency exchange, global investing, and immigration. Underpinning
many of these economical demands, on both an global and individual scale, is the need
for a secure source of energy. Energy is required for transport in international trade, for
driving industrial and scientific developments, and for fulfilling the needs of individuals
such as food, heating, and shelter. Current sources of global energy are dominated by
unsustainable, carbon-based fuels, which account for almost 80% of the world’s energy
usage.! These include coal, oil, and gas, which account for over 75% of global greenhouse
gas emissions and 90% of global carbon dioxide emissions.? This has seen the development
of large-scale anthropogenic climate change in the form of rising sea levels effecting low-
lying Pacific Island countries,® a lack of nutrients in the North Atlantic Ocean due to
increased glacier melting,* and longer and more intense bushfire seasons in both the

northern and southern hemispheres.®

Australia is particularly susceptible to the effects of climate change, with its dry
climate and coastal-based population. This was seen recently with the 2019-2020 ‘Black
Summer’ bushfires, where 5.8 million hectares of Australia’s land was burned (larger than
the land mass of Croatia),5 almost three billion animals were lost,” and the air pollution
was so intense it depleted the Earth’s ozone layer by an additional 3-5%.% Additional
climate change events have been recorded in Australia more recently, with five extensive
‘once in a 100 year’ flooding events recorded in the year 2022 alone, as well as increased
rates of coral bleaching in the Great Barrier Reef.? This also has an effect on international
trade, with the Australian Department of the Treasury estimating severe flooding in 2022
cost the economy $11.7 billion Australian dollars in lost produce, disaster relief, and
damage to fertile land.'® Given Australia’s large dependence on fossil fuels, with 71% of
Australia’s electricity generation being derived from carbon-based sources,!* Australia is
in need of developing forms of carbon-neutral energy in order to mitigate the effects of

anthropogenic climate change and its subsequent effect on the global economy.
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Australia’s energy share in renewables has increased significantly in recent years. The
amount of energy derived from renewables — such as wind, solar, and biomass — has
doubled over the last decade.!? This has been in conjunction with a large increase in
household solar, with nearly one in three homes in Australia now equipped with rooftop
solar panels.!® Key to driving the technological innovation of solar and wind power — as
well as other global carbon-neutral energy developments in batteries, photocatalysts, and
nuclear power — is the further development of the materials used to perform these tasks

efficiently, effectively, and safely.

1.1.1 Materials Science

The study of materials science is seen as an interdisciplinary field between physics,
chemistry, and engineering devoted to researching and discovering materials capable
of performing a particular task or technological operation. The human race has long
been advanced by the materials they are capable of developing, with distinct eras of
advancement being named after materials humans were able to work with at the time:
namely the Copper Age (3200-2300 BCE), the Bronze Age (2300-700 BCE), and the
Iron Age (700-1 BCE).!*!® Today, materials science is driven by the development of
revolutionary technologies for everyday objects, such as polymers for fabric and clothing,
semiconductors for computing, and biomaterials for medical purposes. This has led
to major advancements such as the Apollo 11 moon landing in 1969 which would not
have been possible without the invention of the transistor, or the observation of Albert
Einstein’s long-hypothesised gravitational waves in 2015 that relied on the invention of

the light-emitting diode (LED) laser.'6

The basis of materials science involves studying the delicate interplay between the
structure of a material, the synthesis and processing methods required to make the
material, and its resulting functional properties and performance (Figure 1.1). The
structure of a material is of upmost importance due to its ability to be manipulated
and controlled, and hence, will be the major focus of this dissertation. The structure of

materials can vary based on length scale, with the ordering of materials on an atomic
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Synthesis and Processing

Performance
Structure

Functionality

Figure 1.1: An illustration of the materials science tetrahedron. This shows how the synthesis and
processing, structure, functionality, and performance of materials are all interdependent of each other.

scale (that is, atom by atom on the scale of a few Angstroms, or 1071° m) leading to
large scale symmetry relations described by crystallography (observable on the milliscale
or 107® m). By understanding inherent chemical phenomena, such as atomic size,
chemical bonding, and polarisability, we are able to understand their role in particular
materials to further develop their applications. The language and techniques used for the
structural characterisation of materials will be explored in more detail in Chapter 2 of
this dissertation. Synthesis and processing involves designing optimal pathways to create
the desired material. Ideally, this should use as little energy as possible by balancing the
thermodynamic and kinetic requirements of forming the desired chemical product, as well
as being able to produce it on a large scale for industrial applications. Finally, it is essential
to explore the properties and functionality of these materials to determine their potential
uses. These include (but are by no means limited to) mechanical properties for high-
tensile strength materials, electrical properties for lower resistance electricity conduction,

optical properties for photonics, and magnetic materials for computer storage.

In recent times, the designing and manufacturing of materials has become so
complicated and complex that many materials are often studied for their properties
without a full understanding of the influence of their structure. This has led to the
importance of identifying structure-functionality relationships to better understand these

materials, and to ‘tailor make’ them better suited for their applications. For example,



8 Chapter 1 - Introduction

the pyrochlore oxide material YoRuyO7 has shown great promise as an electrocatalyst; a
material capable of splitting water into hydrogen and oxygen gas using a small amount
of electricity. Recent studies have identified that substituting a small amount (<10%)
of another metal (such as zinc, or Zn?") into the structure can double its activity.!”2°
Despite this, a full understanding of where the dopant sits within the structure, as well
as why Zn?T causes the twofold increase in activity whereas Cu®' causes its activity to
decrease, remains elusive. In simple terms, the most recent goal of materials science has

become finding and understanding materials that break our current knowledge of materials

science.

1.1.2 The Hierarchy of Material Design

The process of functional material identification and design is best summarised in the

following sequential order:

Step 1: Synthesis. A material is traditionally synthesised in a conventional way, from a
solid state synthesis technique (combining reagents and heating to high temperatures for
long periods of time), to a coprecipitation synthesis (combining water-soluble salts and
allowing a product to precipitate), to hydrothermally (reacting precursors under elevated

temperatures and pressures).

Step 2: Characterisation. If a material is successfully synthesised, it is then taken for
further analysis. At the University of Sydney, materials are routinely characterised using
X-ray diffraction to determine whether or not they are phase pure. If they are deemed
not to be phase pure, they are either ground and reannealed again, or resynthesised
completely. If a material is determined to be phase pure, information may be extracted
from its diffraction pattern, such as its space group and arrangement of atoms. Other
characterisation techniques are also available at large scale research facilities, such as
synchrotron X-ray and neutron powder diffraction, and total scattering techniques to

provide more information on the material.
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Step 3: Structure Solution. On top of the characterisation, additional techniques
may be performed in order to obtain a complete structural solution of the material. This
is usually in the form of a complete description of where the atoms in the material are,
as well as their associated symmetries. Using diffraction, a Rietveld refinement can be
performed to obtain this information. This information is stored in a crystallographic

information file (CIF).

Step 4: Computational Analysis. Once a CIF has been established for a material,
further analysis may be performed using a combination of density functional theory (DFT)
and/or molecular dynamics (MD) simulations. This provides an understanding of the
nuclear structure of the material (such as the positions of the atoms), as well as its
electronic structure (how the atoms interact with each other). Modelling the electronic
structure allows for an understanding of structural requirements (such as bonding between
atoms), as well as physical phenomena (such as magnetism and band gaps). This helps

to better understand why certain materials are structured the way they are.

Step 5: Property Studies. If a material is deemed to have interesting structural
properties, whether it be atomic or electronic, they can be investigated further using
physical property measurements. This can range from assessing their ionic conductivity
using electronic impedance spectroscopy (EIS), to testing their photocatalytic and
electrocatalytic properties using gas chromatography, to measuring their response to

external magnetic fields using magnetic calorimetry.

It is clear from this brief outline that the road to functional material design can
be long and difficult. A combination of all five steps can lead to an understanding
of what makes a material applicable for a particular purpose (developing a structure-
functionality relationship). In turn, this can lead to the development of carbon-neutral
energy innovations, such as more efficient battery materials, more stable catalysts, and

purposefully-engineered magnetic interactions.
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1.1.3 Metal Oxides as Functional Energy Materials

Many avenues have been explored for the design of functional energy materials. These
include, but are not limited to, organic polymers, metal-organic frameworks (MOFs),
nitrides and carbides, and metallurgy. The focus of this dissertation will be on metal
oxides, which are crystalline solids consisting of metal cations and oxygen anions. Metal
oxides are often studied because of their stability and response to external stimuli. In
fact, most of the Earth’s crust consists of different oxides that have remained stable and
unreacted for millions of years. These include sand (also known as silicon dioxide, or
SiOy) as well as various mineral deposits like iron ore (in the form of hematite FeoO3 or
magnetite Fe3O4). With the exception of the lighter inert gases — helium, neon, argon,
and krypton — oxygen forms at least one binary oxide with each of the elements of the

Periodic Table (up to Einsteinium(I1I) oxide,?! or Es;O3).

Even the most simple binary oxides have been studied in great detail due to their
functional properties. In 1972, titanium dioxide (TiOy) was first reported to be capable
of performing photocatalytic water splitting; splitting water into hydrogen and oxygen
gas in the presence of light.?>?3 Additionally, the highest solid state ionic conductivity
recorded to date is in the cubic phase of bismuth oxide, known as §-Biy03.242¢ However,
significant drawbacks are associated with each of these materials, with TiO, suffering

27-30

from a low quantum yield and low light absorption, and 0-BisO3 being a poor

electrical conductor and a metastable structure that is only accessible at elevated

2531 Given the inherent compositional simplicity of these materials, metal

temperatures.
oxides have provided a rich tapestry for additional structural modifications in an attempt
to improve their performance as functional materials. In TiO, photocatalysts, a great
detail of research has focused on engineering different morphologies of TiO4 particles, such
as synthesising particular nanostructures or thin-film substrates to improve efficiency.2 37
Similarly in -Biy O3, attempts to stabilise the high-temperature -Bi,O3 material at lower

temperatures through morphology design and chemical doping have been reported.3¥ 40
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Other ways in which metal oxides can be explored is by combining two binary metal
oxides to yield a ternary oxide. These are given the form A,B,O,., where A and B are
different metal cations, and a,b and ¢ are stoichiometric coefficients. Ternary oxides
have also lead to great scientific advancement, such as 8% yttria-stabilised zirconia
(Yo0.16Z10.9209.08) as an ionic conductor, CsOs,Op as a superconductor,? and LiCoO,
as a commercially-available battery electrode.*® However, the addition of more chemical
elements can lead to complicated relationships within the structure, with other phenomena
such as reduction-oxidation potentials, stacking faults, and antisite defects all becoming
possible and difficult to quantify. Developing structure-functionality relationships in
ternary oxides (and quaternary oxides and beyond) remains one of the great challenges

of material science.

This dissertation will focus on exploring the phase space of ABO, metal oxides,
where A and B are different metal cations. By varying the different A- and B-site
metal cations, different materials with different crystal structures are formed, leading
to applications as functional energy materials including ceramic ionic conductors, lasing
materials, photocatalysts, and matrices of safely storing radioactive waste. The next
section of this introduction will focus on an archetype ABO, metal oxide; the scheelite-
type oxide. The phase space of different ABO, materials will then be explored using the
Periodic Table, changing the oxidation states and ionic radii of the A- and B-site cations
to form new materials with different symmetries and applications. A brief aside will be
given to ABX, materials, where the oxygen anions have been replaced with other anions,

such as sulfur, tellurium, and fluorine to explore an even greater phase space.

1.2 Scheelite-Type Oxides

Scheelite-type oxides of the form ABO, have generated a lot of interest due to the large
amount of chemical and charge combinations available within their structure type. In
fact, almost every cation in the Periodic Table has been reported within the ABO,
structure type in some way.*»* Different combinations of charge cations have been

incorporated within the structure, leading to a diverse range of materials properties.
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As a brief example, the alkali metal (AT) and transition metal (B™") combination
KOsO, has been identified as a 5d' quantum magnet oxide,*0 whereas the A** and B**
combination ThGeOy4 has been identified as a potential host matrix for high-activity
radioactive waste.?” Understanding their nuclear and electronic structure is critical to
further developing structure-functionality relationships within this diverse class of metal

oxides.

1.2.1 The Scheelite-Type Structure

The archetype scheelite ABO, metal oxide structure is tetragonal (a = b # ¢, a = =
v = 90°) in the space group [4;/a (space group #88). The structure consists of two
unique cation sites; the A and B sites (Figure 1.2). The A site consists of AOg polyhedra,
expressed as two unique A—O bond distances. The A-site cation is confined to the special
symmetry-constrained Wyckoff position 4b (0, 1/4, 5/8), meaning it has little freedom
of movement within the structure. The B-site cation is found in a similarly constrained
special Wyckoff position 4a (0, 1/4, 1/8) with a single unique B—O bond distance. There
is one oxygen position at the 16f Wyckoff position with general coordinates (x,y, z). The
ABOQOy structure is arranged in such as way that the AOg polyhedra and BO, tetrahedra
alternate within the structure, leading to edge-sharing AOg polyhedra and isolated BO,
tetrahedra.

Figure 1.2: The ABO, tetragonal I4; /a scheelite-type structure with the (a) AOg edge-sharing polyhedra
highlighted in blue, and the (b) BO, isolated tetrahedra highlighted in grey. The different bonding
environments are highlighted in (c¢), with the two unique A-O distances drawn in green and gold, and
the unique B—O distance drawn in purple.
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The first and ‘original” scheelite structure identified was CaWOQy; the original ore of
tungsten. Scheelite was first described in 1751 from Mount Bispergs Klack in Sweden
and named after Carl Wilhelm Scheele, the Swedish-German chemist credited with the
discovery of oxygen in 1773, a year before Joseph Priestley independently published
the same discovery.*® Owing to its unusual heaviness, the ore was named ‘tung sten’
meaning ‘heavy stone’ in Swedish. This eventually became the name of purified tungsten
metal, with ‘scheelite’ remaining the name of the mineral ore itself. Since then, materials
deviating from the CaWO, chemical composition, but retaining the same AOg and BO,
structural motifs and tetragonal I4;/a structure, have been referred to as scheelite-type

materials.

Since its discovery, a wide variety of scheelite-type oxides have been studied in
the literature. The original CaWO, material, consisting of a II-VI combination of
Ca?t and W, was investigated for its high luminescent properties. Early studies by

9 as well as the effect of

Kroger presented a thorough investigation of its properties,?
chemical substitution of similar cations. This lead to the identification of PbWQ, as a
scintillator, used in ordinary lab equipment through to the detectors used in the Large
Hadron Collider at the Conseil Européen pour la Recherche Nucléaire (CERN), or the
European Organization for Nuclear Research.’® PbWQ, has demonstrated great chemical

stability and resistance to radiation, making it a perfect detector material in high-energy

applications.’!

Apart from CaWOQy, other II-VI charge combination scheelites have been investigated
due to their functional material properties. Moving one period down the Periodic Table
from Ca?* to Sr**, STWO, has been investigated as a ceramic host matrix for radioactive

98y immobilisation.’? Furthermore, both SrMoO, and SrWOQO, have been investigated

53-55 56-58

as self-activating phosphors, with possible applications in solid state lasers,

LEDs,?®% and optoelectronic devices.®! This is due to the excellent photoluminescence,

high chemical stability, and low thermal expansion of the material.®?

Moving yet another
period down the Periodic Table to Ba*", BaWO, has been extensively investigated as a
photocatalyst due to its chemical and thermal stability, as well as its favourable direct

band gap.93% The synthesis, long-range average, and short-range local ordering of the
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II-VI charge combination scheelites is the focus of Chapter 5 of this dissertation, with a
particular focus on PbWOQy, its application as a photocatalyst, and local scale distortions

that are not found in the isostructural ‘original’ scheelite CaWOQy,.

Moving away from II-VI charge combinations, significant applications have also been
found for I-VII scheelite-type oxides. As mentioned previously, the KOsO, metal oxide was
recently identified as a 5d' quantum magnet oxide due to the isolated Os™" 5d! (S = 1/2)
cations.? Previously, oxides containing 5d transition metals, such as Os and Ir, have
demonstrated unusual magnetic properties, from the ferromagnetic insulator Ba;NiOsOg,
to the superconducting CsOs;Og mentioned above.*?57 This has been attributed to the
diffuse nature of the 5d orbitals, which has been proposed to give rise to itinerant, rather
than localised, electronic effects.?® Furthermore, the spin-orbit coupling often results in a
significant decrease in the observed magnetic moment, as illustrated in various Re-, Os-,
and Ir-containing compounds.?® ™ Although a majority of these magnetic phenomena
have been reported in structures containing corner-sharing octahedral motifs such as
pyrochlores and perovskites, the ionic nature of the larger A-site cation and the isolated
BO, tetrahedra in the ABQ, structure allow for the study of these materials whilst
removing the oxygen-mediated superexchange interactions.*® In addition to the magnetism
studies, scheelite-type systems with Bt = Re have been investigated as potential host
matrices for radioactive waste due to the similarities between Re”" and the highly mobile
fission product Te™.7™ Work concerning the ATcO, and AReQy, scheelite-type oxides
is the subject of Chapter 6 of this dissertation.

The III-V combinations have received a large amount of attention due to the prevalence
of potential A3T cations available, from transition metals (Sc3*, Y3+, Fe3t, Co3*, etc.) to
a majority of lanthanoids (Ln®* = lanthanoid, La-Lu) and actinoids (An*T = Am-Cf).
One of the most well-studied III-V combination scheelites is LaNbQ,, although it should
be noted that it only adopts the scheelite-type structure at elevated temperatures
(>500 °C).™ This has been investigated as a potential proton-conducting solid-oxide

678 a5 well as its

fuel cell (SOFC) material due to its lack of electronic conductivity,
high chemical stability in harsh, acidic environments containing H,S or CO, gases.™ The

abundance of chemical substitutions possible on either the A- and B-sites leads to a
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great deal of flexibility in terms of the size of the ionic radii (IR), such as substituting
La®t for Lu*t (1.16 vs. 0.977 A in eight-coordinate geometry) whilst maintaining charge
balance.®? This is observed to have an impact on the ionic conductivity of these materials,
as well as influencing any potential phase transitions they may undergo. The identification
of structure-functionality relationships in the III-V combinations is the main focus of

Chapter 3 of this dissertation.

Finally, combinations of different oxidation states can be substituted onto either the A
or B sites of these scheelite-type oxides to produce an even greater array of applications.
The most notable of these concerns mixing Na® and YT onto the A site to form
NaYMoyOg (sometimes written as (Nags5Yo5)MoOy to emphasise its relationship with
other ABO, materials and highlight the mixed cations on the A site).3! These materials
have been identified as potential host crystals for luminescent rare-earth ions for solid state
lasing due to their excellent thermal and hydrolytic stability.®? Furthermore, combining
different cation oxidation states has also led to the study of CaANbyOg (A*" = U, Th) as a
potential host matrix for radioactive waste.®® Understanding the structures of these mixed-
site scheelite-type oxides is the subject of Chapter 4 of this dissertation, with a particular
focus on their local environment and their potential influence on their application as solid

state lasers.

Although the present discussion has focused on the scheelite-type structure, there are
a variety of other structures closely related to the scheelite-type structure that possess
different symmetries and structural motifs. By using different cation combinations,
vacancy creation, or external stimuli, different ABO, structures may be synthesised with

vastly different properties.

1.2.2 Variations on the Scheelite-Type Structure

The richness of the ABX, phase space has been extensively explored.***® In particular,
changing the ionic ratios r4/rx and rg/rx, where r4 is the IR of the A-site cation, rp
is the IR of the B-site cation, and rx is the IR of the anion (where X is not necessarily

oxygen), can lead to either increases or decreases in crystal symmetry. Here, the phase
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diagram proposed by Errandonea et al.

is presented in Figure 1.3,* giving a ‘map’

of different crystal symmetries in the ABX, materials. This diagram is adapted from

the less-comprehensive version first published by Bastide in 1987.4% The next section will

introduce ways of moving around this phase diagram, by changing the ionic ratios through

the application of temperature, pressure, or through chemical substitution. In turn, this

gives access to an increasingly rich phase space which can be used to further tailor ABX,

materials for use as functional materials.
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Figure 1.3: Phase diagram for ABX, materials by Errandonea et al. highlighting the possible phases
accessible by altering the ionic radii of the A- and B-site cations, and the X anions.** The phases that
are the focus of this dissertation are highlighted by the shaded areas: (blue) tetragonal I4;/a scheelite,
(green) monoclinic 12/a and P2/c fergusonite, (gold) tetragonal I4; /amd zircon, and (pink) orthorhombic
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As outlined above, the ABO4 metal oxides can accommodate a wide variety of different

cations and charge combinations. However, not each of these combinations will produce

the tetragonal I4;/a scheelite-type structure, with many other phases also observed.
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Crucially, the tetragonal 74 /a scheelite-type structure only occurs within a ‘sweet spot’
of the r4/ro and rg/ro ratios (where r4/ro ~0.65-1.15, and rp/ro ~0.25-0.35) (Figure
1.3, blue area). Therefore, by altering the IR of either the A- or B-site cations, we can

alter the long-range symmetry of the structure.

Orthorhombic Pnma Pseudo Scheelite-Type

By increasing the IR of the A-site cation, such as substituting Rb* (IR = 1.61 A,
rrp/ro ~1.13) for Cst (IR = 1.74 A, ros/ro ~1.23), a change in long-range symmetry
is expected. In AReQy, this results in a decrease in symmetry from tetragonal [4;/a to
orthorhombic (a # b # ¢, « = f = v = 90°) Pnma (space group #62) structure (Figure
1.3, pink area). This has been seen previously, with RbReO, and CsReO, observed in the

tetragonal 14, /a and orthorhombic Pnma structures respectively.™

Figure 1.4: The ABX, structures both stable at room temperature (a) tetragonal I4;/a scheelite-type,
and (b) orthorhombic Pnma pseudo scheelite-type. The difference between the two structures is the size
of the A-site cation (as visualised by the blue and pink spheres). The difference can also be visualised via
the rotations of the BO, tetrahedra, with (a) rotated about the c-axis, and (b) rotated about the b-axis.

The Pnma structure has mostly been observed at room temperature for ABO,
materials with AT = Cs, such as CsMnOy,,%* CsTcOy4,” CsRuO4,% CsReOy4,"® CsO0s0,4,%
CsCl04,8¢ and CsI04.%" This has been previously referred to as the ‘baryte-type’ structure,
due to its similarity to BaSO4,% but is more often called the ‘pseudo scheelite-type’
structure. The orthorhombic ‘Pnma’ structure is similar to the tetragonal 14, /a scheelite-
type structure, but incorporates different rotations of the BOy tetrahedra (Figure 1.4).
Where the BO, tetrahedra are rotated around the c-axis in 14 /a, the BO4 tetrahedra are
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rotated around the b-axis in Pnma.”™ This also leads to other losses of symmetry in the
structure, such as the A- and B-site cations moving from their symmetry-constrained sites
to the more free (z,3/4, z) and (2, 1/4, 2’) positions respectively. This is also accompanied

by the splitting of one anion position to three different anion positions.

Monoclinic 12/a Fergusonite-Type

By increasing the IR of the B-site cation, such as substituting W™ (IR = 0.42 A,
rw/ro ~ 0.30) for Nb** (IR = 048 A, rny/ro ~ 0.34), a lowering in symmetry from
tetragonal [4;/a to monoclinic (@ # b # ¢, « = f # v = 90 °) 12/a (space group
#15) is observed (Figure 1.3, green area). This is most commonly described in LnNbO,
(where Ln** = La-Lu). This structure is often referred in the literature as the M-type
fergusonite-type structure, analogous to similar labels used in perovskites such as NaNbOj
and AgNbOj to denote lower-symmetry distortions of an aristotype.®8° The fergusonite-
type structure is named after the British politician and mineral collector Robert Ferguson
of Raith, and is usually found in the form ANbO, in nature (with A3t = rare-earth
elements, such as Y and Ln®"). Tt also naturally occurs in a metamictic state (amorphous,
or with a loss of crystalline structure), due to its sequestering of naturally-occurring

radioactive elements such as uranium and thorium.®

The increased size of the B-site cation provides additional flexibility within the
structure. Namely, each cation site goes from a symmetry-constrained 4b site (0,1/4,5/8)
to a more general 4e site (0,1/4,5/8 + J), with freedom along a particular axis. The
unique anion position is also split into two, allowing for distortions in the BO, tetrahedra,
giving two pairs of different bond lengths. These further deformations in the tetrahedra
also lead to the inclusion of an additional two B-O distances (denoted as B-O, for
‘long’), causing the BO, tetrahedra to become BOg distorted octahedra (Figure 1.5b).%!
This causes a departure from the AOg polyhedra and BO, tetrahedra networks seen
in the tetragonal I4/a scheelite-type structure to a network of AOg polyhedra and
BOg octahedra. Nevertheless, it is usual to describe the fergusonite-type structure as

a distorted scheelite.
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Monoclinic P2/c Fergusonite-Type

Similar to the monoclinic /2/a structure, increasing the IR of the B-site cation can
also lower the symmetry to the monoclinic P2/c structure (space group #13). The
monoclinic P2/c is given the M’-type label, due to its similarity to the monoclinic 12/a
structure (Figure 1.5¢). However, the topology of these two phases is distinct, with
differences observed in the chains of BOg octahedra within the structure. In the I12/a
space group, these octahedra run ‘out-of-phase’, whereas in the P2/c space group they
run ‘in-phase’ or ‘interdigitated’ (Figure 1.5). The P2/c structure is often observed in
ATaO,4 materials, where the A-site cations are the smaller rare-carth lanthanoids (such
as Tb-Lu). Like the /2/a structure, the A- and B-site cations exhibit crystallographic
freedom along a particular direction, with two general anion positions. There is no obvious
structural relationship between this M’-type structure and the 74;/a tetragonal scheelite-

type structure.

Figure 1.5: The ABX, structures (a) tetragonal 14, /a scheelite-type, and two fergusonite-type structures
(b) monoclinic I2/a M-type, and (¢) monoclinic P2/¢ M'-type. By changing the ionic radii of the B-site
cation, the structural motif is changed from isolated BX, tetrahedra to edge-sharing BXg distorted
octahedra. The difference between the I2/a and P2/c structures is visualised through the chains of BXg
octahedra, with the chains ‘out-of-phase’ in I2/a and ‘in-phase’ in P2/ec.

1.2.2.2 Changes Due to Temperature

In many crystallographic structures, heating a material results in an increase in the
thermal motion of atoms, as well as an increase in the size of its unit cell. This can
lead to an increase in symmetry, as the atoms have enough energy to overcome energy-
lowering phenomena such as Jahn-Teller distortions and rigid unit mode packing such
as polyhedra tilting. It is important to understand how the symmetry of these ABOy
structures change upon heating, as applications such as ceramic electrolytes for SOFCs

require the application of heat to operate.
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Tetragonal 14, /a — Tetragonal I4,/amd

In some cases, the scheelite-type structure increases in symmetry from 14, /a — I4;/amd
upon heating. This has been identified as the true scheelite aristotype, with additional
symmetry elements present. However, this structure is seldom observed in the scheelite-
type oxides. Similar to the tetragonal 4 /a structure, the I4;/amd (space group #141)
polymorph consists of networks of AO;5 polyhedra and isolated BO, tetrahedra. Notably,
this phase transition has only been reported for A™ = Rb scheelite-type oxides, such as
RbTcOy,” RbReOy,9? RbOs04.5 The I4;/a — I4,/amd phase transition is continuous
by group theory, with the two structures differing by the rotation of their BO, tetrahedra
around the c-axis (governed by the I'j mode).” The general (z,y, z) 16f anion position

in the 74 /a structure moves to the semi-constrained (0, y, z) 16k position.

Orthorhombic Pnma — Tetragonal 14, /a or Tetragonal 14, /amd

Similar to the I4;/a — I4;/amd phase transition reported in AT = Rb materials,
attempts have been made to observe the Pnma — I4;/amd phase transition. This phase
transition is also predicted to be continuous by group theory as the structures differ in

the rotation of the BO, tetrahedra about the c-axis governed by the M, mode.

Early work identified both CsTcO,4 and CsReQOy to be isostructural in the orthorhombic
Pnma space group. Upon heating, both of these materials are reported to undergo a phase
transition from orthorhombic to tetragonal (CsTcO4 T, ~450 K, CsReO4 T. ~500 K).
However, the exact structure of this high-temperature phase remains unclear, with both
I4;/a and I4;/amd proposed. Work on CsTcO, by Kennedy et al. identified features
characteristic of a first order phase transition associated with the transformation, such as
a discontinuous jump in both the c lattice parameter and the unit cell volume, as well
as the coexistence of both the orthorhombic and tetragonal phases between 400-450 K.™
Similar features were noted for CsRuO, and CsOsQ,, with the coexistence of both the

orthorhombic and tetragonal phases over particular temperature ranges.5

The exact mechanism of the phase transition and the structure of the high-temperature
phases of CsTcO, and CsReO,4 remains unresolved. The aristotype 14, /amd structure can
be obtained from Pnma by rotation of the BO, tetrahedra around the b-axis. Conversely,

the aristotype structure can be derived from the I4;/a structure by rotation of the BO,
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Figure 1.6: Relationships between the (top) tetragonal I4;/amd, (bottom left) monoclinic Pnma, and
(bottom right) tetragonal T4, /a structures.

First Order

)

tetrahedra around the c-axis (Figure 1.5). However, it is not possible for a material to
continuously transform from Pnma — I4;/a, as the rotations are about orthogonal axes.
Therefore, any transition between these two structures must be first order. Differentiating
whether an additional 74;/a — I4,/amd phase transition occurs at higher temperature
is difficult. Work by both Kennedy et al. and Chay et al. attempted to identify the exact
space group of the high-temperature structures, but the process was problematic due to
the relative weak scattering of O?~ (Zy2- = 10) compared to either Cs™ (Z+ = 54), Tc™"
(Zpe+ = 36), and Re™" (Zg,+ = 68). They tentatively identified the high-temperature
structure of CsTcOy4 to be I4;/a due to the nonzero refinement of the O(1) x atomic
coordinate. Attempts were made to identify reflections unique to I4; /a, but absent in the
14, /amd structure. However, overlap between the diagnostic (114) and common (202)
reflections made this difficult. A similar observation was made for T1TcO,4, whereby the
high-temperature structure was postulated to be the I4;/amd structure based on the

absence of the (114) reflection.” However, this is also yet to be confirmed.
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Monoclinic 12/a — Tetragonal 14, /a

As stated above, the LaNbO, material exhibits the monoclinic [2/a fergusonite-
type structure at room temperature. This material undergoes a phase transition
from I2/a — I4;/a upon heating at ~500 °C (Figure 1.7).” This phase transition is
accompanied by anisotropic expansion of the a and ¢ lattice parameters, as well as a
decrease in the monoclinic § angle. Upon transformation, a = ¢ and # = 90°, as seen in

the tetragonal 14, /a structure.

The nature of this phase transition has been investigated in-depth, as it plays a role in
its potential material applications. Early work by Stubic¢an identified the 12/a — I4;/a
phase transition in several M-type orthoniobates (ANbQO,) as continuous and reversible
ferroelastic phase transitions.?® This was further supported by other studies that observed
second order phase transition behaviour.?*®” Recent literature work has identified the
coexistence of both the I2/a and I4;/a phases around the phase transition, as well as a
small thermal hysteresis upon heating and cooling.”™ %% Such behaviour is inconsistent
with a continuous phase transition, suggesting that the 12/a — I4;/a transformation is
first order in nature. Furthermore, neutron powder diffraction studies have identified the
long B-O; bond to be crucial to the phase transition, with this bond being essential in
optimising the coordination environment of the B-site cations at room temperature. The
breaking of this bond transforms the BOg octahedra to BO, tetrahedra in the higher

symmetry scheelite-type structure.”’% This is due to the I'j mode, and governs the

91,99

movement of the cations and rotation of the BOg tetrahedra.

Figure 1.7: Relationship between the (left) monoclinic 12/a and (right) tetragonal I4; /a structures. The
phase transition proceeds through a breaking of the B-O; bond governed by the I'; mode.
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Hypothesised Monoclinic P2/¢ — Monoclinic 12/a

Although the monoclinic 712/a and P2/c structures are closely related, there has been
substantially less reported on the analogous potential phase transitions for the P2/c
structures. Previous work has identified the tendency of LnNbO, materials to crystallise
in the 12/a space group, whereas the LnTaO, materials crystallise in different groups
depending on the IR of the Ln?* cation.”™!%00 The larger Ln3* cations (La—Pr)
crystallise in the monoclinic P2;/c space group (space group #14), the intermediate
cations (Nd-Er) crystallise in the [2/a space group (isostructural to the LnNbO,
analogues), and the smaller cations (Ho—Lu) crystallise in the P2/c space group. This is
particularly remarkable, as Nb®" and Ta’" cations are expected to exhibit near-identical
chemistry due to their identical oxidation state and IR (Nb>* = Ta’* = 0.64 A in
octahedral geometry), and hence occupy the same space in the Errandonea et al. phase

diagram (Figure 1.3, blue area).480

Various changes in the structure of LnTaO, materials have been reported using ez
situ diffraction. The pioneering study by Brixner et al. reported that LnTaO, (Ln*t =
Sm-Lu) could crystallise in either the /2/a or P2/c space group depending on whether
a flux (such as LiSO, or LiCl) was used.'®® Other reports have also detailed the effect of
longer heating times and higher temperatures on the structure of LnTaO, materials,
with materials transforming from the P2/c¢ space group to the I2/a structure after
being heated in a muffle furnace to temperatures exceeding 1400 °C.1%3 Although in situ
diffraction studies have been reported describing the 12/a — I4;/a phase transition, 99

there are no equivalent in situ diffraction studies of the irreversible P2/c — I2/a phase

transformation.

The difference between the phase transitions in LnNbO4 and LnTaQ, structures were
first explored by Stubic¢an, who identified that the 12/a — 4, /a phase transition occurs at
a much higher temperature in LnTaO, orthotantalates than the corresponding LnNbO,
orthoniobates.?® This was further investigated by Saura-Muzquiz et al., using neutron
diffraction, where the I2/a — I4;/a phase transition was observed for both NdNbOy
and NdTaO4. Each structure underwent the same /2/a — I4;/a phase transition

via the same mechanism, although the orthotantalate proceeded at almost double the
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temperature (NANbO, T, ~660 °C, NdTaO4 T, ~1220 °C). Interestingly, there appears
to be a correlation between the preferred (12/a or P2/c) structure, and the temperature
of the reversible /12/a — I4,/a phase transition. Therefore, based on this data, it is
hypothesised that the P2/c — I2/a phase transition occurs through the high-temperature

14, /a scheelite-type phase. However, this remains to be investigated.

1.2.2.3 Changes Due to Pressure

Whereas increasing the temperature of a material can lead to an increase in its unit cell
volume, an increase in pressure has the opposite effect. A decrease in unit cell volume
can lead to changes in the coordination number of cations, as well as strengthening the
orbital overlap between atoms resulting in stronger interactions. Therefore, increasing
pressure is often described as the inverse of increasing temperature in terms of controlling
the thermodynamics of a system. Increasing the coordination environment of cations
leads to an increase in its effective IR, as seen in the 12/a — I4,/a phase transition of
LaNbOy, where Nb®™ undergoes a change in its coordination environment from NbOg
octahedra to NbO, tetrahedra. Increasing the coordination number of the Nb>T cation
(from four-coordinate tetrahedra to six-coordinate octahedra) has a secondary effect of
increasing the effective size of Nb% (from 0.48 to 0.64 A).%* This presents as yet another
mechanism to traverse the Errandonea et al. phase diagram of ABX,; compounds, where
an increase in pressure can result in an increase in both the r4/rx and rg/ryx ratios.*t
Although this dissertation does not focus on the use of high pressure to explore the phase
space of additional ABO,4 materials, various parallels are drawn between the use of high
temperature and high pressure. Therefore, it is included here in the form of a review
to provide perspective on symmetry-lowering external stimuli and their relationship to

temperature-induced phase transitions.

A majority of ABO, high-pressure work has looked at B = V°T and WO

materials.!% 1% The AVO, orthovanadates have found applications as photocatalyst

materials for degrading propane and phenol,!%"1% as well as thermophosphors,'*® ionic

conductors,'? and optical materials.!'! Likewise, the AWO, materials are currently used

to fabricate scintillation detectors, as mentioned above with PbWQ,.°%5%112 More recently,
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high-pressure studies have been performed on ANbO, orthoniobates to better understand

the differences between these systems.

Tetragonal I4;/amd — Tetragonal 14, /a

One of the earliest high-pressure studies was performed on the tetragonal-zircon YVO,
in 1987.113 This material has important applications in solid state lasing, where it serves
as a host material for rare-earth ions. The pressure behaviour of this material was of
interest due to the interpretation and modelling of the 4f crystal field of Nd3* as a
function of interatomic distances to alter its lasing properties. The tetragonal-zircon
phase is observed in the Errandonea et al. phase diagram (Figure 1.3, golden area),
however this differs slightly from the I4;/amd scheelite aristotype structure observed
upon heating. The tetragonal-zircon structure has significantly different connectivity
(AOg vs. AOy, polyhedra), and has a smaller unit cell by approximately 1/4/2 along the
c-axis (Figure 1.8).
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Figure 1.8: Relationship between the (a) tetragonal I4; /amd scheelite-type aristotype, and (b) tetragonal
14, /amd zircon-type structures. Although these phases are similar, they possess different connectivity.
The different coloured spheres and tetrahedra are used to show that no phase transition occurs between
these two structures.

An in situ high pressure structural study by Wang et al. reported a I4;/amd — 141 /a
phase transition in YVO, at 8.5 GPa.!''* Contrary to the high temperature scheelite-

type aristotype seen in RbBO,,*92 this phase transition is irreversible, with the
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scheelite-type 14, /a phase recovered upon releasing the pressure to ambient conditions.!*
The phase transition is also described as ‘sluggish’, with both phases coexisting over a
pressure range of ~10 GPa. A similar phase transition has been reported for other rare-
earth orthovanadates such as ScVOy (8.7 GPa), EuVO, (7.8 GPa), HoVO, (4.5 GPa),
YbVO, (5.9 GPa), and LuVOy (8.9 GPa).'' 117 Various theoretical modelling techniques
have been used to develop insight into this phase transition, with DFT calculations of
the high pressure infrared modes used to understand the influence of pressure on the
electronic structure of AVO4.17 It was identified that the pressure-driven instability of the
tetragonal-zircon phase is due to the softening of the Bj, mode.!'®12° The high-pressure
14, /amd — I4,/a phase transition has also been reported in other ABO, materials, such

122

as silicates,'?! phosphates,'?? chromates,'?® and arsenates.!?*

Tetragonal 74, /a — Monoclinic 12/a

The high-pressure study of EuVO, demonstrated the phase transition between
I4y/amd — I4,/a, with a coexistence of the two phases present between 7.8-15.1 GPa.!'!?
However, upon further pressurising above 20.9 GPa, a second pressure-induced phase
transition was observed. This was determined to be a tetragonal-to-monoclinic phase
transition of the form I4,/a — I2/a. Unlike the I4,/amd — I4,/a transformation,
this phase transition was identified to be reversible, with the /2/a structure not observed
upon depressurising. This same phase transition was also noted in LuVO, (~21.9 GPa).!?
Similar phase transitions have also been reported in other room temperature scheelite-type

structures, including CaWO, (10 GPa),'?¢ StWO, (11.5 GPa),'?" StMoO, (12.2 GPa),'?®
CdMoO, (12 GPa),'* and EuMoO, (8.8 GPa).'?

Interestingly, the I4;/a — I2/a high pressure phase transition has been studied
through the lens of the similar (but reversed) I2/a — I4;/a phase transition that occurs
in LaNbO, upon heating. Like the high-temperature studies, the nature of this phase
transition is also believed to be weakly first order, with a soft mode being identified and
remaining nonzero within the pressure range.'?”3% Studies also describe the distortion of
the I4;/a — I2/a structure as being governed by the changing coordination environment
of the B-site cation with the coordination increasing from BQO, tetrahedra to BOg

octahedra upon pressurising, similar to the high-temperature studies.!0413!
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Other High Pressure Phase Transitions in ANbOy4

In comparison to AVO, and AWQ,, the ANbO, class of materials has been studied much
less due to the higher pressures required for phase transformations. Early reports of high
pressure phase transitions in LaNbO,4, GANbO,, and EuNbO,4 showed high pressure phases
to exist, however no full structural models were reported.'3?7134 It was not until Garg et al.
performed a study combining high pressure X-ray powder diffraction and ab initio DFT
calculations that a model for the phase transition in HoNbO, was established.!3® Their
study demonstrated that HoNbO, undergoes a reversible phase transition to a second
monoclinic polymorph, indexed to the P2;/c space group, at around 19 GPa. It should
be noted, however, that differences have been observed in the high-pressure behaviour
of most ANbO, materials, with isostructural compounds seemingly not undergoing the
same phase transitions. For example, GANbO, apparently does not undergo a structural
transformation up to 25 GPa,'?% whereas a I2/a — P1 (space group #2) transition is
reported in YbNbO, near 11.6 GPa.'®” This indicates that the 4f electrons play a role
in the compressibility of these materials, leading to a potential way of fine-tuning their

response. 105138

1.2.3 Additional Changes in Symmetry Due to Substitution

So far, only ternary oxides of the form ABO, have been discussed. Making substitutions
at either the A or B sites of the material gives a mechanism to traverse the Errandonea
et al. phase diagram, as well as predicting their response to a range of external stimuli.**
However, there are additional ways in which we can induce changes within the ABO,

structure, which are outlined below:

Multiple Cation Substitutions: Tetragonal 14

As stated above, due to the chemical and thermal stability of ABO, materials, they
are remarkably robust to mixed cation occupancies. As an example, the family of
ABQy scheelite-type oxides may be extended to include ‘double scheelites’ of the form
(Aos5Af5)BOy [sometimes written as AA'(BOy)y, where A and A" are two different A-
site cations]. Oxides of this type, such as NaY(MoQy)2, have found applications as host

crystals for luminescent ions in solid state lasing.8%!3
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It is important to note that A and A’ are two cations of different sizes and oxidation
states (in the case above, A = Na* and A’ = Y3*). The presence of two different cations
on the A site may result in either incomplete or partial ordering across the site. This
lowers the symmetry by splitting the A site of the I4;/a structure into two distinct
positions. This symmetry lowering is identified as tetragonal I4 (space group #82).
Crystallographically, the 4b Wyckoff position in the I4;/a structure is split into two
distinct 2b and 2c¢ positions, where different occupancies of the A and A’ cations are
permitted (Figure 1.9). In most metal oxides, differences in the oxidation state or size of
cations can lead to ordering, as illustrated in other materials such as the double perovskite
BaysInTaOg, 40141 as well as LnyTisO7 pyrochlores and defect fluorites. 2143 It should also
be noted that scheelite-type oxides are not just limited to mixed occupancies on the A site,

with interesting phenomena also identified in LaySiMoOg,'** as well as BisFeMoy,O1,.145:146
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Figure 1.9: Relationship between the (a) tetragonal I4;/a and (b) tetragonal I4 structures. Of note is
the splitting of the 4b Wyckoff posmon in the I4;/a structure to two distinct 2b and 2¢ Wyckoff positions
in the I4 structure. This distinction allows for the possibility of cation ordering.

Although partial ordering between AT and A3 cations has been reported, it remains
a controversial topic within the literature. Early studies by Perera et al. indexed
the NaLn(BOy)s materials to the archetype scheelite-type I4;/a space group using X-
ray powder diffraction, with the Nat and Ln?" cations disordering across a single 4b
Wyckoff position.'*” However, previous studies by Hanuza et al. reported vibrational
states using polarised infrared and Raman spectroscopy that were postulated to be a

result of short-range ordering between the Nat and Bi** cations (and, subsequently,
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lowering the symmetry from I4;/a to I4).'48149 This has also been reported in other
spectroscopy studies, with Rico et al. relating the large spectroscopic bandwidths observed
in some Na™- and Ln3"/Bi®*-containing double scheelites to partial cation ordering,'°
and Volkov et al. relating the optical absorption and photoluminescence properties to
the local ordering between Yb—Yb pairs in LiYb(MoQy),.15 Therefore, it is possible that
partial ordering exists between the A and A’ cations, leading to interesting interactions

that can alter their lasing properties.

Anionic Substitution: Tetragonal P4/nmm

Another way of navigating the ABX, phase diagram is by changing the X anion used
in the structure. For example, replacing O?~ (IR = 1.40 A) with the slightly larger S?~
(IR=184 A) can decrease the r4 /rx and rg/rx ratios, going from orthorhombic C'mem
in InPOy to tetragonal I4 in InPS,.1%*!5% By incorporating anions of different valencies
(such as F~, C17, or N37), different charge combinations may also be accessed outside of

the regular I-VII (such as KOsQOy), II-VI (CaWO,), and III-V (LaNbO,) pairs.
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Figure 1.10: The crystal structure of (a) CsMnF4 and (b) CsFeOy, both in the tetragonal P4/nmm space
group. The aqua spheres represent Cs™, the purple octahedra represent MnFg, the brown octahedra
represent FeFg, and the white atoms represent F~.

One example of this is CsMnFy, where F~ has replaced O%~ in the structure allowing
for a I-III cation charge combination. This material consists of corner-sharing MnFg
octahedra in 2D layers, separated by 12-coordinate Cs™ polyhedra. This 2D arrangement
of the MnFg octahedra is key, along with the coupling of the strong Jahn-Teller distortions
as a result of the Mn3t high spin cation complex and the weak field F~ ligands.

As the Jahn-Teller distortions cause the MnFg octahedra to distort into a two short
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axial, four long equatorial bonding arrangement, a slight ‘puckering’ is observed in their
arrangement (Figure 1.10a).!1%% These slight distortions has led to various investigations
into these materials, in particular with CsMnF, displaying ferromagnetic ordering below
20 K,'55 whereas the isotypic material CsFeF, displays antiferromagnetic ordering (Figure
1.10b). One particular explanation regarding this behaviour involves the superexchange
angle between B-F-B (where B> = Fe, Mn). However, this has not been confirmed
experimentally. This is of particular interest in the field of magnetism, as controlling and
optimising magnetic interactions is important for the development of various spintronic

devices. 196,157

1.3 Applications of ABO,-Type Materials

Based on the rich chemistry associated with the possible phases and atomic substitutions
of ABOy4-type materials, these materials have received considerable attention in recent
years. As mentioned, these materials have been investigated as potential ceramic
electrolytes for SOFCs, solid state lasers, photocatalysts, spintronic devices, and matrices
for safely storing radioactive waste. An outline of these applications, as well as the project

aims of this dissertation, are presented below.

1.3.1 Solid Oxide Fuel Cells and LalNbO,

The replacement of carbon-emitting energy sources with cleaner alternatives on an
industrial scale is regarded as a critical priority for limiting the effects of anthropogenic
climate change. The development of ceramic electrolytes for SOFCs offers a technological
alternative to fossil fuel combustion by facilitating safe electrochemical oxidation of
hydrogen-rich fuels in an all-solid-state environment. Central to the operation of SOFCs
is the presence of a material with high ionic conductivity, as well as thermal and chemical

stability in a variety of different chemical environments.
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SOFCs operate by producing electrical energy directly from chemical energy via an
oxidation-reduction reaction. They are seen as a viable alternative to current coal-fired
power stations as they are not bound by the Carnot limit; energy is transferred from
chemical directly into electrical energy allowing for greater efficiency in energy conversion,
and is not lost in stepwise energy transformations along the way.'®® SOFCs operate by
oxidising a fuel at the anode and reducing an oxidant at the cathode. In an ideal set-up,
hydrogen gas is used as a fuel and oxygen from air is used as the oxidant, producing
water as a carbon-neutral byproduct. The cathode acts as a catalyst by reducing oxygen
to create oxygen ions, which then diffuse through the solid electrolyte to be oxidised
at the anode to form water. The electrons liberated in the process travel through an
external electrical circuit, being used to do electrical work. Essential to the operation
of SOFCs is a ceramic electrolyte that possesses high ionic conductivity, low electrical
conductivity, excellent thermal stability, and good chemical stability to a variety of
gaseous environments. A significant drawback of SOFCs is that the metal oxide-based
solid electrolytes used are restricted to high operating temperatures (between 500-800

°C), limiting their efficiency, large-scale usability, and commercialisation.

Various ABO, materials have been intensively studied for their ionic conductivity
properties. Purely stoichiometric materials — such as LaNbO,4 and StTWO, — have displayed
promising ionic conductivity.!®®6% However, small amounts of dopants have been shown
to increase their ionic conductivity by up to three orders of magnitude.?®161:162° Ag
ionic mobility proceeds through ABO, materials via ions jumping between interstitial
sites, the stability of LaNbO, to its chemical substitutions makes it an ideal candidate
to explore both oxygen ion and proton conductivity.'®® The enhanced oxygen ionic
conductivity has been observed in Mo- or W-doped LaNbOy, forming La(Nb;_,B,)O4s
(where B = Mo, W).9%:16L.1647166 The difference in oxidation state between Nb*T and
BY" introduces additional oxygen ions into the structure (as indicated by the +d in
the chemical formula) which are free to contribute to the ionic conduction. On the other
hand, enhanced proton conductivity has also been observed in Ca-doped LaNbQO,, forming
(Ca,La;_,)NbOy_s, with differences between the La®* and Ca?* oxidation state inducing

oxygen vacancies that lead to enhanced proton conductivity.!??:167:168
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Despite their promise, various issues exist with the pursuit of LaNbO, (and the
isostructural LnNbO, counterparts) as a potential SOFC ceramic electrolyte. Firstly,
the addition of dopants alters the behaviour of these materials at moderate operating
temperatures, leading to complex relationships between dopant and conductivity. This
has been reinforced by MD simulations, which have confirmed that total conductivity
is affected by the local structure distortions that are common in non-stoichiometric
systems. 163169170 Secondly, it is desirable for solid electrolytes to avoid first order phase
transitions, such as the I2/a — [4;/a phase transition that occurs in LaNbO, at
~500 °C.™ Properties associated with first order phase transitions, such as thermal
hysteresis and discontinuities in volume expansion, can lead to induced strain within

the material and a high chance of performance degradation with thermal cycling.

One way to avoid each of these issues is to look at the analogous LnTaO4 materials.
Whilst Nb°T and Ta’" are described as ‘inseparable twins’ due to their identical oxidation
state and IR, several differences have been observed in their crystal chemistry. Whilst
the orthoniobates (LnNbO,) have been reported to crystallise in the I2/a structure,
the orthotantalates (LnTaO,4) can crystallise in the monoclinic space groups P2;/c,
I2/a, or P2/c depending on the size of the Ln3" cation.”™1%0:101 Furthermore, the
I12/a — I4,/a phase transition observed in ABO, materials is tunable depending on
the A- and B-site cations used. Larger Ln3*t cations traditionally lead to lower phase
transition temperatures (LaNbOy4 T, ~500 °C and HoNbO, T, ~800 °C), whereas the
orthotantalates exhibit higher transition temperatures (NdNbOy4 7, ~660 °C and NdTaO4
T, ~1220 °C).9193 Therefore, the chemical tunability of both the A and B sites present
an opportunity to specifically tailor these materials for ionic conductivity applications by

altering the temperature of its first order phase transition.
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1.3.2 Solid State Lasers and NaBi(WQO,),

Solid state lasers have gained a lot of attention due to their application in printing,
semiconductor chip manufacturing, and medical procedures. The most commonly used
solid state lasers require a medium for Nd3* ions, where the crystal field splitting in the 5d
and 4 f energy levels provide the lasing activity of the crystal. The crystal field splitting of
the Nd3* ion is influenced by its local coordination environment, with a delicate balance
between crystallinity and local disorder required to ensure good lasing efficiency and

performance.

Scheelite-type structures have found application as solid state lasing materials due
to their common structural motif of AOg polyhedra environments with industrially-used
lasing materials such as Nd*'-doped yttrium aluminium garnets (Nd:YAGs). However,
substitution of rare-earth ions onto the A site of the ABO, structures may lead to partial
ordering, which lowers the symmetry of the structure from tetragonal I4,/a to I4. This
has led to controversy within the literature, with different studies concluding different
structural models depending on the types of analysis performed.!4"!48 Long-range average
techniques, such as X-ray and neutron powder diffraction, seemingly conclude that the
AT and A3T cations are disordered across a single site, leading to the identification of
the tetragonal I4;/a structure.'*” However, local structure probes such as infrared and
Raman spectroscopy have observed additional vibrational states that require the lowering
of symmetry from tetragonal I4;/a to tetragonal I4 to be indexed. This local ordering
between the AT and A3" cations has also been used to explain the optical and lasing
properties of some ATA3"(BO,), double scheelite materials.”® As it currently stands,
there is an incomplete understanding as to whether the AT and A" cations disorder
across a single cation position in the tetragonal 14, /a structure, or partially order leading
to two unique cation positions in the tetragonal 74 structure. This ordering can persist
on different length scales, with an ordered arrangement possible on the local scale (as
observed using spectroscopy) that is lost on the long-range scale (as observed using
diffraction). An in-depth understanding of whether this local ordering occurs, and how
it may be tuned to engineer more favourable local environments for the lasing rare-earth

ions, is required.
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1.3.3 Photocatalysts, BiVO,, and PbWOQO,

In order for the full commercialisation of SOFCs, a carbon-neutral method of generating
hydrogen gas is also required. Currently, hydrogen gas is produced through steam-
methane reforming, which produces either carbon monoxide or carbon dioxide as
a byproduct. Omne carbon-neutral process for hydrogen gas production is through
photocatalytic water splitting (PWS), where water is ‘split’ into its constituent hydrogen
and oxygen gases. In a hydrogen evolution reaction (HER), a catalyst captures the energy
of a photon which is then used to break the oxygen—hydrogen bond of a water molecule.
The most commonly studied materials for PWS are semiconductors, due to their ability

17172 Despite its apparent

to separate the charge carriers necessary for PWS reactions.
simplicity, PWS has not been fully commercialised due to its low efficiency using visible
light.!™ Current research is focused on exploring metal oxides that have a band gap
suitable for multistep PWS using more of the visible light spectrum, as well as being
able to maintain their crystallinity over time, and to be manufactured from low-cost and

abundant materials.!™

In recent years, BiVO, and PbWO, have been identified as promising candidates for
photocatalysis due to their favourable band gaps.!™17 BiVO, adopts the monoclinic
12 /a fergusonite-type structure, whereas PbWO, adopts the higher-symmetry tetragonal
T4y /a scheelite-type structure.!” 17 A feature of these particular ABO, materials is the
presence of the 6s% lone pair electrons on Bi** and Pb?*. Materials with lone pair
electrons are well known for their unique polar properties, as evident in many Pb-based
perovskites actively utilised as ferroelectrics.!™ ! In the case of BiVO, and PbWOy,,
the stereochemical activity of the 6s? electrons are directly related to the band gap of
the material, thus influencing their applicability as visible light-driven photocatalysts.!®2
The stereochemical activity of the lone pairs are found to exhibit distortions within the
crystal structure.'®37185 This is of particular note in BiVO, and PbWOy,, where the BiOg
polyhedra show distinctly more distortion than their PbOg counterparts (Figure 1.11).
These distortions are observed using X-ray and neutron diffraction, where the BiOg
polyhedra display four pairs of different Bi~-O bond lengths (all ranging between 2.3-2.8
A), whereas the PbOg polyhedra display two different Pb-O distances (ranging between
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2.6-2.8 A). Whether a lone pair is stereochemically active or inactive appears to be related
to the energy separation between the cation ns and anion 2p levels.'8¢ This has been used
to explain why materials such as a-PbO exhibit lone pair stereochemical activity, whereas
the Pb?* cations in PbS do not. For metal oxides, this trend is also observed with SnO

crystallising in a distorted litharge structure, whereas PoOs forms the centrosymmetric

83

fluorite structure.!

a) b) d)

Figure 1.11: (a) The monoclinic 12/b crystal structure of BiVO, consisting of BiOg polyhedra (purple) and
VOy tetrahedra (orange), (b) the BiOg polyhedra with four different Bi—O bond distances between 2.3-2.8
A (indicated with different colours), (c) the tetragonal I4;/a crystal structure of PbWO, consisting of
PbOsg polyhedra (black) and WO, tetrahedra (grey), (d) the PbOg polyhedra with two different Pb—O
bond distances between 2.6-2.8 A (indicated with different colours).

The stereochemical activity of the Bi** lone pair in BiVO,, but the apparent
lack of stercochemical activity of Pb?* lone pair in PbWO, is not explained by
current experimental or computational models. Previous computational studies have
demonstrated that the predicting the ground state energy structure of lone pair-bearing
materials such as BiVO, is nontrivial, where a hybrid density functional of about 60%
Hartree-Fock (HF) exchange was required to model the subtle interplay between the
structural and electronic properties.'®” Therefore, it is of critical importance to further
establish the structure of these two materials in order to inform further experimental and

computational studies dedicated to improving their applicability as photocatalysts.

1.3.4 Storage of Radioactive Waste and T1TcO,4

Another potential avenue of carbon-neutral energy generation is through the use of nuclear

power. Nuclear power plants generate electricity by driving a steam turbine, similar
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to coal-fired power stations. However, where coal-fired power plants use the heat from
burning coal, nuclear power plants source their heat from the nuclear fission of uranium.
In nuclear fission, uranium nuclei undergo neutron capture and radioactively decay into
smaller nuclei, releasing more energy and neutrons in the process, leading to a sustained

chain reaction.

A major issue with the nuclear fuel cycle is the production of high-level radioactive
waste with long half lives. Some high-activity nuclear waste byproducts have extensive half
lives and can remain active for long periods of time, such as ?Pu (~24 100 years), 3"Cs
(~30 years), and % Tc (~221 000 years), as well as being environmentally hazardous due to
the amount of ionising radiation they emit. Current research is focused on ways to securely

190,191

store this high-activity nuclear waste, such as glasses,!®8189 MOFs, and crystalline

ceramics. 188192

Two main issues are associated with the safe storage of radioactive waste.
Firstly, the high mobility of smaller fission products, such as ?°Tc, means they are
problematic to sequester and can lead to long term environmental damage. Secondly,
the high radioactivity of some nuclearisotopes, such as *°Cs, means their decay chain
can lead to numerous elastic collisions within their storage matrix.!%® This, in turn, can
lead to substantial volume expansion, microfracturing, and reduced chemical durability

which can contribute to degradation of the crystalline structure of the matrix and lead to

environmental leaching.

1947196 a1d hence, not be

While various ABQ, structures have been shown to amorphise,
suitable for radioactive waste storage, greater promise lies in the complexing of the highly
mobile pertechnetate ion (TcOy) in the form of ATcO, salts. Technetium is one of the
most challenging fission products, accounting for a mass yield of ~6% in fission reactions.
Although %™Tc is used as a medical radioisotope for selective imaging diagnosis, the
decay product *Tc presents an environmental challenge due to its high mobility, high 5~

emission, and long half life.!97

As Tc has no stable isotopes, it is common for studies to use Re as a nonradioactive
surrogate.!?8201 This is due to the predicted similarities in the chemical behaviour of Tc™*
and Re™ attributed to their identical oxidation state and similar IR (0.37 vs. 0.38 A in

tetrahedra geometry).®® However, there is a growing body of literature showing that Tc’"
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and Re™ materials do not always act similarly.2°>2% Although several ATcO4 and AReOy4
salts have been identified as being isostructural, there have been recorded differences in

7271 Tt is currently uncertain as to what

their phase transitions at high temperature.
the origin of these subtle differences are. Furthermore, the high-temperature behaviour of
some ATcO4 and AReQy salts are worth investigating due to the current unresolved phase
transitions that occur at elevated temperatures. In investigating these phase transitions,

it may be possible to further understand why Tc™ and Re’™ act differently in these

materials.

1.3.5 Spintronic Materials and CsMnkF,

Spintronic materials have led to the discovery of many different phenomena, such as
giant magnetoresistance and the quantum Hall effect which are used in many different
technological applications.??42%5 Important spintronic materials are topological materials,
such as the 2D magnetism exhibited in the layered CsMnF, structure. A majority of 2D
magnetic materials order antiferromagnetically, such as the related AMnF, (A" = K, Rb),
and the isotypic material CsFeF,.206297 Therefore, CsMnF, is somewhat of an anomaly.

208 yery few experimental studies

Although CsMnF, has been studied computationally,
have been performed to verify structural details such as its magnetic space group,
the temperature-dependent behaviour of the Mn-F-Mn bond angles governing its

superexchange interactions, and its magnetic susceptibility.

1.4 Dissertation Outline and Aims

The overall topic of this dissertation is to build on the various structure-functionality
relationships in ABO,4 metal oxides for their application as functional energy materials.
This will be done by addressing previous gaps in the literature, as well as providing focus
on some current unanswered questions. This dissertation has been separated into four

main sections, which are outlined below:
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PART 1 provides the literature review, motivation, and theoretical background for the

presented work, and consists of two chapters:

o Chapter 1 gives a literature review into various ABO, metal oxide structures,
as well as introducing ways in which different phases may be formed, such as
varying temperature, pressure, and chemical substitution. This chapter also gives
a perspective on the gaps in the literature and how they will be explored in this

dissertation.

o Chapter 2 gives a brief introduction into the field of science in which this works
sits at the intersection of: materials chemistry and crystallography. Introductions
to various terminology is given, as well as an in-depth explanation of the analytical

techniques used within this dissertation.

PART 2 serves as the main body of work. It explores three systems in-depth and their

applications as functional energy materials. This part consists of three chapters:

o Chapter 3 introduces LaNbQy as a potential ceramic electrolyte for solid oxide fuel
cells. It looks at common structural trends in the LnNbO, and LnTaO, materials,
as well as similarities and differences in their response to temperature. This is then

used to explain trends in their ionic conductivities.

o Chapter 4 extends the ABO, scheelite-type structure to AA'(BO,), double
scheelites. An in-depth structural model is identified for these materials on both the
long-range average and short-range local structure scale. The discrepancies between

these structures is relevant to their application as solid state lasers.

o Chapter 5 introduces both BiVO, and PbWO, as potential catalysts for PWS and
the carbon-neutral production of hydrogen and oxygen gas. A full structural model
is provided to understand the role of the 652 lone pair electrons on the photocatalytic

activity of the two materials.



1.4 Dissertation Outline and Aims

PART 3 is a space for additional studies performed within the author’s time as a PhD
student. It explores matrices capable of storing radioactive waste and spintronic materials.

This part consists of two chapters:

o Chapter 6 introduces the possible wasteform CsReO, and compares it with
T1TcOy4; a material capable of complexing with highly mobile Tc nuclear fission

products to appropriately store radioactive waste.

o Chapter 7 takes a brief look at the synthesis, nuclear and magnetic structure, and

physical properties of the layered perovskite CsMnFj.

PART 4 details the final chapter of the dissertation; identifying possible future avenues

for additional studies.

o Chapter 8 provides a summation of the advances made within this dissertation in
understanding structure-functionality relationships in some AB.X, materials, and

places these into the context of their applications as functional energy materials.
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2.1 Understanding Functional Materials

The ultimate goal of materials science is to design, manufacture, and understand objects
that are capable of advancing technology for humankind. Work is currently being carried
out to develop superconductors for zero resistance electricity transfer, photovoltaics for
harnessing renewable solar energy, and large-scale batteries for energy storage. However,
in order to purposely design these materials for particular functions, we must first
understand how their properties are derived from their structure. That is, establish the
role of the precise arrangement of atoms and their interactions on the functionality of the

material.

We will first approach this by considering a material with a simple structure: diamond.
Diamond is a solid form of carbon that is naturally synthesised under high temperature
and pressure environments, at depths between 150-250 kilometres below the Earth’s
surface. Every carbon atom in the diamond structure possess four strong covalent bonds to
its four nearest-neighbour carbons. This arrangement motif repeats in all three dimensions
(3D), with each neighbouring carbon atom also bound to a further four carbon atoms,
and so on. This can become difficult to visualise, so in crystallography the arrangement
is represented by drawing a smaller volume that is representative of the entire structure.
This is known as a unit cell. A unit cell may be translated in 3D to accurately represent

the structure of a material; capturing the arrangement of the networked carbon atoms.

By translating the unit cell, it is apparent that the carbon atoms are arranged in a
very regular pattern. To visualise this, we start with a lattice; a spatial pattern of points
of equal and equally oriented surroundings. Each lattice point may then be decorated
with a group or structural motif of atoms, leading to a regularly repeating array of atoms
by way of translational symmetry. In the case of diamond, there are two carbon atoms
per lattice point, leading to eight atoms per unit cell in a face-centred arrangement.
With different atomic motifs, other arrangements are possible, such as primitive cubic
(one atom per unit cell), and body-centred cubic (two atoms per unit cell). Through
translation symmetry, this gives primitive Bravais lattices as well as other settings such

as body-centred, face-centred, and hexagonal lattices. There are 14 types of translational
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symmetry in 3D lattice space, giving rise to 14 Bravais lattices. By further combining
the 14 Bravais lattices with the 32 unique symmetry elements (known as their geometric

symmetries, or point groups), we have the possibility of 230 space groups.

Energy Levels Unit Cell + Lattice Average Structure Material

Figure 2.1: We often use materials science to rationalise how materials on the macroscale behave by
understanding the arrangement of their atoms on the atomic scale.

By understanding how individual atoms are arranged in space (on a lattice), and the
relevant symmetry of them (governed by the point groups), we can begin to understand
how the structure of materials on the atomic level can influence their functionality on the
macroscopic level. By considering each individual carbon atom on a cubic lattice, the six
electrons of each carbon atom fill their respective energy levels (1s, 2s, 2p, etc.) following
rules such as the Aufbau Principle and the Pauli Exclusion Principle. As is the case with
individual molecules, two atomic orbitals can combine to form a molecular orbital with
two distinct energy levels. However, in solids, there is an enormous number of atomic (and
by extension, molecular) orbitals that are required to have slightly different energies due
to the Pauli Exclusion Principle. This leads to many different energy levels stacked with
an infinitesimal energy difference between them, forming an energy continuum known as

a band.

The energy between these bands (more specifically, the valence and conduction bands)
can determine how well electrons can move through the material: categorising them as
metallic, semi-metallic, and insulators. In the case of diamond, its band gap (the energy
difference between the top of the valence and bottom of the conduction bands) is roughly
5.6 eV, meaning it is a strong electrical insulator and electrons do not readily move
throughout the structure. However, in copper, the valence and conduction bands overlap,
meaning the electrons can easily move from the valence band into the conduction band,

making it a strong electrical conductor.
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Diamond, at the atomic scale, consists of an intricate network of carbon atoms with
their electrons bound together in strong covalent bonds. This explains why diamond
exhibits such high hardness and limited electrical conductivity on the macroscale. The
implication of this is that by understanding the structure of materials on the atomic
scale, we can understand why materials have particular properties on the macroscopic
scale. Therefore, it is important that we understand the nuclear and electronic structure

of materials to fully understand their structure-functionality relationships.

This chapter of the dissertation will take an in-depth look at the ways this is achieved.
We first start by focusing on how we can synthesise metal oxides, then move onto how we
can classify their long-range average structures (using diffraction) as well as their short-
range local interactions (using total scattering). Additionally, computational methods
such as DF'T and MD can be used to build up more comprehensive structural models.
Although computational methods are not the focus of this dissertation, they will be
briefly mentioned to provide a more encompassing picture of the materials being studied.
Finally, we will look at how we can quantify their physical properties in order to develop

structure-functionality relationships in these systems.

2.2 Synthetic Methods

The structure of materials can often be sensitive to the technique in which they have been
prepared. In the case of the photocatalyst BiVO,, heating up a stoichiometic mixture of
its reagent oxides, Bi;O3 and V5,0s5, to ~700 °C results in the formation of the monoclinic-
fergusonite 72/b form of BiVO,. However, if a solution of Bi(NO3)3-5H,0 and NH4VO3;
are mixed at room temperature, the dropwise addition of NH,OH results in precipitation
of the tetragonal-zircon I4;/amd form of BiVO,. It is important to understand the
advantages and limitations to each synthetic technique in preparing a material of choice

for its specific application.
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2.2.1 Solid State Synthesis Techniques

Solid state methods are based on the mixing of reagents in a particular stoichiometry, then
heating to a temperature that is close to, but below, their melting points. In a typical
reaction, two or more predried metal oxides are weighed out and mixed together. This
can be done in a variety of ways, such as in an agate mortar and pestle with a milling
medium (such as acetone or ethanol), or in a ball mill to ensure adequate mixing and
smaller particle sizes for better contact to aid cation diffusion. The reagents are mixed
until a homogeneous sample is obtained. Before heating, the reagents may be pressed
into pellets or rods using a uniaxial or hydrostatic press to further improve the contact
between the reagent particles. These pellets or rods are then heated to high temperatures
for prolonged periods of time. The heating temperature is traditionally determined by
Tamman’s Rule: a temperature of about two-thirds of the melting point of the reagent
with the lowest melting point to have a reaction occur in a reasonable time.! This also
facilitates avoiding possible eutectic points; where a homogeneous mixture has a lower
melting point than that of its constituent metal oxides.? The elevated temperature and
prolonged heating time drives the reaction to the thermodynamically stable product, as

opposed to a metastable kinetic product.

Consider BiVO,4 as an example of a typical solid state reaction. To synthesise 4 g
(12.3 mmol) of product, 12.3 mmol of Bi** and 12.3 mmol of V5 are needed. The source
of these are their respective metal oxides, such that 2.8656 g of BizO3 (6.15 mmol, as each
mole of BiyO3 contributes 2 moles of Bi*") and 1.1186 g of V5,05 (6.15 mmol) would be

weighed out. The reaction would proceed as

BigOg(S) + V205(S) — 2 BIVO4(S)

As an additional check, as no gas is released from this reaction (which is often the
case when the reagents are oxides, and not carbonates or nitrates), the masses of BisO3
and V505 should sum to 4 g. The sample would then be pressed as a pellet or rod and

heated to temperature in a muffle furnace.
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2.2.2 Coprecipitation Synthesis Techniques

Coprecipitation synthesis is based on the mixing of two metallic salts in order to
precipitate a third salt. It has been extensively utilised in the literature due to the process
being fast, cost effective, and easily adapted to a larger scale for industrial processes.
Coprecipitation methods involve many more variables than solid state methods, such
as the types of reagents used, the concentration of the reagents, reaction temperature,
mixing conditions, spectator ions present, and pH. In turn, these variables may be explored
to determine their effect on the particle size, morphology, and composition of the final
material. In a typical coprecipitation synthesis, two standardised solutions of metallic
salts are mixed together in an aqueous acid. After stirring for a particular time and
at a particular temperature, a base (usually ammonia) is slowly added to neutralise the
metallic acidic solution. Eventually, a solid precipitates out of the mixture due to the

change in pH, and the solid can then be filtered, washed, dried, and collected.

Consider again the synthesis of BiVO,. To synthesise the tetragonal-zircon form
of BiVOy, a coprecipitation reaction is performed instead of a solid state reaction, as
heating to high temperatures can cause an irreversible transformation to the monoclinic-
fergusonite 12/b structure. Two sources of Bi*™ and V°T are chosen such that they are
soluble in an acidic solution, but not in a neutral solution. As such, standardised solutions
of Bi(NOj3)3-5H,0 and NH,VOj3 are each prepared in dilute nitric acid and mixed at room
temperature for 10 minutes. A solution of NH4;OH is then added dropwise until a pale-
yellow solid precipitates out. The solid is then filtered using vacuum filtration, and dried

overnight at 120 °C to evaporate any excess liquid and help crystallise the product.

The reaction would proceed as

Bi:(”;l) + v?;q) +x NHjj(aq) +y OHyy + 2 HyOqy — (NHy4)} [BiV(OH),(H50).] .

(aq (aq)

where the exact identity of the precipitate is unknown.
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The precipitate is then heated in a muffle furnace to remove the ammonium (as
ammonia gas) and water to form the desired precipitate

(NH4);— [BIV(OH)y(H20>Z]_ é) ZE, NHg(g) + Z/ HQO(g) + BIVO4(S)

(8)

Copreiciptation reactions lead to a more homogeneous product and more uniform

particle size, which can be advantageous for specific applications such as catalysis.

2.3 Long-Range Average Structure Determination

As stated above, it is important to understand how atoms are arranged on the microscopic
scale in order to fully understand how materials function on the macroscopic scale. By
understanding the chemical species present and their arrangement, we can begin to
understand the structure-property relationships in various materials. We need techniques
that probe structure in a non-destructive way to locate the atoms on their respective

Bravais lattice.

One such technique is diffraction, which is the primary technique used for crystal
structure determination. In a quest to determine whether the X-rays discovered by
Wilhelm Roéntgen in 1895 acted as either waves or particles, the diffraction of X-rays by
crystalline materials was identified by Max von Laue in 1912 (subsequently earning him
the Nobel Prize in Physics in 1914).3 This was further developed by the father-son team
Sir William Henry and Sir William Lawrence Bragg, where the results of their experiments
laid the mathematical foundations of explaining why crystalline solids produced patterns
of reflected X-rays due to their regularly repeating structure, whereas amorphous materials
such as liquids did not. This was a result of the comparative wavelengths of X-rays to
the interatomic distances of atoms within a crystal structure. The Braggs were awarded
the Nobel Prize in Physics in 1915 for their work in determining the crystal structures of

common materials such as rock salt (NaCl), zinc blende (ZnS), and diamond.*
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Diffraction exploits the regular, semi-infinite arrangement of unit cells within a
material. When a photon of an initial wavelength, );, interacts with a point-like particle
(such as an atom in a crystal structure) along an initial wavevector, k?i, at an angle 6;,
it may be scattered elastically (\; = Af), inelastically (\; > As), or completely absorbed
(Af = 0). For elastic scattering under point-like conditions, the initial wavevector and
wavelength will be equal to the scattered wavevector and wavelength, such that |k_;| = |k:_}|
and \; = A;. After scattering elastically at an angle of 0;, the difference between the two
scattering vectors is defined as Cj = k?f — k:', which gives the relationship of

 Amsin(0;)

Q= — (2.1)

This is also known as the momentum transfer vector. Elastic diffraction occurs when
the Laue condition is satisfied, such that the momentum transfer vector is compromised
of an integer number of unit cell vectors: Q -a = h, Cj b= k, and C_j - ¢ =1 where h, k,l

are integers and known as Miller indices.

This example of elastic scattering can now be thought of in two dimensions to explain
diffraction (Figure 2.2), where X-rays are not scattered from point-like particles, but
planes of particles. When particles are arranged on a lattice, diffraction occurs when the
distances between the particles is comparable to that of the wavelength of the incident
photon. Consider two incident in-phase photons, A and B, with incident wavevectors
k:;;,» and k;i. Photon A elastically scatters from particle a, whereas photon B elastically
scatters from particle b, with a distance d between the two layers of atoms. Each photon
has been elastically scattered by an angle of 26, however photon B has travelled a further
distance of dsinf. Therefore, in order to have constructive interference between photons
A and B, the two photons must be in-phase such that the extra distance is equal to an

integer number of wavelengths.

This is known as Bragg’s law (which is equivalent to the Laue condition) and is

expressed as

nA = 2dsin 6. (2.2)
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Photon 4

Photon B

Figure 2.2: Schematic diagram of Bragg diffraction using a two dimensional lattice. The atoms on the
lattice are represented as blue circles, with the incoming photons as grey arrows. Photons A and B are
scattered elastically from particles a and b respectively. For constructive interference between photons A
and B, the extra distance travelled must be an integer multiple of the wavelength.

If this condition is satisfied we get Bragg diffraction, which contains information
about how far apart atoms are in a unit cell. In generalising from 2D to 3D, we
observe many families of planes in each of the three dimensions of the crystal structure.
For diffraction, the wavelength is traditionally kept constant and different interplanar
distances are detected (as a peak of constructive interference) by changing the detector
angle 6. These planes are known as Miller planes and are related by the Miller indices h,
k, and [. To illustrate this, consider the structure of diamond from earlier. If we expose
diamond to a radiation source and scan through the possible diffraction angles, Bragg
peaks are observed corresponding to where Bragg’s law is satisfied. If the wavelength A\
of the radiation source is known, and the angle 6 between the incident photon and the
diffracted photon is measured, the interatomic distances between planes of carbon atoms

in diamond can be determined (Figure 2.3).
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Figure 2.3: X-ray diffraction on a sample of 8 k grit diamond powder collected on (a) a PANalytical
X'Pert Pro copper source diffractometer, and (b) a STOE Stadi P monochromatic molybdenum source
diffractometer. The relevant lattice planes, as notated by their (hkl) Miller indices, are drawn on the
diamond structure in (c-e). Note the ‘bump’ observed between 10-15 ° 26 in the molybdenum source
pattern is an amorphous contribution from the borosilicate glass capillary used to house the sample.

Each Bragg peak corresponds to a set of Miller planes within the crystal structure.
The distance between the lattice planes (dpy;) can be used to calculate the length of the

unit cell. In the case of cubic structures such as diamond, the relationship is

a = dhkl\/ h? + k2 + [2 (23)

where a is the length of the unit cell, known as the lattice parameter. This can also be

generalised to other lattice systems.

It is worth recapping what has just been discussed. Atoms arranged in a regular
array can be reduced to a unit cell, which repeats in a semi-infinite array through
translational symmetry. We can understand how the atoms are arranged within a unit
cell by calculating how far apart they are using diffraction. Using a radiation source of
sufficiently short wavelength (and, by extension, a high enough energy), the incoming
waves may be elastically scattered by the Miller planes within the material, allowing us

to calculate the size of the unit cell.
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Diffraction isn’t just limited to determining distances within a unit cell. The number of
reflections observed in the diffraction pattern can also be used to determine its symmetry.
For example, diamond is a face-centred cubic structure, meaning that the h, k, and [ Miller
indices must be all odd or all even for a Bragg peak to be observed. This explains why
the (221) reflection in diamond is not observed (forbidden) as it interferes destructively
with a different reflection. Another fundamental property that can be understood using
diffraction is the contents of a unit cell; what elements are in the unit cell and how
well they scatter the incoming radiation. We can understand this information by the
observation of the intensity of the Bragg peak (or, in other words, how much scattering

—

is observed). The observable intensity, 1(Q), is determined by the relationship

1(G)=5-LP-|F(Q)P (2.4)

where S is the source intensity and detector efficiency, L P are the Lorentz and polarisation
parameters of the incident beam, and F (Cj) is the structure factor. The most important
of these is F(Cj), as it has the greatest effect on the relative magnitude of the various

reflections and is dependent on the sample.

The structure factor describes the contributions of each atom towards the scattering

from the Miller planes. For interactions consisting of X-rays, it is defined as

T (2.5)

()

Fxray(@) = Fxaay(Q)e™ = ‘ [(Q)Y e

where ¢ is the phase of the diffracted X-ray over the i-th scattering surface (known as an
Ewald sphere) of radius 7;, and (u?) is the average of the squared displacement of atoms
from their equilibrium lattice sites with both a static and dynamic component. The final
term in the expression is known as the Debye-Waller factor, and describes the decrease in

scattering intensity as a result of thermal motion.
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The most important term in the structure factor expression is the atomic scattering

—

factor, f;(Q), which is a Fourier transform of the scatterer. This is defined as

£4(G) ~ / p(e @7 dr (2.6)

where p(7) is the spatial density of the particle. In the case of X-rays, this is equal to
the electron charge density of the particle, meaning the magnitude of the scattering is
proportional to the number of electrons in the atom (in this dissertation, notated as Z
but may also stand for atomic number). X-rays are scattered most intensely from heavy

atoms.

For neutron scattering, we can describe a similar structure factor to Equation 2.5 with

2
- L= —Q2%(u?
bcoh.(Q) Z €ZQ'n 2< >

1

Fneut.(@) - (27)

e

—

where the structure factor is dependent on b, (@), the coherent scattering cross section

of the atom. This also has a similar expression to Equation 2.6, where

boon. ~ / o(7)e97dz. (2.8)

As neutrons possess no charge, they scatter through nuclear effects mediated by
the short-range strong nuclear force. As the magnitude of this force is derived from
the number of protons and neutrons within the nucleus of an atom, different isotopes
inherently have different magnitudes (and signs) of scattering. For example, two common
isotopes of gadolinium, *>Gd and '*"Gd, have a large neutron absorbing cross-section and
a large amount of incoherent scattering resulting in poor coherent scattering from neutron
diffraction. However, 1°Gd has a very low absorbance cross-section and a large scattering
length, making it ideal for neutron scattering experiments. This has led to some neutron
studies using isotopically-pure 1°Gd.>® The weighted average of the naturally-occurring
isotopes is used for all b, , resulting in a sporadic relationship between b, and Z, as

evident in Figure 2.4.
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Figure 2.4: Comparison of the different scattering of X-rays (black circles) and neutrons (blue squares)
relative to atomic number, Z. For the neutron scattering lengths, the weighted average of the isotope
distribution is used. The blue dashed line emphasises b.on. = 0, with elements below this being negative
scatterers.

There are other significant differences between X-ray and neutron diffraction that
are worth noting. Firstly, as the atomic scattering factor is a Fourier transform of the
scattering density, different interactions lead to different angular dependent scattering
intensities. As X-rays are scattered from the electron density, we may approximate the
atomic electron density as a Gaussian distribution that drops off as a function of r. As
the Fourier transform of a Gaussian curve is another Gaussian curve, the X-ray form
factor also drops off with a Gaussian envelope, with fZ(Cj) — 0 as r — oo. This means
that reflections at high 26 are less intense than those at low 26. However, neutrons are
scattered from the nuclear density, which can be approximated as an infinitesimal point or
a Dirac d-function. As the Fourier transform of a d-function is 1, there is no such angular

dependency for neutron scattering. An introduction to Fourier transforms is found in the

Appendix.

Secondly, neutrons may experience either a repulsive or attractive potential when
interacting with the nucleus of an atom. This results in either positive or negative

scattering lengths (commonly referred to as a phase shift), which can give large contrast
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between similar elements (Figure 2.4). This property is particularly useful for studying 3d
transition metals, where Mn?* and Fe3t are isoelectric (meaning their X-ray scattering
factors are identical to a first approximation), but their neutron scattering lengths are
significantly different (byr, = -3.73 and b, = 9.45 fm). This difference in interaction also
gives vanadium a near-zero neutron scattering length (by = -0.38 fm), meaning samples
can be housed in vanadium cans and placed in sample environments with vanadium
heating elements for neutron diffraction measurements without having a large effect on

the measurement.

Finally, neutrons are a spin-1/2 (S = 1/2) particle, meaning they have an inherent
nuclear spin and magnetic moment. They can interact with the unpaired electrons
(spins) of ions ordered across a lattice, giving neutrons two ways to interact with
materials: through conventional neutron scattering (with the nucleus), or through
magnetic scattering (with the unpaired electrons). This can lead to two sets of Bragg
peaks in some neutron diffraction patterns: contributions from the nuclear, as well as
the magnetic structure. As magnetic scattering occurs through an interaction with the
electron cloud (in this case, a spin-spin interaction between the neutron and an unpaired
electron), its scattering factor decreases rapidly at larger 6. The use of neutron diffraction

to probe magnetic structures is the topic of Chapter 7 of this dissertation.

2.3.1 Laboratory X-Ray Diffraction

Laboratory X-ray diffraction is routinely available in many materials science laboratories
around the world. This is a bulk-sensitive analytical method that is able to provide
information regarding the crystal structure, crystallite strain, and domain size of a

material.

Traditionally, X-rays diffraction works by directing X-rays onto a sample and detecting
the diffracted rays and their intensity by scanning a detector through a 26 range
(Figure 2.2). Conventionally, X-rays are generated by heating a filament of highly heat-
resistant metal (such as tungsten), which emits electrons that are accelerated towards an

anode target. The accelerated electrons interact with the inner core (K shell) electrons
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of the target, causing them to be ejected from the metal atom. This causes higher (L, M)
shell electrons to ‘relax’ into the lower shells to take their place, losing energy that is then
emitted as X-rays. Electrons falling from the L — K shell produce K, X-rays with two
distinct wavelengths in a 2:1 ratio, due to the difference in spin and angular momentum
between the 2ps/, and 2p,/; electrons. Electrons falling from the M — K shell produce
K X-rays of a single wavelength. As this process is quantised, the energy emitted is of
a specific wavelength due to Moseley’s law, stating that the energy of the emitted X-ray

is inversely proportional to the square of the atomic number (E oc Z2).

The emitted X-rays are characteristic of the anode material, and different anode
targets can be employed in X-ray diffraction to garner different information. For example,
Cu K, X-rays have a lower energy than Mo K, X-rays, providing different sensitivities to
unit cell content and peak splitting. The anode targets used at Sydney Analytical, a core
research facility at the University of Sydney, include Cu (Ago, = 1.5406, Agq, = 1.5444
A) and Mo (Aga, = 0.7093 with Ag,, filtered out). A comparison of the X-ray diffraction
patterns of diamond using different radiation sources are shown in Figure 2.3. In
this dissertation, two main laboratory X-ray diffraction instruments were used in the
characterisation of materials. For high throughput sample analysis, a Bragg-Brentano
PANalytical X'Pert Pro equipped with a Cu source was used. For precise structure
determination or where very little sample was produced, a Debye-Scherrer STOE Stadi P
equipped with a Mo source was used. The choice of two different X-ray wavelengths also
allows for fluorescence to be avoided, such as occurring for elements close to Cu in the

Periodic Table when using Cu radiation.

The PANalytical X"Pert Pro operates in a Bragg-Brentano (reflection) geometry, where
a sample of polycrystalline material, usually in the form of a fine powder, is placed on
a stage and flattened to reduce surface effects and absorption. The incident X-rays are
then ‘reflected’ off the sample and detected, with the sample rotated on a stage to reduce
the effects of crystallite orientation. The instrument performs a 6 : 26 scan, where the
X-ray source is fixed, and the sample stage and detector move at a rate of § min'.

For the PANalytical, the large angular range (5 < 20 < 110 °) allows for a large
range of d-space to be probed (~0.94-18 A). This allows for the accurate quantification
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of different phases with larger unit cells that may be present within a polycrystalline
sample, as well as spacing out the major Bragg reflections across the entire 260 range to
observe any additional reflections from impurities or pseudosymmetries. An additional
advantage of the PANalytical X’Pert Pro is that it is capable of scanning up to 15 samples
in series, allowing for large batches of samples to be analysed overnight. Effects associated
with Bragg-Brentano geometry, such as microroughness and microabsorption, can increase

the background of the measurement, and can be navigated by changing to transmission

geometry.
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Figure 2.5: X-ray diffraction on a sample of 8 k grit diamond powder collected on (blue) a PANalytical
X’Pert Pro copper source diffractometer, and (green) a STOE Stadi P monochromatic molybdenum
source diffractometer. The patterns have been plotted in (a) @ with (b) demonstrating the difference in
peak-shape resolution, and (c) d-spacing with (d) demonstrating the difference in di,.. The ‘bump’ in
the STOE pattern is an amorphous contribution from the borosillicate glass capillary used to house the
sample.

The STOE Stadi P operates in a Debye-Scherrer (transmission) geometry, which
requires less sample than its PANalytical counterpart. The higher energy of the Mo-

source radiation allows for transmission geometry, leading to fewer problems associated
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with sample absorption and surface effects. In this geometry, the sample is contained in a
narrow capillary (made of a material semitransparent to X-rays such as borosilicate glass,
quartz, or Kapton. See Figure 2.3) and is illuminated by incident X-rays. The X-rays are
then ‘transmitted’ through the sample, with the diffracted X-rays detected. The STOE
uses an arrangement of three MYTHEN detectors, covering a range of 5 < 20 < 55 °.
However, these detectors are placed closer to the sample than the detector of the
PANalytical, giving less peak-shape resolution. Due to the shorter wavelength, the
STOE can probe a lower d,,;,, (or larger ()) giving it greater sensitivity to smaller atomic
displacements. It is helpful to observe this by measuring the same sample of diamond
powder on both a Cu- and Mo-source instrument (Figure 2.5). Therefore, the PANalytical
was often used for assessing the purity of synthesised samples due to its lower energy
radiation and greater peak-shape resolution, whereas the STOE was used to determine

the atomic structure of materials with greater precision.

2.3.2 Synchrotron X-Ray Diffraction

Synchrotrons are large-scale facilities used for cutting edge scientific research around the
world. They operate by accelerating electrons through a sequence of magnets until they
reach close to the speed of light. The electrons travel around in a circular path, where they
give off electromagnetic radiation (or synchrotron light) when their direction is changed
by a strong magnetic field. Synchrotron light has many advantages over laboratory X-ray
diffraction, such as being extremely bright and highly collimated, allowing for shorter
data acquisition times and higher resolution datasets. Synchrotron light is also produced
as a wide energy spectrum, with beamlines capable of utilising radiation from infrared

(Epy, ~ 1.2 €V) to X-ray diffraction and absorption studies (Fj, ~ 150 keV).

In this dissertation, synchrotron X-ray diffraction (SXRD) data were primarily
collected at BL-10, the Powder Diffraction beamline at the Australian Synchrotron.’
The Powder Diffraction beamline is located on a bending magnet, operating at energies
between 8-22 keV. Due to the short data acquisition times, in situ experiments were

conducted at the Powder Diffraction beamline, such as monitoring the formation of
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intermediate phases and changes in symmetry with respect to temperature. At this
beamline, temperature control was achieved using either an Oxford cryostream from
90-500 K, or a hot air blower for temperatures up to 1000 °C. Data were collected using
a bank of 16 1D MYTHEN strip detectors covering an angular range of approximately
80 ° 20. Due to the spaces between the MYTHEN strip detectors, each measurement
was repeated with the detectors shifted by 0.5 ° from their initial positions to cover these

spaces. These datasets were then merged using the program PDViPeR.

2.3.3 Neutron Powder Diffraction

Neutron powder diffraction (NPD) uses similar principles to X-ray diffraction, however
an incident neutron beam is used instead of X-rays. As outlined previously, X-rays
and neutrons scatter differently due to their form factors. One advantage of neutron
scattering is that there is no simple relationship between scattering intensity and atomic
number, meaning that it is possible to have a larger proportion of the total scattered
intensity derived from lighter elements. This is particularly useful in studies of metal
oxide materials, such as those studied in this dissertation. Take the photocatalyst BiVO,
as an example. Although X-rays scatter very strongly from heavier elements such as Bi**
(Z = 80) and V°* (Z = 18), there is very limited scattering from the lighter O%*~ atoms
(Z = 10) reducing the amount of information available on their atomic positions and
thermal displacements. In contrast, all three atoms possess sufficiently different coherent
neutron scattering lengths (bg; = 8.53,by = —0.38,bp = 5.80 fm), meaning neutron
measurements are sensitive to oxygen structural and atomic displacement parameters in
the presence of heavier elements (although, it should be noted that neutrons are very
insensitive to vanadium due to its near-zero scattering length). In this dissertation, both
X-ray and neutron diffraction techniques were used complementary to each other. As
X-rays generally have a superior signal-to-noise ratio and higher peak-shape resolution,
they are often used to quantify structural features such as the lattice parameters and
cation positions within the unit cell. By contrast, neutrons provide excellent sensitivity
to lighter atoms such as oxygen, as well as thermal displacement parameters due to their

point-like scattering from the nucleus.
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In this dissertation, NPD measurements were performed on the Echidna high
resolution, and Wombat high intensity, diffractometers at the Open Pool Australian
Lightwater (OPAL) reactor, operated by the Australian Nuclear Science and Technology
Organisation (ANSTO).!%!! Both Echidna and Wombat utilise a neutron beam generated
by the 20 MW OPAL research reactor with a constant thermal neutron flux of
4 x 10" cm~2 s71. On Echidna, the beam is monochromated using a variable-curvature
Ge monochromator, allowing for a neutron wavelength selection between 0.8 < A < 3.3 A.
In this work, wavelengths of 1.30 A (using the Ge 337 reflection), 1.62 A (using the
Ce 335 reflection), and 2.44 A (using the Ge 331 reflection) were used. The diffracted
neutrons are then detected using 128 3He detector tubes spaced 1.25 ° apart, covering up
to 165 ° 260. On Wombat, two monochromators are available: a pyrolitic graphite or Ge
115 monochromator. In this dissertation, the Ge monochromator was used, allowing for
1.54 A neutrons. The detector consists of eight 15 © curved panels, filled with a mixture
of 3He and propane, without any ‘gap’ between the modules. This allows for 120 ° 20

continuous coverage.

For either room temperature or variable temperature data collection, samples were
housed in vanadium cans due to their near-zero neutron scattering length. For low
temperature measurements (down to 3 K), samples were loaded into a cryostat. For
high temperature measurements (up to 1000 °C), samples were loaded into an ILL-type
furnace operating at <10~ Pa. For higher temperature measurements (over 1000 °C, but
lower than 1500 °C), vanadium cans could not be used due to their low melting point.
Samples were loaded into open niobium cans, with the top of the can covered with a

niobium wire mesh.

2.3.4 Diffraction Modelling and Refinement Methods for

Structure Solutions

Diffraction patterns are comprised of multiple Bragg peaks that differ in position,
shape, and intensity depending on the unit cell parameters, atomic coordinates, and

amount of crystalline order in the system. In contrast to single crystal diffraction,
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the one dimensional powder diffraction patterns often results in different hkl reflections
overlapping in 20. This means that it can often be difficult to experimentally determine
accurate intensities of individual reflections, which in turn can reduce the precision of the
determined structure. As a result, a whole pattern fitting approach is often undertaken in
which a structural model is used to calculate a powder pattern and compared to the
experimental data. This structural model may then be refined to better match the
experimental pattern, by changing parameters within the structure such as the lattice

parameters, atomic coordinates, site occupancy, and thermal displacements of the atoms.

There are many whole pattern fitting methods used in powder diffraction analysis.
The most simple method is referred to as indexing, where the 26 and intensities are freely
refined (as in, without constraints) without a full structural model. This may be used
to determine information such as the unit cell parameters of a structure. Additionally,
Pawley and Le Bail methods may be used where the values of 20 are constrained to a
particular space group, giving information on the symmetry of a crystal structure.'?!3
However, as the intensities of Pawley and Le Bail refinements are freely fit, information

regarding the site occupancy and atomic coordinates due to potential Bragg reflection

overlap is lost.

The most comprehensive refinement technique for powder diffraction data is Rietveld
refinement, and will be the focus of this dissertation.!? Rietveld refinement takes a
calculated pattern from a starting structural model, and the calculated intensity (ycqu..) at
each step in 26 is compared to the experimental intensity (yops.). The difference between
the two values is then minimalised by changing certain parameters within the model. This

is written as minimising the quantity M by using a least-squares refinement

M = Z w (yobsA - ycalc.>2 (29>

where w is a weighting factor used (equal to 1/, where o is the measurement uncertainty).

Rietveld refinement is an iterative, multistep process in which the agreement between
Yeale. and Yops. is improved upon in each cycle. This can be measured by monitoring the

weighted profile R factor, R,,,, which should tend to a low value.
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The value is defined as

N 2
pr _ \/Zizl W; (yobs. ycalc.) (210)

N
2 im1 Wilioys,
where N is the number of points used in the Rietveld refinement. There are other

goodness-of-fit parameters that are often monitored to determine how well a refined crystal

structure matches the experimental dataset. These are detailed further in the Appendix.

The types of parameters that can be determined using Rietveld refinement are
split into three classes: instrumental, sample, and structural parameters. Instrument
parameters are the result of the source (such as resolution and divergence), whereas the
properties of the material are captured by the sample (such as residual stress or crystallite
size) and structural (such as scattering factors and degree of crystallinity) parameters.
Within this dissertation, the Thompson-Cox-Hastings pseudo-Voigt profile model was
used to account for the asymmetry of the peaks due to axial divergence.!® Rietveld
refinements were conducted by fitting the Bragg reflections with a pseudo-Voigt function
comprising of a Gaussian component capable of modelling instrument parameters, and a
Lorentzian component capable of modelling the sample parameters. The expressions for

these parameters are given in the Appendix.'®

In this dissertation, Rietveld refinements were performed using the software
TOPAS6.!" Before undertaking a traditional refinement, a Le Bail fit would first be
performed on an instrument standard such as a sample of LaBg or CeO, from the National
Institute of Standards and Technology (NIST). This allows for accurate quantification of
profile parameters, such as resolution and axial divergence, as well as the wavelength of
the radiation source. Then, a similar structure (similar atomic composition and space
group) would be used as a starting point for the Rietveld refinement sourced from the
Inorganic Crystal Structure Database (ICSD), often from highly accurate single crystal
studies. Structure parameters such as the crystallite size and strain would be refined, along
with the unit cell dimensions, atomic coordinates, and atomic displacement parameters
(ADPs). In the final refinement cycles, all altered structural parameters would have their

constraints relaxed and be allowed to freely refine. The crystal structures were then drawn

in VESTA.!®
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It should be noted that single crystal diffraction is considered the ‘gold standard’
of determining unknown crystal structures. The 3D nature of single crystal diffraction
patterns allows for accurate quantification of structures by separating out different hkl
contributions to the diffraction pattern. However, it can often be difficult to grow
diffraction quality single crystals for analysis, and single crystals limit the ability of
materials to be studied either in situ or operando, such as observing phase changes in
battery materials or activation sites in catalysts. Therefore, Rietveld refinement is used
as a high throughput method to quantify structural changes in a material under a variety
of different conditions. This has led to great scientific breakthroughs in the past for many

diverse materials science fields, such as high-temperature superconductors,'? batteries,?

2

ferroelectric materials,?! zeolite catalysts,?? pharmaceutical polymorphism,?® and many

more.

2.4 Short-Range Local Structure Determination

Up to now in this dissertation, the description of materials has focused on their crystal
structure. To put it simply, we can understand materials by modelling where the atoms
are in an averaged unit cell of a few cubic Angstroms. This technique has proven successful
in describing many different materials, but is unsuitable in describing many modern-day
materials, such as nanomaterials or other materials that feature disorder. This is due to
the functionality of many materials deriving from other structural factors separate from
the average crystal structure, such as surface morphology, heterogeneities, point defects,
and chemical/distorted short-range order, amongst many other things. New techniques
beyond traditional Bragg diffraction are needed to gain a more complete understanding

of modern-day materials.

Consider the example of diamond from earlier. Diffraction allows for the development
of a structure-functionality relationship, such as the highly symmetric network of strongly-
bound carbon atoms used to explain the high density and hardness of diamond. However,
different types of diamonds also exist aside from the ‘perfect’ white diamonds that are

found in some jewellery. A small amount of nitrogen present in the diamond structure can
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give it a yellow colour, and the presence of boron can give it a blue colour. The doping of
these atoms can change the band structure of diamond, leading to different interactions
with visible light and different colours being observed. However, these impurities are so
rare (about ~0.1%, or one in every 1000 unit cells) that diffraction is insensitive to any
overall structural change. To put it simply, the presence of a nitrogen atom in one in every
thousand unit cells is missed by Bragg diffraction that averages over many hundreds of
thousands of unit cells. We need a technique capable of understanding the presence local

defects in various materials.

2.4.1 Pair Distribution Function Analysis

One approach to this ‘local scale’ problem is the use of the pair distribution function
(PDF) method.?* This method is derived from conventional diffraction, where high
energy radiation (such as X-rays or neutrons) is scattered off a material and detected.
However, the extremely high energy and wide-angular range detected results in a wide
range of reciprocal space being probed. This method is not only sensitive to elastic
Bragg scattering, but also to short-length elastic diffuse scattering sensitive to short-range
atom—atom correlations and disorder. In terms of the magnitude of the scattering vector,
PDF experiments measure to a much higher Q (typically Qe >30 A1) compared to
conventional diffraction (typically Qmaz <6 A~1). As PDF experiments take into account

both the Bragg and diffuse scattering, they are referred to as total scattering experiments.

We can understand PDF by first considering the radial distribution function, R(r).
This function acts as a scaled histogram, whereby we take each atom ¢ in the structure
and measure the distance to every other atom j in the material. This results in a 1D plot
‘counting’ how many times different atoms appear at a distance r;;. This count is then
scaled by the relative scattering power of each pair of atoms, which is different depending

on whether X-ray or neutron radiation is used.
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This can be summarised as

R(r) = S > %5(r —7ij) (2.11)

2
N7
where N is the number of atoms, b is the weight of the scattering factor of each atom,

the asterisk denotes the complex conjugate, and (b) denotes the stoichiometric average.

The radial distribution function can be inconvenient when studying bulk materials.
As r increases, the number of atoms lying on a spherical surface away from the central
atom also increases, leading to a larger number of interatomic distances. This renders
the radial distribution function inconvenient when dealing with atom—atom correlations
beyond the first few coordination shells. A more helpful representation is to normalise
the distribution function by the spherical surface area and the average number density to

get a reduced PDF by

— 477 poyo (2.12)

where pq is the average atom number density, and vy is a characteristic function describing
the autocorrection of the shape of the scattering domains. This factor is important for
samples with different nanostructuring and particle shapes, but reduces to vy = 1 for the

crystalline materials studied in this dissertation.

PDF data is obtained by taking the total scattering structure function, S(Q), as the
2

measured intensity weighted by the compositional average as S(Q) = I(Q)/ (b)". From
this, we take the reduced structure function, F'(Q)), derived as
Q) = QIS(Q) —1]. (2.13)

Finally, the reduced PDF, G(r), and the reduced structure function, F'(Q), are related
by the sine Fourier transform. This gives a direct relationship between the experimentally

measured pattern and the PDF by

Qmax
Gy =2 / " F(Q)sin(@n)dQ (2.14)

™

where (i, and Q4. are set by the instrumentation and experimental set-up.
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The reduced PDF, G(r), can be thought of as a weighted histogram of all atom-
atom distances within a material. This method has the advantage over traditional Bragg
diffraction in that it does not require long-range crystallographic ordering. The peaks in
G(r) can detail information about the atomic distances (by the position of each peak),
the coordination environment (by the area of each peak), the amount of thermal and/or

chemical disorder (by the width of the peak), and the particle size (by the 7,,4.).

To truly understand the power of PDF analysis, consider lithium flurosulfonylimide
(Li-FSI). This has been proposed as a novel electrolyte in lithium-ion batteries due to
its lack of organic component, offering a nonflammable, nonvolatile, and highly stable
medium.?> Another key component of its applicability is that Li-FSI has a low melting
point (7},,, = 143 °C), allowing for high ionic mobility at moderate operating temperatures.
However, once the material melts it loses all crystalline order, meaning the key information
on how the material acts in situ (such as what structural changes are occurring upon
melting and recrystallising) cannot be probed using X-ray Bragg diffraction alone (Figure
2.6). X-ray pair distribution function (XPDF) analysis provides an avenue in which
structural trends between the crystalline and melted phases can be identified by comparing

its structure at low 7.
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Figure 2.6: (a,c) X-ray Bragg diffraction and (b,d) X-ray pair distribution function data collected on
lithium flurosulfonylimide (Li-FSI) both (a,b) above and (c,d) below its melting point of T, = 143 °C.
Data collected at the Argonne National Laboratory Advanced Photon Source beamline 11-ID-B.
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PDF analysis has brought about a revolution in terms of the analysis of non-crystalline
materials. Examples of these include understanding the formation of nanoparticles and
nanoclusters,?® precipitation behaviour in water and aqueous solutions,?” node distortions
in MOFs,%® and small molecules such as pharmaceuticals and saccharides.?? This has
not just been limited to non-crystalline materials, with PDF analysis also being used to
understand short-range local distortions that can exist in long-range ordered crystalline

materials.3?

Local structure analysis provides important information on materials where the
characteristics may be ‘lost’ or averaged over many unit cells. It is best understood
by considering a chain of 1D atoms (Figure 2.7). At very low temperatures, they have
limited dynamic motion meaning that each atom is confined to a static position. In
real space, these atoms may not sit completely centred on a line, but may sit slightly
offset from each other as a localised distortion. PDF analysis is sensitive to these local
coherent atom-atom displacements, allowing for a greater understanding of the material.
Traditional Bragg diffraction would only see the average across thousands of unit cells,

approximating the position of each atom at the centre of its respective unit cell.
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Figure 2.7: A one dimensional chain of atoms may be arranged (a) in a ‘perfect’ line, or (b) slightly offset
from each other, with the dotted line in (b) showing the ‘perfect’ line. Despite these local distortions, the
average of each unit (denoted by ) is still seen as the same. As diffraction averages over many hundreds
of thousands of unit cells, it is often insensitive to these local distortions.

There have been two prominent examples of PDF analysis in the literature that have
showcased the power behind this technique. The first was an experiment performed

at the Cornell High Energy Synchrotron Source (CHESS) in the late 1990s on samples

of (In;_,Ga,)As semiconducting alloys.?! Refinements from traditional Bragg diffraction
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data identified that these materials all exhibited the zinc blende structure, with an
average bond length of 2.52 A. However, previous extended X-ray absorption fine structure
(EXAFS) spectroscopy measurements revealed that each of the In-As and Ga—As pairs
should take their ideal lengths of 2.437 and 2.610 A respectively, and not an averaged
bond length of 2.52 A.323 By collecting multiple X-ray diffraction datasets (taking
upwards of 12 hours), high resolution atomic PDFs were calculated from the X-ray
diffraction data that showed distinct In-As and Ga—As bond lengths differing by the same
amount predicted by theoretical models.?* The second such example is in the perovskite
YCrOs, which exhibits biferroic properties despite its highly symmetric structure.?> For a
material to be biferroic, it cannot exhibit an inversion centre found in all high-symmetry
perovskites. To break this inversion centre symmetry, the atoms must sit away from
their centrosymmetric positions, resulting in lower symmetry and a greater number of
Bragg peaks. However, a lack of additional diffraction peaks indicated that the Cr3*
atoms were confined to their centrosymmetric position within the CrOg octahedra. High
resolution neutron total scattering data was used to identify that the Cr** does not
sit in the centrosymmetric position, but sits slightly along the z direction, displaying
asymmetric Cr—O bond lengths that differed by ~1 pm. This highly accurate structural
model allowed for an in-depth understanding of its biferroic behaviour. The implication
of these two examples is that understanding the local correlated interactions of atoms
is important, and can lead to breakthroughs in the understanding and designing of new

functional materials.

2.4.2 Total Scattering Infrastructure

2.4.2.1 X-Ray Total Scattering

Despite the early success of total scattering measurements being able to model local
phenomena in the 1990s, suitable X-ray diffraction datasets often took upwards of 12 hours
to collect, meaning materials with organic coatings such as CdSe quantum dots (subject
of the 2023 Nobel Prize in Chemistry)3¢ were unable to be measured due to risk of being

damaged by prolonged exposure to the high-energy X-ray beam. In 2003, the development
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of large 2D area plate detectors vastly decreased the acquisition time of diffraction data. In
an experiment conducted at the Argonne National Laboratory Advanced Photon Source
(APS), image plate detectors were used to collect the diffraction data of a Ni standard.
Data that previously took 12 hours to collect could now be collected in 1 second.?” The

rapid data collection time opened up XPDF studies to a wider audience.

In this dissertation, X-ray total scattering data were acquired at beamline [15-1 of
Diamond Light Source, UK (A = 0.161669 A, 76.69 keV). Small amounts of finely ground
samples were loaded into quartz capillaries with an inner diameter of 0.78 mm to a
height of 3.5 cm. Data were collected under ambient conditions for the sample, an empty
capillary, and the empty instrument for background subtraction. Data were collected from
100-500 K using an Oxford Cryostream, and from 400-800 K using a Cyberstar hot air
blower. Diffraction data is collected using a 2D area detector at two different distances

relative to the sample: 860 mm for Rietveld refinement, and 200 mm for PDF analysis.

X-ray total scattering data were also acquired at beamline 11-ID-B of Argonne
National Laboratory APS, Chicago IL, USA (A = 0.2116 A, 58.59 keV). A small amount of
finely ground sample was loaded into a quartz capillary with an inner diameter of 1.1 mm
to a height of 2 cm. Data were collected under ambient conditions for the sample, an empty
capillary, and the empty sample environment for background subtraction. Temperatures
were probed from 300-650 K using a single point heater developed by the Chapman
Research Group at Stony Brook University.?® Diffraction data were collected using a 2D
area detector at two different distances: 1000 mm for Rietveld refinement, and 180 mm

for PDF analysis.

For all XPDF datasets, a CeOy calibration standard was used to correct for the
polarisation, detector transmission, and flat field, with badly performing pixels masked
prior to integration using either DAWN (Diamond Light Source) or GSAS-II (Argonne
National Laboratory).3?4% The PDF G(r) were calculated using PDFgetX3,% part of the
software package from the xPDFsuite.? Rietveld refinements to the Bragg diffraction data,

as well as small-box fitting against the XPDF data were performed using TOPAS6."
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2.4.2.2 Neutron Total Scattering

Similar to X-ray total scattering measurements, different experimental set-ups from
conventional diffraction are required to measure neutron total scattering data. In fact,
total scattering measurements using neutron diffraction were first conceived due to the
lack of intensity drop off at high @ (Equations 2.6 and 2.8). Neutron total scattering
studies are traditionally performed, not at reactor-based instruments such as the OPAL
reactor, but at spallation neutron sources that are capable of probing higher (). Whereas
neutrons are generated at a fission reactor through nuclear decay, spallation neutrons are
produced using pulses of protons accelerated to high energies and directed onto a heavy
metal target, such as liquid mercury at the Spallation Neutron Source at Oak Ridge
National Laboratory, TN, USA. The collision between the high-energy protons and the
heavy metal target produces lots of fragments, including neutrons, with a wide range of

energies. These neutrons are then transported to different beamlines.

Whereas reactor neutron sources are better at time-averaged studies, spallation
neutron sources have an advantage in that a sample is exposed to a much greater peak flux
of neutrons. This is only the case if all of the neutrons are used, with no neutrons filtered
out (or monochromated) based on their wavelength. As a result, time-of-flight (ToF)
instruments are traditionally used for undertaking neutron total scattering experiments.
These instruments rely on the fact that neutrons with different energies, and hence

different wavelengths, travel at different velocities due to the de Broglie relationship of

)\neut. = h = h (215)

Pneut. Myeut. Uneut.

where Apeut., Mneut., and Upeye. are the wavelength (in m), mass (in kg), and velocity (in

ms~!) of the neutron respectively, and h is Planck’s constant.

The implication of the de Broglie relationship is that if all neutrons from a given
proton-target collision are created at the same time (fp), the higher energy (shorter
wavelength) neutrons will travel faster, first to the sample, then following diffraction to
a detector, than the lower energy (longer wavelength) neutrons. By measuring the time

it takes for a neutron to travel from the source to the detector (t), its wavelength can be



2.4 Short-Range Local Structure Determination 71

calculated. The wavelength and time-of-flight are related by the following expression

ht

Mpeut. L

(2.16)

)\neut. =

where t is the time-of-flight, and L is the total flight path of the neutron from the source
to the detector.

By substituting in Bragg’s law (Equation 2.2) and the expression for wavevector

transfer, we arrive at an expression relating d-spacing and ToF as

t

™ S 6Lome’

(2.17)

While monochromatic instruments have a fixed wavelength and measure various
d-spacings by varying the detector angle 6, ToF instruments have a fixed scattering angle
0 and measure various d-spacings by using incoming radiation of different energies (or
A). ToF neutron powder diffractometers have large banks of fixed detectors covering a
wide range of scattering angles and, for PDF measurements, typically record data for
wavelengths in the range of 0.1 < X\ < 4.0 A. This results in a wide range of momentum

transfer, typically between 0.1 < Q < 50 A~

In this dissertation, neutron total scattering data were collected using either the
Nanoscale Ordered MAterials Diffractometer (NOMAD) or POWGEN located at Oak
Ridge National Laboratory (ORNL), TN, USA.**% Samples were loaded into 6 mm
vanadium cans. For PDF calculation, the neutron scattering data were corrected for
instrument background, the incident neutron spectrum, absorption, multiple scattering,
and finally normalised. The G(r) PDFs were then calculated using either PDFgetN3,%
or software available at the beamline. Rietveld refinements to the Bragg diffraction data,
as well as small-box fitting against the neutron PDF (NPDF) data were performed using
TOPASG.17
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2.5 Physical Property Characterisation Techniques

After determining the long-range average and short-range local structure of various
promising materials, their physical properties were also analysed in order to develop

structure-functionality relationships.

2.5.1 Electrochemical Impedance Spectroscopy for Ionic

Conductivity

In order to determine how well a material can act as an ion conductor, measurements
regarding how well ions can move through their structure were undertaken using
electrochemical impedance spectroscopy (EIS). The ionic conductivity of a sample is
calculated by measuring the reactance of a material, or more specifically, how well charge-

carrying species can pass through it.

Consider the response of a system to a direct current (DC). The voltage is known to

be impacted by the magnitude of the current and resistance, as per Ohm’s law

V
R = - (2.18)

where R is the resistance (in €2), V' is the voltage (in V), and [ is the current (in A).

However, various parasitic phenomena can arise from using a DC potential (such as
charge accumulation and concentration gradients) that can effect the measured resistance.
Using an alternating current (AC) provides a potential that varies in a sinusoidal matter
and allows for a linear relationship between reactance and applied potential by limiting
the effects of these parasitic phenomena. The AC potential means the voltage and the

current vary as sine waves. The voltage and current are calculated as

V(t) = Vysin(wt)
(2.19)
I(t) = Iysin(wt + ¢)
where V'(t) is the potential at time ¢, w is the radial frequency (where w = 27 f and f is

in Hz), and ¢ is a phase shift induced by AC phenomena such as capacitance (the ability
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of a system to store electric charge) or inductance (the ability of a conductor to oppose a

change in electric current flowing through it).

Combining expressions Equations 2.18 and 2.19 gives

1% |V| sin(wt)
g=2L = VI g
I |I]sin(wt + ¢) 12

sin(wt)

I S A i
sin(wt + @) 1Zle (2.20)

after switching to polar coordinates, where Z is the reactance (expressed as Z = Z'+iZ2",
where Z' is the real resistance analogous to DC, and Z” is the complex component on the

reactance attributed to AC phenomena such as capacitance and/or inductance).

The impedance spectra are measured by applying a small voltage (~100 mA), and
measuring the impedance over a range of frequencies. This generates a Nyquist plot,
where the values of Z/ and —Z” are plotted. Curves are fitted to these Nyquist plots
by using equivalence circuits, where the physical phenomena of a material (such as bulk
conductivity, intergrain boundaries, sample-electrode interfaces, etc.) are modelled using
analogous AC phenomena (such as capacitance, reactance, etc.). The contribution of

resistors and capacitors to impedance are modelled by

1
Zr=R and Zo=— 2.21
" o= (221)
where Zp is the impedance contribution from a resistor, Z¢ is the impedance contribution

from a capacitor, and C' is the capacitance (in F).

When two circuit elements are placed in parallel, such as modelling the resistance and
capacitance of the bulk material, we take the reciprocal of their sum. The equivalence

circuit of the bulk material is given as
(1 - R
Zp=(Zzg'+2;") =|=s+iwC)| =———. 2.22
5= (2 +25") (R“w > I+ iwRC (2.22)

Traditionally for solid electrolytes, two parallel circuits — consisting of a resistor and
a capacitor — are used to model the bulk conductivity of an electrolyte, as well as other

contributions such as intergrain boundaries.
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This gives a total impedance of

Ry Rs

Z =R
1+ 1+ inQCQ * 1 ‘l—’iWRng),

(2.23)

where R; is the inherent resistance of the instrument, Ry and C5 are the resistance and
capacitance associated with the bulk material, and R3 and C3 are the resistance and

capacitance associated with the intergrain boundaries.

In real materials, a ‘perfect’ capacitance is seldom observed. Consequently, a constant
phase element (CPE) is often used to model the inherent resistance within a capacitor.

This is given by the relation

1

T

(2.24)

where 0 < n < 1 is the additional constant phase (with n = 1 being a perfect capacitor),

and @) is the capacitance. Substituting this expression in Equation 2.22 gives

Ry R

T P (iw)® RaQy 1+ (iw)™ RsQs

(2.25)

The conductivity (o, measured in S cm™!) is calculated by taking the inverse of
the resistance and normalising by the surface area and length of the sample. Other
relationships such as the activation energy of the ionic diffusion may be calculated using

the Arrhenius equation

Eq

oT = A exp (K) (2.26)

where T is the absolute temperature (in K), A is a scaling factor, F, is the activation

energy (in J), kp is the Boltzmann constant. Linearising Equation 2.26 gives

In (oT) = In(A) — f—B (%) (2.27)

which can be used to calculate the activation energy.
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Ceramic samples, roughly 1.0-1.5 mm in thickness and 10 mm in diameter, were
prepared for conductivity measurements by pressing pellets at 5 MPa using a uniaxial
press. These were then sintered at high temperature for 12 hours before being cooled to
room temperature at a rate of 3 © min~!. Before each measurement, pellets were coated

in a conductive Pt paste and reheated to 1000 °C for two hours to cure the paste.

Samples were mounted into a Probostat set-up using a spring system to ensure good
contact with two Pt grids acting as both current collectors and gas distributors. A gas

! was selected for the measurements in air, Ar, wet Ar, and wet 5%

flow rate of 1 L hour™
H, in Ar to assess the different carrier contributions (H*, O?~, or e7). The set-up was
then inserted into a vertical furnace to perform EIS measurements from 850-600 °C every
25 °C upon cooling. Spectra were recorded in the 10°-1 Hz frequency range to model

different regions and phenomena in the sample. A Solartron 1260 potentiostat was used

with an AC amplitude of 100 mV. The EIS spectra were fitted in the program ZView.

2.5.2 Solid State UV-Vis Spectroscopy for Band Gap Estimation

The band gap of a semiconductor describes the energy needed to excite an electron from
its valence band to the conduction band. This is dependent on a number of structural
factors of the material, such as its chemical composition and crystal symmetry. The band

gap in semiconductor-based photocatalysts is an important tuneable property.

Photocatalysts absorb incoming radiation, exciting an electron from the valence band
into the conduction band. This generates two mobile charge carriers: the photoexcited
electron (e7) in the conduction band and a relatively positively-charged ‘hole’ (h™)
in the valence band. These charge carriers are then free to participate in various
photocatalytic reactions such as overall water splitting (by separating H,O into its
constituent Hy and Oy gases), dye degradation (by producing highly reactive hydroxyl
radicals, OH-), and carbon dioxide conversion (by reducing COs to other fuels such as
methane and ethanol using photoexcited electrons). The band gap of a photocatalyst
determines the range of wavelengths of light the photocatalyst can absorb. Therefore, an
accurate determination of the band gap energy is crucial in predicting its application and

photochemical properties.
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Band gaps can be investigated both computationally and experimentally.
Computationally, the density of states (DoS) may be calculated using DFT as, for
example, implemented in the Vienna ab initio simulation package (VASP). The electronic
structure analysis provides information on which states dominate the valence and
conduction bands specific to each element, allowing for predictions in how to tune
the band gap of certain materials. Experimentally, the band gap is determined
using diffuse reflectance spectroscopy (DRS). In DRS, a sample is illuminated with
monochromatic light, with the reflected light analysed to determine at which wavelengths
it is absorbed. However, several factors must be taken into account when performing DRS
measurements. For example, sample inhomogenities can cause an increase in background
in the measurements. As light propagates through an inhomogeneous media, it can scatter
off all points in its path causing errors in calculating the absorption coefficient from diffuse
reflection data. To account for this, the Kubelka-Munk transform is used. The measured

diffuse reflectance, R,,cqs., is given as

k k k
Rmeas. =1+ ; - - (2 + _> (228)

S S

where k is the absorption fraction associated with the sample and s is the scattering

coefficient. This value is then formulated as a Kubelka-Munk transform by

1- Rmeas 2

where « is the absorption coefficient.
The optical band gap of a material can be estimated using a Tauc plot, provided

the material is a semiconductor. The Tauc method is based on the assumption that the

energy-dependent absorption coefficient, o, can be expressed as

(- )" = B (hw — E,) (2.30)

where h is Planck’s constant, v is the frequency of the incident photon (in Hz), v accounts
for the nature of the electron transition (y = 1/2 or 2 for direct or indirect transition band

gaps respectively), B is a prefactor constant, and Ey is the band gap energy (in J). Plotting
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the Tauc plot for a direct transition as hv vs. (a - hv)?, an estimate of the direct band

gap can be made by taking the z-axis intersection point of the linear fit.

Optical band gaps were measured using a Cary 5000 Solid State UV-Vis Spectrometer.
The instrument was blanked using a sample of BaSO,4 and approximately 50 mg of sample
was compacted, smoothed using a glass slide, and loaded into the instrument. UV-Vis
DRS measurements was then taken over a range of 200-800 nm (1.55-6.20 ¢V) in 0.2 nm

steps with five minute scans.

2.5.3 Physical Properties Measurement System for Magnetism

The study of magnetism in materials has led to many scientific advances in the field

46748 and the quantum Hall effect.?® Key

of superconductors,!” giant magnetoresistance,
to these breakthroughs is understanding how materials (or, more specifically, how the
unpaired electrons of its ions) interact to each other, and their response to external

magnetic fields.

Ions with unpaired electrons can behave as small magnets which may show magnetic
ordering within a crystal. At high temperatures, thermal fluctuations result in these
spins being randomly orientated throughout the material, known as paramagnetism. As
a sample is cooled, these thermal fluctuations reduce in energy allowing for the potential
for long-range magnetic interactions to arise. This means that these spins may align to
give a net magnetic susceptibility. This phenomena can produce magnetic interactions
that are either ferromagnetic (all spins line up parallel to an external magnetic field) or
antiferromagnetic (spins align antiparallel to each other such that the Pauli Exclusion

Principle is obeyed).

To understand this behaviour, the magnetic susceptibility of some structures is often
investigated to understand their response to an external magnetic field. This involves
exposing a small sample to an external magnetic field and measuring its response with
respect to temperature. This analysis is often undertaken to determine whether a material
aligns either ferromagnetically or antiferromagnetically, as well as the temperature in

which the onset of this ordering occurs.
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This is achieved by using the Curie-Weiss law

X=— (2.31)

where Y is the magnetic susceptibility (in electromagnetic units mol™, or emu mol™!),
C is the Curie constant (in emu mol™* K™!), T is the temperature (in K), and 6 is a
measure of the strength and sign of the local exchange interactions. When there are no
competing interactions or frustration, this is equal to the magnetic ordering temperature
(in K) which is positive for ferromagnetism and negative for antiferromagnetism in simple
magnetic interactions. When these two values deviate, it signals a more complex picture

of the magnetic interactions.

By fitting the paramagnetic region of the material, the Curie constant may be
extracted, as well as the magnetic ordering temperature. The Curie constant is used

to determine the spin only effective paramagnetic magnetic moment by

1s = V8C (2.32)

where pi4 is the magnetic moment (in Bohr magnetons, or pp). This can also be compared

to the ordered magnetic moment of the ion by

pw=/n(n-+2) (2.33)

where n is the number of unpaired electrons in the ion.

Bulk magnetic susceptibility measurements were undertaken using a Quantum Design
Physical Properties Measurement System (PPMS). Approximately 20 mg of sample was
finely ground and placed in a tubular brass sample holder, held in place between two
tightly fit plastic rods. The sample hold was then loaded into the PPMS. Data on the
magnetic susceptibility of each sample was taken using the vibrating sample magnetometer
(VSM) technique. Temperature-dependent DC magnetic susceptibility measurements
were taken under zero field cooled (ZFC) upon heating, and field cooled (FC) upon
cooling conditions over a range of 1.8-300 K, in an applied magnetic field of 1000 Oe
(0.1 T). Isothermal field-dependent magnetisation data were collected to £9 T at constant

temperatures.
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3.1 Introduction: LaNbQO, as a Solid Electrolyte

Materials with high ionic conductivity have been intensively studied as a source of efficient
and carbon-neutral energy generation using SOFCs. Such research has mainly focused
on metal oxides, with high ionic conductivities reported in perovskites (BaCey oY 103_s
with 1.34 x 1072 Scm™! at 700 °C in wet Hs),* pyrochlores (Gd;gLag2Zr,O; with
0.5 x 1072 S em™ at 800 °C in air),>® and defect fluorites (Yo.16Zr0.920208 With
10.5 x 1072 S em™! at 1000 °C in air).” A limiting factor of these materials is their
instability in carbon dioxide-containing atmospheres leading to degradation in their
performance.® Therefore, a considerable amount of research has focused on ion-conducting

materials, such as LaNbQy, that are stable in harsh and acidic environments.

Despite its success as a solid electrolyte for SOFC applications, a detailed structure-
functionality relationship of LaNbO, has not been reported in the literature. For example,
LaNbO,4 undergoes a monoclinic-to-tetragonal (/2/a — I4;/a) phase transition at
~500 °C. However, the nature of this phase transition has been recently contested. Early
studies indicated this phase transition was ferroelastic and second order in nature.’'?
However, high resolution synchrotron X-ray diffraction work by Sarin et al. identified the
coexistence of both the /2/a and 14, /a phases close to the phase transition temperature;
an effect explained due to the differences in particle size within the sample.'* More recent
high resolution diffraction studies of other LnNbO, materials have further confirmed the
coexistence of both the monoclinic /2/a and tetragonal 14, /a phases at high temperatures,
as well as a small thermal hysteresis in the phase transition upon heating and cooling.®1?

Such behaviour is inconsistent with a second order phase transition, suggesting it may, in

fact, be first order and detrimental to its performance as a SOFC component.

3.1.1 Expansion into LnNbQO, and LnTaO,

Attempts have been made to understand the role of chemical substitution within the
LaNbQ, structure. By substituting La3*" for different lanthanoid cations (Ln3") on the A

site of the structure, the monoclinic 12/a space group structure is preserved.'> However,
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this causes a change in the temperature of the 12/a — I4;/a phase transition, with a
relationship observed between the size of the A-site cation and the temperature of the
phase transition (LaNbOy T, ~500 °C, HoNbO, T, ~800 °C).1%17 Tt is believed that this
increase in phase transition temperature is related to the strength of the long Nb-O,
bond within the NbOg distorted octahedra. This distance decreases as the size of the

Ln?* cation decreases, implying a stronger bond that is more difficult to break.!®

The exact role of this Nb-O; bond with respect to ionic conductivity remains
ambiguous. Previous studies have highlighted the high-temperature [4;/a phase to be
preferable for ionic conductivity due to the presence of more interstitial sites allowing
for the facilitation of ionic mobility.!¥2° It is also believed that the long Nb-O; bond
needs to be broken to facilitate anion mobility, as it could ‘block’ oxygen interstitial
sites and potentially increase the activation energy.!> However, oxygen tracer diffusion
measurements performed by Packer et al. show a decrease in diffusion coefficient for
CeNbQOys above the 12/a — I4;/a phase transition temperature.?! Therefore, a full
structure-functionality relationship relating the influence of the Ln®* cation and the ionic

conductivity of the material remains elusive.

Ionic conductivity has not been extensively studied in the analogous LnTaOy,
materials. These materials display complex crystallography, being synthesised with
different symmetries depending on the size of the Ln®* cation.??23 This is particularly
remarkable, considering Nb®* and Ta’* have the same IR, and are therefore expected to
exhibit similar crystal chemistry (IR = 0.64 A in octahedra geometry).? Furthermore, the
structure of some LnTaO, materials appear to be dependent on the synthesis conditions,?
which adds complexity when predicting the preferred crystal structure. The Errandonea
et al. phase diagram (Figure 1.3) is based on the IR ratios of r4/rx and rp/rx, and does
not consider complexities such as the thermal history of the sample.?® The substitution
of Nb3* for Ta" also increases the observed I2/a — I4;/a phase transition temperature,
with the phase transition in the orthotantalates occurring at a much higher temperature
(NANbOy4 T, ~660 °C, NdTaO,4 T, ~1220 ° C).>*16 A full understanding as to why the
LnNbO,4 and LnTaO4 materials behave so differently with temperature has not yet been

determined.
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This chapter is separated into three sections. Room temperature structural studies of
LnNbO, and LnTaO,4 materials and the effect of gradually substituting Nb>™ with Ta’"
in the Ln(Nb;_,Ta,)Oy4 solid solution series are studied using SXRD. This will allow for
an understanding of the structures of each material, and the effects of differently sized
Ln3* and B-site cations. This is followed up by analysing the differences in the response
of HoNbO,4 and HoTaO, to temperature. This is complimented by an in situ study to
determine the optimal synthesis conditions of each polymorph of HoTaO,. Finally, the
ionic conductivity of HoONbO, and HoTaO, will be analysed under a variety of different
gaseous environments. These analyses will be combined with the earlier structural studies,
concluding with a future outlook on designing and synthesising optimal ABO, materials

as solid electrolytes for SOFCs.

3.2 Synthesis Procedure and Experimental Methods

3.2.1 Sample Synthesis

Samples with the LnNbO, and LnTaO4 composition (Ln*T = lanthanoids La-Lu,
excluding Ce and Pm) were prepared using a conventional solid state synthesis route.
Reagent metal oxides of high purity Ln,Os, PrgO;1, ThyO7, NbyOs, and TayO5 (Aithaca
Chemicals, 99.9-99.99 %), sufficient to prepare 2 g of each sample, were dried at 1000 °C
for 15 hours in a muffle furnace to remove adsorbed water and carbon dioxide. This was
with the exception of PrgO;; and ThyO7, which were dried at 200 °C for 15 hours to
ensure no change to their stoichiometry. The metal oxides were then weighed out in their
appropriate stoichiometry and hand mixed using an agate mortar and pestle. A small
amount (~10 mL) of acetone was added as a mixing medium and the mixture was ground
as a slurry until the acetone evaporated. The powdered samples were then transferred to
alumina crucibles and heated at 1000 °C for 24 hours. After hand-mixing again in an agate
mortar and pestle, the samples were pressed into rods using a hydrostatic press at 200 bar
for 10 minutes. The rods were then transferred to alumina crucibles and heated in air at

1200 °C for 24 hours, and 1400 °C for 48 hours, with intermittent grinding and repressing.
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The same process was used to prepare the solid solution series of Ln(Nb;_,Ta,)O, with
x = 0.0-1.0 and Az = 0.2 for Ln3* = Pr, Nd, Gd, Tbh, Dy, Yb, and Lu; and Az = 0.1
for Ln3" = Sm and Ho. Initial X-ray diffraction measurements were taken at room
temperature using a PANalytical X’Pert Pro diffractometer with Cu K, radiation to

monitor the progress of the reactions.

Variable heating experiments were performed on LnTaO, (Ln*" = Gd, Tb, Dy, Ho,
and Er). After heating to 1200 °C, each sample was reground in an agate mortar and
pestle, repressed as a rod using a hydrostatic press, and heated in 50 °C steps from 1250
to 1550 °C for 24 hours each. A small amount of sample was set aside after each heating

step, with the reactions monitored using X-ray diffraction.

3.2.2 Synchrotron X-ray and Neutron Powder Diffraction

SXRD data were collected for each Ln(Nb;_,Ta,)O, sample at the Powder Diffraction
beamline BL-10 at the Australian Synchrotron.?” A small amount of each sample was
ground and loaded into a 0.2 mm diameter borosilicate glass capillary. Data were collected
over the angular range 5 < 20 < 85 ° using 18 keV (A = 0.68751 A) X-rays, as determined
by structural refinement of a diluted NIST SRM660b LaBg standard. Each sample was
rotated throughout the course of the measurement to minimise preferred orientation

effects.

NPD measurements were performed on the high resolution powder diffractometer
Echidna at the OPAL reactor, operated by ANSTO.?® Powdered samples of the
Ho(Nb;_,Ta,)O4 series were loaded into 6 mm vanadium cans, with data collected
over the angular range 5 < 20 < 162 ° at a wavelength of 1.62 A. The in situ
heating NPD measurements were performed using 1.54 A neutrons on the high intensity
powder diffractometer Wombat at the OPAL reactor, also operated by ANSTO.?? A
polycrystalline sample of HoNbO, was housed in a 6 mm vanadium can and heated in
an ILL-type high-vacuum furnace fitted with niobium heating elements, and heated to
1000 °C with patterns collected every four minutes. Samples of HoTaO, and the HoyO3

+ TayO5 green powder were housed in open niobium cans with a niobium wire mesh
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used to secure the samples. These were run in the same ILL-type furnace to 1500 °C
with data collected upon heating and cooling. Each sample was pressed as a rod using
the hydrostatic press to ensure minimal reaction or cation exchange between the Ta-

containing samples and the Nb can.

Structure refinements were carried out using the Rietveld method as implemented in
the program TOPAS6.%° The peak shapes were modelled using a pseudo-Voigt function,
with the Thompson-Cox-Hastings model used to account for the asymmetry.3! The
background of each pattern was estimated using a Chebyshev polynomial. The scale
factor, lattice parameters, atomic coordinates, and ADPs were refined simultaneously
with the peak profile parameters. ADPs were taken to be isotropic and equal across
each Wyckoff position (regardless of Nb:Ta cation mixing). For the SXRD data of
Ln(Nb;_,Ta,)Oy, the Stephens phenomenological model of anisotropic peak broadening
was used.?? In the final refinement cycle, all refined parameters were fully relaxed for the

final cycle. The crystal structures were then drawn in VESTA.?3

3.2.3 Physical Property Measurements

Optical band gaps were measured using a Cary 5000 solid state UV-Vis spectrometer. The
instrument background was measured using a sample of BaSO4 and ~50 mg of sample
was compacted, smoothed, and loaded into the instrument. UV-Vis DRS was then taken
over a range of 200 < A < 800 nm in 0.2 nm steps with five minute scans. A Tauc plot was
then generated by plotting the direct-allowed Kubelka-Munk transformation (Equation

2.30) and extrapolating a linear region to determine the band gap.

For the conductivity measurements, the samples were pressed into pellets at 5 MPa
for 15 minutes using an isostatic press. These were then sintered at either 1550 °C
(HoNbO4 or HoTaO4 12/a) or 1350 °C (HoTaO4 P2/c) before being cooled to room

temperature at a rate of 3 © min—!'.

Two or more discs of each sample were sintered
until a disc of 1.0-1.5 mm thickness was obtained that had a sufficient relative density
for the electrochemical measurements. The experimental density of each sample was

obtained using electronic calipers for the geometrical parameters of the pellets, and a
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high precision electronic balance for the mass, with the relative density calculated as the
ratio of the experimental and theoretical density of the sample obtained from the SXRD
measurements. Before each measurement, pellets were coated in a conductive Pt paste

and reheated to 1000 °C for two hours to cure the paste.

Samples were mounted into a Probostat setup using a spring system to ensure good
contact with two Pt grids acting as both current collectors and gas distributors. A gas

flow rate of 1 L hour™!

was selected for the measurements in air, Ar, wet Ar, and
wet 5% Hy in Ar. The setup was inserted into a vertical furnace to perform the EIS
measurements between 850-600 °C at 25 °C intervals while cooling. Spectra were recorded
in the 101 Hz frequency range using an impedance spectrometer Solartron 1260 model
potentiostat with an AC amplitude of 100 mV. The EIS spectra were fitted in ZView and

the obtained resistance values were normalised over the pellet thickness and the active

surface area to calculate the conductivity.

3.3 Structural Studies

Structural models for each sample of the LnNbO,4 and LnTaO, series were determined
using Rietveld refinements against SXRD data. It was found that LnNbOy crystallised
in the monoclinic 72/a space group, whereas LnTaO, crystallised in the monoclinic
space groups P2i/c, 12/a, or P2/c depending on the size of the Ln3" cation and
the synthesis conditions used. Furthermore, the Ln(Nb;_,Ta,)Oy4 solid solutions were
analysed by substituting Nb5* for Ta’", where it was found the transformation from
P2, /c — I2/a occurs suddenly, whereas the P2/c — [2/a appears much ‘sluggish’ with
a two-phase region detected. A combined SXRD and NPD dataset was then refined for
Ho(Nb;_,Ta,)O4 to determine differences between the two structures with high precision.

These structural studies were then supplemented by DFT calculations.
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3.3.1 Structural Studies of LnNbQO,

The synthesis of crystalline single-phase samples of the lanthanoid orthoniobates
(LnNbO,) was achieved using solid state reactions with a maximum annealing
temperature of 1400 °C. Rietveld refinements were performed using the starting
parameters of LaNbQO, by Sarin et al. as a model.'* The LnNbO, materials were
all isostructural, as evidenced by their SXRD patterns (Figure 3.1, Table 3.1). Each
structure was indexed to the monoclinic space group /2/a (a non-standard setting of
C2/c used to highlight its relation to the high-temperature tetragonal I4;/a structure).

The lattice parameters and atomic coordinates all showed good agreement with previous

literature.14:15:34
X [% w
[+ [+
o O bord A n n i Al
doh
5 K
d 1 [ N} [ ] ] m wirn moerue e Fame e [N A I RO RN N BN RN
- s T
P 1 11 l . ] \
n
c
[+}]
vl
£
1 [N Fn [ I | mna rn wir mmerr (B R ) Rl LI I U N N T O Y 11
..' i i |
T l T T I T T l T l T

T T
10 15 20 25 30 35 40
20/°

Figure 3.1: Representative Rietveld refinements against the synchrotron X-ray diffraction patterns of (a)
LaNbOy and (b) LuNbOy. Each structure was refined to the monoclinic 12/a fergusonite-type structure.
Data was collected to ~80 © 26, with the insets highlighting the quality of the fit to the data. The black
circles represent the data, the red line represents the calculated profile, the green line is the difference
between the data and the calculated profile, and the blue ticks are the space group-allowed reflections.

Rietveld refinements were successfully performed on all 13 structures (Figure A.1).
The lattice parameters and volume increase linearly as the IR of the Ln3* cation increases
(Figure 3.2). Although mixed valence states were present in the reagents used to prepare

PrNbO, (PrgOy; being Pr3+/4*) and TbNbO, (TbsO7 being Th3+/4+), a linear trend
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across the Ln3* series indicates both Pr and Tb exist in their trivalent state. Interestingly,
there appears to be a stochastic relationship between the size of the Ln3* cation and the
size of the monoclinic S angle. This potentially suggests that the temperature of the
I12/a — I4,/a phase transition and the magnitude of the monoclinic § angle may only be

weakly correlated at room temperature.

Table 3.1: Selected Rietveld refinement structural parameters, bond distances, and bond valence sums
for LnNbOy4 (Ln3t = La, Lu) against synchrotron X-ray diffraction data.

Ln’t LaNbO, LuNbO,
Radii (A) 1.16 0.977
Space Group 12/a I2/a
a (R) 5.63469(5) | 5.29225(3)
b (A) 11.66597(9) | 10.95583(5)
c (A) 5.26748(4) | 5.10235(3)
B (°) 94.082(1) 94.421(1)
Vol. (A?) 345.375(8) | 294.959(4)
Ln*t gy 0.12033(6) | 0.12136(8)
Nb°t y 0.64604(5) | 0.64232(9)
o) = 0.0111(6) | -0.0049(8)
o(1) v 0.7158(2) 0.7150(3)
0(1) = 0.1915(6) 0.2028(8)
0(2) = 0.8930(5) 0.9057(8)
0(2) y 0.4479(2) 0.4576(4)
0(2) 2 0.2378(5) 0.2644(8)

Ln—0(2) (A) | 2.599(3
Ln—0(1) (A) | 2.574(3
Ln—0(2) (A) | 2.527(3 2.311(4
Ln-0O(1) (A) | 2.488(3 2.275(4

) 2.400(4)

(3) (4)

(3) (4)

(3) (4)

Ln—0g,. (A) 2.547(3) 2.333(4)
(3) (4)

(3) (4)

(3) (4)

) )

2.344(4

Nb-O(2) (A) | 2.596(3 2.499(4
Nb-O(2) (A) | 1.920(3 1.934(4
Nb-O(1) (A) | 1.810(3 1.878(4

Nb-O,,. (A) | 2.109(3 2.104(4
BVS (NbO,) 4.58 4.27
BVS (NbOg) 4.89 4.67

Rup (%) 3.35 3.49

Although SXRD was used for these measurements, the high energy and low d,,;,
(<0.60 A) probed means that very precise values of both the cation and anion atomic
coordinates were obtained. As a result, accurate Ln—O and Nb—O bond distances were
also extracted from the refinements. Where available, these showed excellent agreement

with previous work using NPD.33% Although NPD measurements are expected to improve
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the accuracy of the refined structures, this is nontrivial across the Ln3" series as it includes
examples with strong neutron-absorbing elements such as Sm, Eu, and Gd. This will be

returned to later in the dissertation with an in-depth analysis of Ho(Nb;_,Ta,)Oy.
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Figure 3.2: The refined lattice parameters for the LnNbOy series, with (a) the a and ¢ lattice parameters,
(b) the b lattice parameter, (c) the monoclinic 5 angle, and (d) the unit cell volume. The error bars are
smaller than the symbols, and the dashed lines have been drawn to guide the eyes. Note: For clarity, not
all Ln3* cations are listed on the top axes.

In the literature, the monoclinic 12/a fergusonite-type structure is often described as a
network of LnOg polyhedra and NbO, tetrahedra (Figure 3.3a). This is done to highlight
its close structural relationship to the high temperature tetragonal I4;/a scheelite-
type structure consisting of a similar network. However, this description is somewhat
misleading, with Nb®* cations often being cited as ‘too large’ to adopt a tetrahedra
geometry. This has been seen in other studies where Nb°T-containing oxides readily
adopt octahedral geometry, such as the NaNbOs perovskite,?® LisNbO, rock salt-type
structure,®” and layered structures such as the mixed-metal phosphate BaTeNbO4(PO,),®
and the Aurivillius phase SrBisNbyOg.3? In the case of the fergusonite-type structures,
several studies have noted the presence of longer Nb-O; contacts that could potentially

contribute to the coordination of the Nb®>* cation. A single crystal study by Bayliss
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et al. mnoted the presence of these longer Nb—O; contacts, however did not consider
their structural consequence.? Similarly, Fulle et al. considered these longer bonds,
describing the Nb°* cations as having a distorted NbOg environment.*! To investigate
this further, bond valence sums (BVSs) were calculated for the Nb>" cation coordinated
as both tetrahedra (NbO,) and octahedra (NbOg) to determine its optimal coordination
environment. The bond valence sum is calculated by considering the valences of the

individual bonds using

Sy =Y exp [@} (3.1)

where Ry is a tabulated parameter of the ‘ideal” bond length, R;; is the observed bond

t.42

length, and b is an empirical constan

Figure 3.3: The refined structure for the LnNbQy series, with (a) NbOy tetrahedra, (b) NbOg distorted
octahedra, and (c) NbOg distorted octahedra with individual Nb—O bonds labelled. The light green
spheres are the La®t ions and the dark green polyhedra are the Nb®t environments. The blue and gold
bonds are the regular NbO4 bonds, whereas the purple bonds are the Nb—O; bonds.

Considering NbO, tetrahedra in the LnNbO, structure (Figure 3.3a) yields
Sij ~4.14-4.58, which is significantly smaller than the expected value of 5.0 for the
Nb?*t cation. However, considering the longer Nb-O; bond contacts at ~2.5 A yields
S;; ~4.55-4.89 (Figure 3.3b). Therefore, it is considered more accurate to describe
the Nb>* coordination environment as distorted NbOg octahedra as opposed to NbOy

tetrahedra, as these longer bonds help alleviate the strain of the Nb>* coordination.
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These longer Nb—O; bonds appear to strongly influence the overall structure of the
LnNbO, materials. Considering the Ln—O and Nb-O bond distances (Figure 3.4), the
length of the Ln—O bonds (and, by extension, the volume of the LnOg polyhedra) appear
to increase as the size of the Ln3T cation increases. As expected, the Nb-O bond distances
appear to be mostly consistent across the LnNbQO, series, with a small increase observed
in the Nb—O; bond distance. This increase in bond distance correlates with a decrease in
the 12/a — I4;/a phase transition temperature, implying that this longer contact may

be important to the phase transition.
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Figure 3.4: Composition dependence of the room temperature (a) Ln—O bond distances, and (b) Nb-O
bond distances of the LnNbOy structures. The dashed lines have been drawn the guide the eyes, with
the averages drawn with a solid line. Note: For clarity, not all Ln?*t cations are listed on the top axes.

In summary, SXRD measurements have shown that the LnNbO, materials crystallise
in the fergusonite-type monoclinic 12/a structure, regardless of the size of the Ln®T cation.
The lattice parameters and unit cell volume increase linearly with the size of the Ln3*
cation in the structure. In considering parameters important to the 12/a — I4,/a phase
transition, there appears to be a weak relationship between the size of the Ln?* cation
and the monoclinic § angle. However, the Nb—O; bond distance increases as the size of the
Ln?* cation increases. This implies that the increasing LnOg polyhedra volume changes
the atomic coordinates of the oxygen anions, potentially increasing (and weakening) the

Nb-O; bond distance and lowering the phase transition temperature.
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3.3.2 Structural Studies of LnTaO,

The synthesis of crystalline single-phase samples of the lanthanoid orthotantalates
(LnTaO,4) was achieved using a similar solid state reaction to the LnNbO, materials.
However, in contrast to the LnNbO,4 materials, LnTaO, crystallises in different structures
depending on the size of the Ln®T cation (Figure 3.5).%%% For LnTaO4 (Ln®*" = La,
Pr), the SXRD patterns were successfully indexed to the monoclinic P2;/c structure,
with lattice parameters in good agreement with previous literature.?+4445 There was no
indication of other phases present, such as the high temperature orthorhombic C'mc2;
phase seen at elevated temperatures.*® For Ln3t = Nd-Tb, the patterns were indexed to
the monoclinic 12/a structure, similar to the LnNbO, analogues. For Ln*™ = Dy-Lu,
the monoclinic P2/c structure was appropriate. These structures are shown in Figure
3.5, with representative Rietveld refinements shown in Figure 3.6 and full parameters in

Table A.2.

a)

O¥=0

Figure 3.5: The (a) monoclinic P2; /c structure, (b) monoclinic 12/a structure, and (c¢) monoclinic P2/c
structure. The Ln?* cations are drawn as coloured spheres, and the TaOg polyhedra are drawn in brown.

As noted previously, it is possible to prepare certain LnTaO, materials with different
monoclinic structures depending on the synthesis conditions used. This can occur by

7 as well as using a synthesis aid such as a

changing the final annealing temperature,?
chemical flux (a crystalline substance with a low melting point, such as LiSO, or LiCl).*
This was observed in this study, where a sample of ThTaO, was synthesised in the P2/c
structure after being heated to 1350 °C, however this transformed to the 12/a structure
after being heated to 1400 °C for 24 hours. This indicates that the P2/c¢ structure is

formed at lower temperatures than that of the /2/a structure. This phenomenon was
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investigated further, where the LnTaO, samples with intermediate sized Ln3* cations
(Ln** = Gd-Er) were heated in 50 °C steps between 1200-1450 °C to determine any
changes in symmetry. Attempts to synthesise GdTaO, in the P2/c space group were
unsuccessful. However, the synthesis of the P2/c and 12/a polymorphs was successfully
achieved for Ln3*t = Tb, Dy, Ho. Similar to ThTaO,, both DyTaO, and HoTaO, could be
synthesised in the P2/c space group by annealing at 1400 °C, or in the /2/a space group
by annealing at a higher temperature of 1450 °C. Efforts to recover the 12/a structure of
ErTaO, were partially successful. After annealing at 1550 °C (the temperature limit of
the muffle furnace) for 12 hours, the X-ray diffraction pattern measured on the laboratory
Cu-source diffractometer for ErTaO, could be successfully fit to the 12/a structure (Figure
A.5). However, subsequent SXRD data showed the sample contained a mixture of both
I12/a and P2/c polymorphs. Not only does this suggest that the transformation between
the P2/c and 12/a phases is slow and sluggish, but it also implies that annealing ErTaOy4
at a higher temperature could have yielded a phase-pure sample of /2/a. This has been
previously seen in a study by Wang et al., where the 12/a polymorph of ErTaO, was
prepared by annealing at 1700 °C.%8

Interestingly, and unique to this work, there appears to be a correlation between
the preferred monoclinic structure, the heating temperature, and the temperature of the
reversible 12/a — I4,/a phase transition (Table 3.2). This phase transition occurs at
(1410 £ 15) °C, which is around the annealing temperatures used to transform the P2/c
polymorph to the I2/a polymorph upon heating. Limiting the maximum temperature
to below the 12/a — I4;/a phase transition temperature invariably resulted in recovery
of the P2/c phase, whereas heating through this (and presumably creating the high-
temperature I4;/a phase) results in recovery of the I2/a phase. These results are
summarised in Table 3.2. A detailed in situ study of this transformation has not yet

been performed, and will be focused on later in the dissertation.

The lattice parameters and unit cell volume of the LnTaO4 (Ln*t = Nd-Lu) series
are plotted in Figure 3.7. In these figures, the monoclinic P2;/c¢ structures observed in
LaTaO4 and PrTaO,4 were excluded as their structural motifs are sufficiently different to

the monoclinic 12/a and P2/c¢ structures (consisting of corner-sharing as opposed to edge-
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Figure 3.6: Representative Rietveld plots for (a) PrTaOy fitted to the monoclinic P2; /¢ space group, (b)
GdTaO, fitted to the monoclinic 72/a space group, and (¢) YbTaOy fitted to the monoclinic P2/c space
group. The black circles represent the data, the solid red lines are the calculated profile, the solid green
lines are the difference between the observed and calculated intensities, and the blue ticks are the space
group-allowed reflections. The insets highlight the quality of the data and fits at high 26.

sharing TaOg octahedra, see Figure 3.5). As previously seen in the LnNbO, materials,
the lattice parameters and unit cell volumes increase linearly as the IR of the A site
Ln3T cation increase. The atomic coordinates of the cations refined in this work are in
excellent agreement with the values reported previously.?344° In contrast to the LnNbO,
structures, a linear relationship is observed between the monoclinic 5 angle and the IR of
the Ln" cation, with the monoclinic 3 angle appearing to be higher in the P2/c phase
compared to 12/a.

As for the LnNbO, materials, accurate Ln—O and Ta-O bond distances were also
determined from the refinement data.'® BVS analysis of the I2/a and P2/c structures
revealed the contribution of two additional Ta~O; longer bonds, demonstrating the Ta5*
cations are best described in a six-coordinate distorted octahedra geometry. Including
these two additional longer bonds in the BVS calculations gives a more reasonable value

in each structure (S;; ~4.8-5.5 for TaOg compared to ~4.2-4.8 for TaOy,).
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Table 3.2: Final heating temperatures of the LnTaO,4 samples with the space group of the recovered
product. The sample marked with * was found to be a mixture of P2/c + I2/a using SXRD data.

P2/c 12/a I12/a — I4/a
Synthesis Temp. | Synthesis Temp. | Transition Temp.
(°C) (°C) (°C)
ThTaO4 1350 1400 1410 + 156
DyTaOy4 1400 1450 1410 + 15
HoTaOy 1400 1450 1410 + 15'6
ErTaOy4 1400 1550%* 1410 £ 15%
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Figure 3.7: Composition dependence of the room temperature (a) lattice parameters and (b) monoclinic
8 angle of the LnTaQ4 series. Where not apparent, the error bars are smaller than the symbols. For the
samples inside the grey area (Ln3* = Ho, Dy, and Tb) single-phase samples of both the P2/c and I2/a
polymorphs were recovered and studied. The dashed lines have been drawn the guide the eyes.

Figure 3.8 illustrates the changes in the Ln—O and Ta—O bond lengths for both the
P2/c and 12/a structure types, as well as changes in their polyhedra volume. Across each
of the P2/c and 12/a series, the average Ln—O bond distances and the LnOg polyhedra
volume increases as the size of the Ln®* cation increases. As expected, the average Ta—O
bond distance remains essentially independent of the size of the Ln®* cation, although a
small volume decrease is observed across the series. This implies that the LnOg polyhedra
are much more flexible than their TaOg counterparts, allowing for distortions within the
structure. The average Ta—O bond length and TaOg polyhedra volume appear to be larger
in the 12/a structures compared to the P2/c polymorph.
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Figure 3.8: Composition dependence of the room temperature (a) Ln—O bond distances, (b) Ta—O bond
distances, (¢) LnOg polyhedra volume, and (d) TaOg polyhedra volume. The error bars are smaller than
the symbols. For the samples inside the grey area (Ln®** = Ho, Dy, and Tb) single-phase samples of
both the P2/c and I2/a polymorphs were recovered and studied. The dashed lines have been drawn the
guide the eyes, with the averages drawn with a solid line.

Comparing the LnNbO, and LnTaO, materials reveals a number of similarities. Both
structures (regardless of their space group) consist of a network of LnOg polyhedra and
BOg octahedra (B*" = Nb, Ta). The BOg octahedra are essentially rigid, whereas
the LnOg polyhedra exhibit much more flexibility. However, a number of differences
are also noted across each series. The size of the Ta-O; bond appears essentially
constant across the LnTaO, series. These are consistently shorter than the similar
Nb-O; bonds observed in the LnNbO, structures. This reflects the strength of the
respective bonds, with the Nb—O; bond being longer (and therefore weaker) than the
Ta—O; counterpart. This potentially explains why the LnTaO, materials undergo the
I12/a — I4;/a phase transition at much higher temperatures, as this longer bond is
important to the 12/a — I4;/a phase transition. Furthermore, the monoclinic 8 angles
are larger in LnTaO, than the respective LnNbO,4 materials. This could also explain the

higher phase transition temperature observed.
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SXRD measurements have shown that LnTaO, materials crystallise in different
monoclinic structures depending on the size of the Ln®* cation and the synthesis
conditions used. The Ta—O; bond distance is consistently smaller, and the monoclinic
B angle is consistently larger, than those observed in the LnNbQO, counterparts. Whilst
increasing the size of the Ln®* cation potentially weakens the strength of the Nb-O; bond,
no such trend is observed in LnTaO,4 with the Ta—O; bond length consistent across the

series.

3.3.3 Structural Studies of Ln(Nb;_,Ta,)O,

Given that all three structures observed in the LnNbO, and LnTaO, studies are
monoclinic with similar structural motifs, solid solution series were synthesised that
gradually substituted Nb>* for Ta’". Several oxides with mixed B-site cations of the
type Ln(Nb;_,Ta,)O, were prepared using the same solid state reaction method for
the LnNbO, and LnTaQ, materials. Ln3t cations were selected such that the three
composition-dependent structural phases could be probed in the different solid-solutions
series: I12/a — P2i/c (Ln** = Pr), 12/a — I2/a (Ln** = Nd, Sm, Gd, Tb), and
I12/a — P2/c (Ln*" = Dy, Ho, Yb, Lu). The behaviour observed in substituting Nb>+
for Ta®" (increasing x) was different depending on the size of the Ln*" cation (Figure 3.9).
In the Pr(Nb;_,Ta,)O, solid solution series, all samples with x < 0.8 were refined to the
monoclinic 12/a structure, with x = 1.0 refined to the monoclinic P2; /¢ structure. This
suggests that the solid solution series changes very abruptly from 12/a — P2, /c, possibly
reflecting the change in connectivity between the TaOg octahedra within the structure.
For the intermediate-sized lanthanoids (Ln3t = Nd-Tb), all structures were refined to the
12/a space group with a small change in unit cell volume detected across the series. For
the smaller lanthanoids (Ln?’Jr = Ho-Lu), the structures with x < 0.6 were refined to the
monoclinic 712/a space group. At higher levels of Ta®" substitution, either a 12/a+ P2/c
mix was observed, or a single phase monoclinic P2/c sample was recovered. This implies
that the 12/a — P2/c transformation along the solid solution series is more ‘sluggish’,

with a two-phase region observed over a range of compositions.
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Figure 3.9: The synchrotron X-ray diffraction data for (a) Pr(Nb;_,Ta,)O4 probing the P2;/c — I2/a,
(b) Gd(Nb;y_,Ta,)O4 probing the I2/a — I12/a, and (¢) Yb(Nb;_,Ta,)O4 probing the P2/c — I2/a
solid solution series.

Nb®* and Ta’" are often expected to exhibit near-identical crystal chemistry based
on the identical value of their IR reported by Shannon.?* This is despite Ta’" having an
additional 5d valence shell compared to the 4d shell of Nb®*, as the size of Ta’" is strongly
influenced by the lanthanoid contraction. However, work by Whittaker et al. contrarily
concluded that Ta®*t is slightly smaller than Nb®+.%! This conclusion is supported by
several examples of oxides where the tantalate is smaller than the isostructural niobate.5?
This phenomenon was tested against several of the Ln(Nb,Ta)O, materials synthesised
in this work, and the LnTaO, material was consistently observed to have a smaller unit

cell volume than its isostructural LnNbQO, counterpart.

The normalised unit cell volumes of the Ln(Nb;_,Ta,)O4 structures in the 12/a
space group are plotted in Figure 3.10. In each case, the volume of the orthoniobate
(LnNbOy, or x = 0) was taken as unity (Table A.3). Two features of this plot are

remarkable. Firstly, the unit cell volume of the orthoniobate is consistently larger than
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the corresponding orthotantalate. The second is that the size of Ln®T appears to play a
role in the contraction of the unit cell volume. The largest Ln3* cation used, Ln3t = Nd,
has a volume difference of 0.39% between NANbO, and NdTaO,, whereas the smallest
Ln3T cation used, Ln®" = Ho, has a volume difference of 0.14%. This implies that the
effective IR of Nb®" and Ta’" are dependent on their bonding environments. To determine
whether this phenomena is unique to the fergusonite-type oxides, similar studies were
performed on other metal oxides consisting of a weakly-interacting network of LnOg and
BOg polyhedra, such as the A;B>O7; pyrochlore oxides. However, no such change in the
effective IR of the B-site cation was observed (Figure A.6).? It appears that both the
LnOg and BOg polyhedra in the fergusonite-type structures display an additional type
of flexibility, with the size of the Ln3" cation on the A site influencing the effective IR of
the B-site cation in the BOg distorted octahedra.

Ln Cation
Ho Dy Tb Gd Sm Nd
0.45 1 1 1 1 1 1
: -7 0.2+
0.40 ) s )
52 a = Nd L - b
. 0354 + Sm ] g 0.4 T
Q e Gd ) s b SO
0.30 4 A - .- o 1. T
E v ;t; " ’-’”/. Z 06 1 N ]
g %29 < Ho ’o"’i 3 ) Tl
2 ' o= L e T - - 0.8
& 0204 S P e T * = _
8 1 BTt T S > -.
£ 015 e DT T LT 6 1.0 B
@ n PO, -
= 1 2 ~.r - -t -
[7] - PN P _ c
= 0104 L L @ 12
[=) 1 IR M Lt T -1.24 &
> 0054 ‘z,,«.,_%:_-. - =
o 1 LT S s
= 000 #** ]
T v T v T T T ¥ T v T T T v T ¥ T d T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.02 1.04 1.06 1.08 1.10 112
Tantalum Content of Ln(Nb, Ta )O,/x lonic Radii of Ln/ A

Figure 3.10: The Ln(Nb;_,Ta,;)O4 solid solution series in the I2/a space group, with (a) the
compositional dependence of the normalised unit cell volume. The values are normalised to the values of
the corresponding LnNbOy structure. (b) The linear dependence of the change in gradient of the unit
cell volume between LnNbO,4 and LnTaOy in the 12/a space group. The dashed lines are linear fits the
the data.

To further probe what influences the structural flexibility of both the LnOg and BOg
polyhedra in the fergusonite-type structure, the Ho(Nb;_,Ta,)O,4 solid solution series
(Az = 0.1) were refined against a combined SXRD and NPD dataset (Table A.4). This
approach exploits the very precise lattice parameters afforded by the high peak-shape
resolution of the SXRD measurements, as well as increased sensitivity to the atomic

coordinates of the oxygen atoms from the NPD measurements. Figure 3.11 displays the

refined Ho-O and B-O bond lengths across the Ho(Nb;_,Ta,)Oy series. Although the
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average Ho—O and B—O bond lengths remain almost constant, the individual bond lengths
behave differently across the series. For the Ho—O bond distances (Figure 3.11a), the three
pairs of shortest bonds slightly decrease in length with the substitution of Nb®*+ for Ta’™,
whereas the longest Ho-O(2) bond length increases. The contrary effect is observed for
the B—-O bond distances, with the pairs of shortest B—O bonds slightly increasing whilst
B-0(2) bond length (corresponding to B-0O;) decreases. This was similarly observed
by Shimakawa et al. in the SrBiy(Ta;_,Nb,)Og Aurivillius phases, where changes in
the Nb—O and Ta—O bonds were observed despite keeping the average bond distance

t.53

constan This supports the hypothesis that interactions between the LnOg and BOg

polyhedra in the 72/a fergusonite-type structure lead to changes in the unit cell volume.
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Figure 3.11: Composition dependence at room temperature of the solid solution series Ho(Nb;_,Ta,)O4
for (a) Ho-O bond distances, (b) B-O bond distances, (c¢) HoOg polyhedra volume, and (d) BOsg
polyhedra volume. The dashed lines have been drawn the guide the eyes, with the averages drawn
with a solid line.

Structural refinements using combined SXRD and NPD datasets reveal a movement of
the B-site cation within the polyhedra. As observed in Figure 3.11, there is a systematic
increase in the y atomic coordinate of the B-site cation. This shift shortens the B-O;

distance, resulting in a stronger bonding interaction. Similar effects have also been
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observed by Lufaso et al., with an out-of-centre distortion present in the (Nb,Ta)Og
octahedra of some perovskites as a consequence of the second order Jahn-Teller effect.?
It has been suggested that the atomic coordinate of Nb®* in the NbOyg distorted octahedra
is closer to the ideal position in the NbOy tetrahedra of the 74, /a structure.!” Hence, there
is less of an energy barrier in the orthoniobates than the corresponding orthotantalates

to undergo the 12/a — I4;/a phase transition.
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Figure 3.12: (a) The compositional dependence of the B site y atomic coordinate in the Ho(Nb;_,Ta,)O4
series. Where not apparent, the error bars are smaller than the symbols. (b) The Ho(Nb,Ta)O4 monoclinic
12/a fergusonite-type structure, drawn with (Nb,Ta)O4 tetrahedra for clarity. The Ho3T cations are
drawn as blue spheres, the Nb>t cations as green spheres, the Ta®t cations as brown spheres, and 0%~
anions as red spheres. The unshaded tetrahedra shows the difference in position between the Nb°* and
Ta®*t coordinates in the tetrahedra environment.

It should be noted that the substitution of Nb3* for Ta’" is only one possible route
to prepare solid solution series. Whereas the substitution of Nb>* for Ta’* leads to an
increase in the phase transition temperature,' substitution of Nb®" (IR = 0.64 A) for
smaller cations such as V>* (IR = 0.54 A) and Sb®" (IR = 0.60 A) leads to a decrease
in the 12/a — I4;/a phase transition temperature.’>® This has been investigated as
an additional way of stabilising the tetragonal I4;/a structure at room temperature.
Wachowski et al. have identified samples in the La(Nb;_,Sb,)Oy4 solid solution series
(r = 0.1,0.3) that are promising p-type/proton conductors.’®*” Further studies by Guo
et al. have highlighted the potential for La(Nb;_,V,)O4 materials to be used in microwave

devices due to their excellent microwave dielectric properties.®®



104 Chapter 3 - Ceramic Electrolytes for Solid Oxide Fuel Cells

As an extension of this, cations of different oxidation states can also be substituted onto
the B site, leading to either an excess or absence of oxygen within the structure. However,
this often leads to a complicated relationship between the structure, its conductivity,
and the phase transitions observed. Substitution of Nb3* for either Mot or WO
leads to a decrease in the [2/a — I4;/a phase transition temperature, but gives more

d 20,59-62

complex crystallography with a variety of modulated structures observe Cations

of lower oxidation states appear to have low solubilities (z < 0.03), as demonstrated
by Brandao et al. in their investigation of La(Nb;_,B,)O4_s (B*" = Ti, Ge, and Si).5
It should be noted these materials were not measured for ionic conductivity. Other
attempts have included keeping the material stoichiometric by substituting equal parts
of pentavalent and hexavalent cations, such as in Sm(Nbg 31 Sig 355Mo0g.355)04.%% A large
body of literature also exists in substituting onto the A site, such as (Ca,Laj_,)NbOy_s,

leading to other complex crystallographic relationships.!%2243:50,64,65

3.3.4 Computational Studies of HoNbO, and HoTaO,

Although not the focus of this dissertation, various DFT calculations have been performed
by collaborators of the author’s research group to further understand the substitution of
Nb5* for Ta’* in the Ln(Nb;_,Ta,)O, solid solution series. The lattice parameters of some
LnBO, (Ln*t = Sm, Ho; B5" = Nb, Ta) structures were calculated using the Perdew-
Burke-Ernzerhof (PBE) and PBEsol functionals and compared to the refined crystal
structures. For SmNbO, and SmTaO,, the PBEsol functional was found to reproduce
the lattice parameters well, within 2% of the experimental values. This was similarly seen
for HONbO,. However, the PBE functional provides better agreement for both the 12/a
and P2/c polymorphs of HoTaO,. This suggests there is no unique universal exchange
correlation functional appropriate for these types of oxides. The total energy per formula
unit of the P2/c phase is less compared to 12/a, with the energy difference nearly 30 meV
per formula unit. This potentially indicates that the P2/c phase is more energetically

stable than the 12/a structure.



3.3 Structural Studies 105

Figure 3.13: (a) Electron charge density distribution plot of the I2/a phase of HoTaOy in the (010)
plane. The gold circle highlights the significant electron density between the Ho3* and Ta’T cations.
(b) A skeletal crystal structure of the 72/a phase of HoTaO4 in the (010) plane, with the same area
highlighted in the gold circle. This demonstrates there is significant covalent character associated with
the longer Ta—O; bond.

The difference between the Nb-O and Ta-O bonding environments can be probed
by observing the Born effective charge (BEC) tensors, defined as the coupling of the
electrostatic field with the lattice displacement. In all cases, the BEC tensors Z11, Zso,
and Z33 show anisotropy, with Z33 being appreciably larger. This reflects the mixed
ionic-covalent characteristics of the Nb—O and Ta—O bonds, with a considerable covalent
contribution observed in the (Nb,Ta)-O; bonds. This is observed in Figure 3.13, with
electron charge density in the same place as the Ta—~O,; bonds along the (010) plane.

The DoS of HoNbO, and HoTaO,4 were examined using DFT. In both compounds, the
electronic structure analysis shows that the O p states dominate the valence bands, and
the Nb/Ta d states dominate the conduction bands. This calculation also highlights a
difference in band gap between HoNbO, and HoTaOy,, which could also be experimentally
observed using UV-Vis DRS (Figure A.7). A further calculation was performed whereby
the calculations for HoONbO,4 were repeated, but with Nb®" artificially substituted by Ta®"
— that is, the HoNbO, structure was imposed on HoTaO,. These calculations resulted in

an increase in the band gap, revealing significant differences between the electronics of

Nb®t and Ta’t.

As stated previously, Nb®* and Ta’" are expected to display almost identical crystal
chemistry due to their identical IR.?* This is due to the lanthanoid contraction, with the

additional 4f electrons being ‘core-like’ and not participating in bonding interactions.
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However, the DFT results show that the differences between the electronic properties of
Nb5* and Ta’* can lead to differences in the response of the material to external stimuli.
Firstly, the empty 4d orbitals of Nb>" are expected to extend radially, allowing for a
covalent contribution to the Nb-O; bond. However, the empty 5d orbitals of Ta’* extends
out further than the corresponding 4d orbitals, allowing for greater orbital overlap and a
larger covalent contribution. This, in turn, leads to a stronger Ta—O; bond, as reflected in
the structural refinements that show Ta—O; to be consistently shorter than Nb-O;. Similar
differences have been seen with other 4d and 5d cations, leading to different spin-orbit
coupling contributions,%¢ different reduction-oxidation potentials,®” and different thermal
expansion behaviour.®® The case of HoNbO, and HoTaO, adds to this library, where
differences between 4d and 5d orbitals can directly impact the bonding environment,
phase transition temperature, and direct band gap of the material, leading to tunability

in its use as an ion conductor and photocatalyst.

3.4 Heating and In Situ Studies

Let us review briefly what was observed in the systematic study of the LnNbO, and
LnTaQy structures at room temperature. Each of the LnNbO, materials crystallised
in the monoclinic /2/a structure, whereas the LnTaO, materials crystallised in the
monoclinic P2, /¢, I2/a, or P2/c structures depending on the size of the Ln3" cation and
the synthesis conditions used. Based on BVS calculations, the coordination environments
of the Nb®" and Ta’" cations were determined to be distorted (Nb,Ta)Og octahedra, with
the longer (Nb,Ta)-O; bonds predicted to play a significant role in the 12/a — 14, /a phase
transition. This also leads to differences between the two structures, such as different
atomic coordinates for the B site. These observations were further supplemented by DFT
calculations. The response of the (Nb,Ta)-O; and B site atomic coordinates to heat is
of interest. Neutron diffraction was therefore used to determine whether the strength of
the longer bond is significant to the 12/a — I4;/a phase transition. An additional gap in
the literature is understanding how it is possible to transform between the two HoTaO,
polymorphs (P2/c and 12/a) upon heating. This has only been observed ex situ using a

muffle furnace, and in situ measurements are likely to be beneficial.
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3.4.1 Response of LnNbQO, to Heat

The structure of HoNbO, at 50 and 1000 °C were established using Rietveld refinement
against the NPD datasets (Figure 3.14). The 50 °C data were successfully indexed to
the monoclinic 12/a space group, consistent with previous studies.” In the monoclinic
structure, the Nb>t cations are surrounded by four close oxygen ions at 1.847(4) and
1.970(4) A, as well as two longer Nb-O; contacts at 2.437(4) A. Including the two Nb-O,
contacts in the BVS calculations increases the Nb>* BVS from 4.29 to 4.77, supporting
the previous conclusion that Nb* exists in heavily distorted NbOg octahedra. The profile
measured at 1000 °C was successfully indexed to a tetragonal cell and the structure was
refined to the tetragonal scheelite model in the space group I4;/a. The Nb>* cations are
surrounded by four close oxygen ions with identical Nb-O bond distances of 1.888(3) A.
However, due to the slight difference in the O-Nb-O bond angles (O-Nb-O = 105.9 and
116.9 °), it is appropriate to describe the NbO, tetrahedra as distorted. The BVS of
NbOy, is 4.25, meaning Nb°* is significantly underbonded. This has been hypothesised to

facilitate the occupancy of a nearby interstitial site, enhancing ionic conductivity.
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Figure 3.14: Representative Rietveld refinements for the neutron powder diffraction data for HoNbOy,
measured at 1.54 A. At low temperature, the structures were refined using a monoclinic 12 /a model. At
high temperature, the structures were refined using a tetragonal I4;/a model. In both cases, the black
circles represent the observed data, the solid red line represents the fit to the measured profile, the lower
green line represents the differences between the observed and calculated profiles, and the blue tick marks
show the positions of the space group-allowed reflections.
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Figure 3.15: Portions of the temperature dependent neutron powder diffraction patterns of HoNbOy,
measured on heating to 1000 °C. The I2/a — I4;/a phase transition at ~775 °C is indicated by the solid
line. The data were collected at 1.54 A.

The temperature dependence of the NPD profiles (Figure 3.15) and the refined lattice
parameters (Figure 3.16) for HoNbO4 are shown. Upon heating, the monoclinic cell
undergoes anisotropic expansion, with the monoclinic a lattice parameter decreasing while
the ¢ lattice parameter increases. A phase transition is observed at ~775 °C, where the
a and c lattice parameters become equal, indicating an increase in symmetry (Figure
3.16a). The unit cell volume also increases linearly in both the monoclinic and tetragonal
phases, with a small change in the rate of expansion at the phase transition (Figure
3.16b). This is accompanied by a decrease in the monoclinic 5 angle which approaches
90 °, as expected for the monoclinic-to-tetragonal 12/a — I4,/a phase transition (Figure
3.16¢). The y atomic coordinates of Ho*™ and Nb®T also change upon heating, with the
cations moving from the general (1/4, y, 0) and (1/4, ¥/, 0) positions in the monoclinic
structure to the symmetrically constrained (0, 1/4, 5/8) and (0, 1/4, 1/8) positions in the
tetragonal structure. Plotting the monoclinic § angle against the y atomic coordinate of
Nb°* reveals a linear relationship, demonstrating a strong coupling between the atomic

structure and the lattice parameters (Figure 3.16d).

The nature of the I2/a — I4,/a phase transition has been investigated previously.
This has been described as being continuous and second order, with studies suggesting the

transition is purely ferroelastic in nature.®'? However, a more recent body of evidence
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Table 3.3: Rietveld refinement structural parameters, bond distances, and bond valence sums for HoONbO4
at 50 and 1000 °C against neutron powder diffraction data.

Temperature ( °C) 50 1000
Space Group 12/a I41/a
a (A) 5.3074(3) | 5.2339(2)
b (A) 10.9756(8) =a
c (A) 5.0813(3) | 11.1193(9)
B (°) 94.444(6) =90
Vol. (A?) 295.11(3) | 304.60(4)
Ho y 0.6202(3) =5/8
Nb y 0.1430(3) =1/8
Ho-0(2) (A) 2.420(4) 2.393(3)
Ho-0O(1) (A) 2.367(5) -
Ho-0(2) (A) 2.338(4) 2.354(3)
Ho-0O(1) (A) 2.307(4) -
Ho—O,,. (A) 2.358(4) | 2.374(3)
Nb-0O(2) (A) 2.437(4) 2.803(3)
Nb-0(2) (A) 1.930(4) -
Nb-0O(1) (A) 1.847(4) 1.888(3)
Nb-O,,. (A) 1.970(4) | 2.193(3)
BVS (NbO,) 4.29 4.25
BVS (NbOy) 4.77 4.61
Rup (%) 3.45 3.19

shows that the two phases can coexist at elevated temperatures.!®'*" Such behaviour
is inconsistent with a continuous phase transition, suggesting that the 12/a — I4;/a
transformation may, in fact, be first order. First order phase transitions are characterised
by a sudden change in the thermodynamic properties of the material, meaning it is
possible, but not required, for the two phases to coexist around the phase transition
temperature. This was noted previously by Arulnesan et al., where two-phase regions of
I2/a + T4, /a were observed in the LnNbO, materials with larger Ln®" cations, such as

PrNbO, and SmNbO,.'?

As noted above, the monoclinic 12/a fergusonite-type structure is typically described
as a distorted and compressed version of the tetragonal I4;/a scheelite-type structure.
This means it can be derived from the high symmetry aristotype by well-defined
displacements of the cations and anions. Landau mean-field theory has previously been
used to analyse the I2/a — I4;/a transition, including the (opposite, I4;/a — 12/b)

pressure-induced transition in the original CaWQ, scheelite structure itself.”* The



110 Chapter 3 - Ceramic Electrolytes for Solid Oxide Fuel Cells

5,35

: m a-{2ia :
a} I I 304 b] |
5.30 1 ! !
] I
1 302 4 [
< i )
= 525- l <
g 2 o]
3
£ 5201 2
5 ! > 298+
2 5154 ' G
£ ! =
w [ T 206
-l 1 =2
5.10 4 |
12/a 14,/a 294 -
5.05 T T T '. r T T T T T
200 400 600 800 1000 200 400 GO0 800 1000
Temperature / °C Temperature | °C
0.020
d) ﬁ*ﬁ
R 0.015 25
P M"
= x
£ ©
=2
ey . 0.010 5
g = 5™
E 1 W
T z o
o . W
5 0.005 4 o
= % -
w
] s i
a0 T T T T T 0.000 T T T T
200 400 600 800 1000 0 1 2 3 4
Temperature | °C f-90°

Figure 3.16: Rietveld refinements for the variable temperature neutron diffraction of HoNbOy, with (a)
the a and c lattice parameters, (b) the unit cell volume, (c¢) the monoclinic 8 angle, and (d) the y
atomic coordinate of Nb®t plotted against the monoclinic 3 angle. The black dashed line represents the
temperature of the I2/a — I4;/a phase transition, and the red dashed lines are fits described in the text.

existence of a soft acoustic mode belonging to the B, irreducible representation (irrep)
was identified by Gu et al., which is the primary order parameter of this phase transition
and corresponds to both the (€; — €2) and €4 strain components.” Further work by Wada
et al. identified that e is soft using Brillouin scattering.”™ In this case, Landau mean-
field theory was used to set up a series expansion of the Gibbs free energy difference
between the low temperature monoclinic /2/a and high temperature tetragonal 14,/a
phases. The Gibbs free energy difference consists of three contributions: G, from the
ferroelastic order parameters describing the strains of B, symmetry, G, describing the
atomic displacements of B, symmetry, and G. describing the coupling between the strains

and the atomic displacements.
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Using the framework of Landau mean-field theory, an order parameter of amplitude n
is used to describe the distortions of the 12/a structure relative to the high-temperature
I4,/a structure by the optical phonon of B, symmetry. This is such that n > 0 for the
(strained) monoclinic 12/a phase, and n = 0 for the (strain-free) tetragonal 4, /a phase.

The symmetrised elastic contribution may be approximated as

G.ln) = S T2+ B (32)

where A and B are (positive) constant coefficients, T' is the temperature (in °C), and 7T,
is the temperature of the phase transition (in °C). As there are only two potential phases,
the expansion is limited to the fourth order with respect to n. If the phase transition
is driven by this strain component, the B coefficient may be taken as sufficiently small

(relative to A) such that it may be neglected. This leads to a proportionality of

noc (T-T.) (3.3)
where 5 = 0.5 for second order behaviour.

The coupling term (G,) in the Gibbs free energy difference expansion accounts for the
interactions between the acoustic and optical modes of B, symmetry. These were solved

using the ISODISTORT software,” and are given as

Ge(n) = —c1n (€1 — €2) — ca€6m — 0377(25 (1 + €3 + €3) (3.4)

where ¢y, ¢2, and c3 are (positive) constants, and the (€ + €5+ €3) term is the temperature

dependent variation in volume.

The effect of the coupling term means there are several possible choices for the order

parameter. Two specific choices are outlined below:
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Method 1 — Strain Component Analysis: As previously outlined by Schlenker et al., the

spontaneous strains calculated from the lattice parameter values can be used as an order
parameter since the displacement of the atoms from the equivalent positions of the high-
temperature tetragonal scheelite-type 74;/a phase gives rise to spontaneous strains.”®

The strain components are calculated as

2 (@ — Cm
(61 — ¢g) = 2\0m = Cm)
Qo + Co (3 5)
(@m + Cm) €OS B, :
€g —

\/§(ao + ¢o)

where @, ¢, B are the lattice parameters associated with the monoclinic 72/a phase,
and ag, ¢y are the extrapolated lattice parameters associated with the tetragonal 14;/a

phase.

The temperature dependent fits to the strain components are displayed in Figure
3.17 over two different temperature ranges. Taking the spontaneous strains as the order
parameter over the entire measured temperature range, attempts to fit Equation 3.6 with

£ = 0.5 were unsuccessful. Instead, least squares fits to the general expression

n=A(T,-T) (3.6)

were performed, where the prefactor A, the phase transition temperature 7., and the
critical exponent 3 were allowed to freely refine. For HoONbO, in plotting €4, as suggested
by Wada et al.,” this was calculated to be 3 = 0.441 with T, = 788 °C. By fitting the data
over a shorter temperature range (within 50 °C of the phase transition temperature), fits
with 5 = 0.5 were successful. This indicates the transformation obeys Landau mean-field

theory close to the phase transition.

Method 2 — Analysis of the Monoclinic § Angle: Another consideration for choosing an

appropriate order parameter is that it is sensitive to Rietveld refinement and easily
traceable. In the case of the I2/a — I4;/a phase transition, the monoclinic 5 angle can
also be chosen, as § >90 ° in the monoclinic /2/a phase, and 5 = 90 ° in the tetragonal

phase. This provides a sensitive variable for describing the phase transition. Furthermore,
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Figure 3.17: Strain analysis based on the lattice parameters from the variable temperature Rietveld
refinements of HoNbOy. (a) The (&1 — €2) strain component, as calculated using the expressions from
Equation 3.5, fitted over the whole measured temperature range, and (b) the fit performed in a range
50 °C below T, with § = 0.5. The same are shown for (c) and (d) with the e strain component.
Although the data was fit down to 100 °C, the plots show from 400-800 °C for clarity.

the monoclinic 8 angle also models the displacement of the atomic contents within the
unit cell associated with the irrep B,, as seen by the linear relationship between Nb(y)

and the monoclinic 8 angle (Figure 3.16d).

Attempts to fit the dependence of the monoclinic S angle using the general expression
in Equation 3.6 and fixing 8 = 0.5 were also unsuccessful. Rather, allowing the value
of the critical exponent 3 to vary resulted in f = 0.390 and T, = 768 °C. This value is
similar to previous studies that fit the monoclinic 5 angle, with Sarin et al. reporting
0.350 < B < 0.405 for other ANbO, materials (A%* = La, Dy, Y), and 8 = 0.398 reported
by Saura-Muzquiz et al. for NANbO,.>!* Similar to the strain analysis, as the value
for 6 # 0.5 across the entire temperature range, it is evident that Landau mean-field
theory does not capture the full nature of the phase transition, suggesting more complex

behaviour. If the fitting temperature range is reduced to within 50 °C of the phase
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transition, as seen in both Figures 3.17b,d and 3.18b, a fit with 5 = 0.5 is achieved. This
implies the phase transition undergoes Landau mean-field theory-type behaviour close to

the phase transition, and a departure from mean-field theory behaviour far from the phase

transition.
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Figure 3.18: The monoclinic 8 angle from the variable temperature Rietveld refinements of HoONbO,. (a)
The monoclinic § angle fitted over the whole measured temperature range, and (b) the fit performed in
a range 50 °C below T,, with § = 0.5.

Although not performed in this dissertation, it is also possible to consider the
amplitude of the displacement modes of the lower symmetry 12/a structure allowed by
the irreps of the higher symmetry 74 /a structure. A full analysis of this has previously
been performed using the software AMPLIMODES,” and is seen in the publication on
the variable temperature behaviour of NANbO,4 and NdTaO, from the author’s research
group.® Saura-Muzquiz et al. identified two modes, designated by the irreps I'f and
I'; with the latter identified as the primary mode, that act as an order parameter for
the 12/a — I4,/a phase transition. These were also identified by Auckett et al., who
highlighted that the T'; mode causes in-plane displacement of the oxygen atoms, resulting
in twisting of the BO,4 tetrahedra about the c-axis, as well as displacements of the cations

from their equivalent high-symmetry positions.?®

That both methods of analysis show g # 0.5 across the whole temperature range
imples that the phase transition behaviour is complex. This could be a result of possible
couplings between the second order ferroelastic movements of the NbOg groups, as well

as the first order breaking of the long Nb—O; bond. Therefore, it is concluded that it is
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more appropriate to describe the 12/a — I4;/a phase transition as a reconstructive first
order, as the characteristics of a continuous second order phase transition do not quite

capture all of the features.

3.4.2 Response of LnTaO, to Heat

The structures of HoTaO, at 50, 1500, and 50 °C upon cooling were established by
Rietveld refinements against the NPD datasets (Figure 3.19 and Table A.5). The 50 °C
data were successfully refined to the monoclinic P2/c space group consistent with previous
studies.’*" As previously mentioned, it is unexpected for HONbO, and HoTaO, to adopt
different space groups, given the similar IR of Nb®* and Ta’* .24 Similar to the monoclinic
I2/a structure observed for HoNbO,, the Ta®" cations are surrounded by four close
oxygens at 1.882(5) A and 2.015(5) A. However, like the HONbO, structure, there are
an additional two Ta-O; bonds at 2.222(5) A. These are much closer than the additional
Nb-O; bonds seen in HoNbOy, as evidenced by the significant covalent character of the
bond (Figure 3.13). Inclusion of these additional contacts raises the BVS from 3.80 for

TaOy4 to 4.72 for TaOg, which indicates a better model of its coordination environment.

The profile measured at 1500 °C was successfully refined to the tetragonal 14, /a
scheelite-type space group. In the tetragonal scheelite-type structure, the Ta’* cations
are surrounded by four close oxygen ions with identical Ta~O bond distances of 1.918(4) A,
with a similar distortion in bond angles to the high temperature scheelite-type HoNbO,
structure (O-Ta—O = 105.9 and 116.8 °). The BVS of TaQy, is 4.72, meaning that Ta*"
is underbonded like the corresponding Nb>* in the HoNbO, structure.

Upon cooling, HaTaOy crystallises into a different space group and the reflections
indicative of the primitive monoclinic cell were absent. The NPD dataset could be
successfully indexed to the monoclinic 12/a fergusonite-type structure. Therefore, as
deduced from the ez situ furnace experiments, heating the P2/c phase of HoTaO,4 through
the high temperature I4; /a phase causes it to recrystallise in the 12/a phase isostructural
to HoNbOy,. This is the first in situ analysis of this phase transformation. Comparison of

isostructural HoNbO4 and HoTaO, at similar temperatures reveal different bond lengths
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Figure 3.19: Representative Rietveld refinements for the neutron powder diffraction data, measured at
1.54 A. (c) At low temperature, the structure was refined using the monoclinic P2/c model. (b) At high
temperature, the structure was refined using a tetragonal I4;/a model. (a) Upon cooling, the structure
was refined to the monoclinic 72/a model. In each case, the black circles represent the observed data,
the solid red line represents the fit to the measured profile, the solid green line represents the differences
between the observed and calculated profiles, and the blue tick marks show the positions of the space
group-allowed reflections.
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and atomic coordinates, as previously seen in the room temperature structural analysis

of the Ho(Nb;_,Ta,)O, solid-solution series.

The temperature profiles (Figure 3.20) and the appropriately scaled lattice parameters
(Figure 3.21) are shown. Upon heating, the P2/c phase undergoes expansion in all three
lattice directions. This is accompanied by a decrease in the monoclinic 5 angle and an
increase in unit cell volume. At ~1423 °C, an additional reflection was observed between
the (111) and (111) reflections of the P2/c phase at ~28 ° 20. This reflection was fitted
with the introduction of the 74, /a scheelite-type phase. Upon further heating, additional
reflections between 40-60 ° 26 were observed which were also fitted to the I4;/a phase.
These 14, /a reflections continued to grow in intensity as the P2/c reflections decreased,

indicating that a first order phase transition was occurring. The two-phase model was
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Figure 3.20: Portions of the temperature dependent neutron diffraction patterns of HoTaO,4 measured
on heating to 1500 °C. The P2/c and I4;/a two-phase region is indicated by the dashed lines, whereas

the I4;/a — I2/a phase transition upon cooling at ~1300 °C is indicated by the solid line. The data
were collected at 1.54 A.
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Figure 3.21: Temperature dependence of the lattice parameters for HoTaO, obtained by Rietveld
refinements against neutron powder diffraction data. The data were collected as the sample was heated
from room temperature to 1500 °C, and then as the sample was cooled to room temperature. For ease

of comparison, the lattice parameters of the I-centred cells have been appropriately rescaled. The error
bars are smaller than the symbols.
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refined until the peaks around 26-30 ° and the intense peak between 50-53 ° 26 were
indistinguishable from the background. This was observed to be ~1464 °C, after which
the tetragonal I4; /a model was refined until 1500 °C. The phase fraction of the P2/c and

14, /a phases is plotted in Figure 3.22.
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Figure 3.22: Phase fraction the two phase first order phase transition in HoTaO4 upon heating. The
two-phase region is highlighted in grey.

Upon cooling, the tetragonal I4;/a phase displayed unsurprising lattice contraction.
At ~1300 °C, additional reflections began to emerge around 45-50 © 26. These reflections
emerged in different ranges to those that were observed for the P2/c phase, indicating that
HoTaO, was transforming to a different phase upon cooling. The additional reflections
were fitted with the introduction of a monoclinic 12/a phase to the refinement model. This
phase transition occurred without a two-phase region, indicating it is possibly continuous
in nature. A similar Landau mean-field theory analysis to that for HoNbO, described
above demonstrated the phase transition was not strictly second order, with plotted of
the strain components and the monoclinic S angle modelled with the critical exponent 3 #
0.5 (Figures A.8-10). Similar to that of HoNbQy, fitting a reduced temperature region of
within 50 °C of the phase transition returns a good fit with a critical exponent g = 0.5.

The P2/c phase was not detected upon cooling, indicating that the P2/¢ — I4;/a phase
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transition is irreversible. The I4;/a — 12/a phase transition that occurred upon cooling
followed the behaviour observed in HoNbO, very closely, despite occurring at almost

double the temperature (HoNbO, T, ~775 °C, HoTaO, T. ~ 1300°C).
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Figure 3.23: Temperature dependence of the (a) Nb—O bond distances calculated for HoNbO4 upon
heating, and (b) Ta—O bond distances calculated for HoTaO,4 upon cooling. The dotted line indicates
the I2/a — I4;/a phase transition in both samples. Note the difference in the x-axis between the two
plots.

It is hypothesised that the B-O; (B>" = Nb, Ta) bond is critical to the 12/a — I4;/a
phase transition. The B—O bond distances from the Rietveld refinements are plotted
(Figure 3.23). As this is a NPD study, this will provide the greatest accuracy of the
atomic coordinates of the oxygen atoms amongst the heavier Ho®t, Nb*f, and Ta’*t
cations. The similarity between the two results is striking. In the low temperature 12/a
phase of HoNbOy, the Nb—O; bond shows an exponential-like increase with temperature
that abruptly stops at the transition to the tetragonal structure. In the tetragonal
structure, the Nb—O; contacts are considered to be effectively nonbonding, indicating
a change from distorted NbOg octahedra to NbO, tetrahedra. Upon cooling HoTaO,
through the I4;/a — I2/a phase transition, the Ta—O; bond shows an exponential-like
decrease over a much larger temperature range reflecting its stronger interaction. This
provides further evidence that the 12/a — I4;/a phase transition is driven by the breaking
of the longer B—-O; bond.
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3.4.3 Determining Optimal Synthesis Conditions using In Situ

Techniques

From the above work, it is clear that the P2/c¢ phase in the LnTaO, materials only
forms if the material is heated at moderate temperatures. That is, it is heated for
prolonged periods of time below the 12/a — [4;/a phase transition temperature (Table
3.2). This was observed ez situ with HoTaO,, where the P2/c structure was synthesised
when annealing for 48 hours at 1400 °C, and the [2/a structure was synthesised when
annealing for 48 hours at 1450 °C.2 Furthermore, the in situ heating study of HoTaOy
revealed a first order phase transition between P2/c and I4;/a between 1423-1464 °C.
Therefore, heating the LnTaO, material through the P2/c phase to the high temperature

14, /a phase results in formation of the /2/a phase upon cooling.

In order to further test this hypothesis, an experiment was conducted where a
stoichiometric mixture of the starting Ho,Os; and TasOs reagents was heated and
monitored using NPD as an in situ synthesis study. Before the starting reagents were
mixed, Rietveld analysis of the NPD profiles confirmed both reagents were crystalline
and single phase. At room temperature, Ho,O3 has a cubic structure (space group Ia3)
with a lattice parameter a = 10.623(4) A, as reported previously.”™™ The structure of
TayO5 is more complex. Previous X-ray studies of Tay;O5 have reported a reversible phase
transition around 1360 °C, and earlier studies suggested that the structure is sensitive to
the heat treatment of the material.® It has subsequently been established that at room
temperature, TasO5 has an incommensurate modulated structure with distortion planes.
Stephenson and Roth proposed that this could be adequately described by an ‘average’
orthorhombic unit cell in space group P2mm with dimensions 6.198 x 40.29 x 3.888 A
that contains 11 formula units with 12 unique Ta®* and 33 unique O? positions.®? As
the present experiment used a medium resolution, high intensity neutron diffractometer,
it was elected to use the average structure developed by Stephenson and Roth in the
Rietveld refinements of the NPD data.®? In these refinements, the ADPs of the 12 unique
Ta’" positions were constrained to be equal, as were those of the 33 unique O?~ atoms.
This resulted in an acceptable fit to the profile measured at room temperature and was

employed in the subsequent variable temperature study.



3.4 Heating and In Situ Studies 121

Analysis of the NPD profiles of the green powder measured as the temperature was
increased from room temperature to 1500 °C revealed a series of transformations. To
avoid overparameterisation, several constraints were placed on the refinement process.
A single B., was used for the cations of each phase, with a second value used for the
oxygens in the same phase. No constraints were placed on the relative size of the ADPs
between the phases, with each phase allowed to refine freely. Due to the modest peak-
shape resolution of the diffractometer, size and strain parameters were not refined. The
fits were first performed by refining the atomic coordinates of each phase. This lead to
a large amount of ‘noise’ in the refined parameters, which was improved by fixing the
atomic coordinates of each phase. Despite the smaller amount of refined parameters, this

did not change the overall trends observed in the data.

The thermal evolution of the NPD data can be separated into five stages upon heating,
with an additional process evident upon cooling. These stages are depicted in Figure 3.24,

and are summarised as follows:

Stage 1: Thermal expansion of Ho,O3 and TasO5 from room temperature to 1145 °C.

Upon heating to 1145 °C, little change was initially seen in the profiles. The only
crystalline phases identified were the cubic Ho,Os and orthorhombic Tay,Os phases,
together with reflections from the Nb can used to house the sample. Both oxides showed
conventional positive thermal expansion. Rietveld refinements demonstrate that both

Ho503 and TayO5 remain unreacted below 1145 °C.

Stage 2: Emergence of a HoTaO4 P2/c phase from ~1145 °C.

Heating above 1145 °C resulted in changes to the relative intensities of a number of
reflections that could not be fitted using the three-phase model (Ho,O3 + TasO5 +
Nb) employed in Stage 1. This was most apparent in the region 20-50 ° 26, where
the relatively strong reflection at ~22 ° 26 from the Tay;O5 phase begins to lose intensity;,
and additional reflections emerge at ~29 ° and ~52 ° 2. These additional reflections were
sharp, indicating the formation of a new crystalline phase. These reflections could be fitted
using a P2/c monoclinic phase, corresponding to HoTaO,, and inclusion of this in the
Rietveld refinements lowered the R, value (from 4.92% to 4.39% at 1145 °C), indicating a

better fit to the data. The phase fractions of Ho,O3 and TayO5 were observed to decrease
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whilst the phase fraction of HoTaO, increased. This indicated reaction between the two

metal oxides began around 1145 °C.

Stage 3: Emergence of the weberite-type Ho3TaO7 at 1200 °C.

Further heating to ~1200 °C resulted in more reflections emerging that could not be
indexed to the four-phase model (Ho,O3 + TayOs; + HoTaO, P2/c + Nb). The
appearance of these new reflections was accompanied by a noticeable reduction in the
intensity of the most prominent reflections from Ho,Oj, indicating a reaction to form
an additional phase. Examination of the ICSD for other materials in the Ho,O3—TasOs
phase diagram suggested the possibility of a weberite-type Ho3TaO7 structure. Three
different space groups have been reported for weberite-type tantalates depending on the
size of the A-site cation and synthesis conditions. The larger lanthanoids (A*" = La-Nd)
are reported to adopt an orthorhombic structure in the space group C'mem, whereas the
(222, space group is favoured for yttrium and the remainder of the lanthanoids (noting
that a cubic structure in F'm3m has also been described for A*" = Ho).®! Both structures
were tested and were found to give similar quality of fits. As previous work by Gussev
et al. has shown the need for neutron total scattering measurements to differentiate
between these closely-related structures, the C'222; space group was adopted in this work

in keeping with their suggestion.5?:83

The addition of this phase to the refinement model successfully accounted for the
additional reflections, and at ~1234 °C the sample was a mixture of HoTaO4 (P2/c),
Ho3TaO7, and unreacted TayO5. Further heating resulted in a gradual decrease in the
intensity of the reflections from Ta;O5 and these became indistinguishable from the

background around ~1340 °C.

The formation of HozTaO7 is unusual, but not without precedent. The orthorhombic
weberite-type structure is an ordered A3BO; superstructure of fluorite, formed by a
combination of cation ordering and the presence of anion vacancies.®? Previous studies
have suggested final annealing temperatures of between 1200-1350 °C to successfully
synthesise these materials.®®2 This is in line with our in situ measurements, as the
formation of Ho3TaO; from HoyO3 and Tay,O5 reagents occurs within this temperature

range. These in situ measurements show that the weberite-type structures can be
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synthesised easily with a minimal heating and dwell time. This provides a potential
avenue to explore them as thermal barrier coatings for gas turbines and aeroplane
engines.®* 87 The in situ synthesis of metal oxides with minimal dwell time will be revisited

in Chapter 5.

Stage 4: Two-phase region of HoTaO, (P2/c) and Ho3TaO7 from 1340-1390 °C

With continued heating, the phase fraction of Hos3TaO; decreased whilst that of
HoTaO4 (P2/c) increased until ~1390 °C, where peaks diagnostic of Ho3TaO7; became
indistinguishable from the background. That neither the initial metal oxides, nor Ho3TaO;
are detected in situ above 1390 °C matches with previous ex situ studies that observed a

pure HoTaOy4 (P2/c) structure upon cooling after annealing at 1400 °C for 48 hours.!

Stage 5: Conversion to the high temperature HoTaO, (/41 /a) phase from 1390 °C
Heating the sample above 1390 °C resulted in the appearance of weak reflections diagnostic
of the tetragonal scheelite-type structure. There was a wide temperature window
from 1390-1450 °C in which the two phases (P2/c and I4;/a) coexisted, similar to
that described in the heating study of HoTaO4. The large two-phase region provides
further evidence that this transformation is sluggish, suggesting incomplete conversion
of P2/c — I4;/a is possible. This was seen earlier in the ez situ heating experiments
with ErTaQOy, where a mixed I2/a + P2/c sample was recovered upon cooling to room
temperature.? Further heating of the sample results in the complete conversion to the
I4,/a scheelite-type structure around ~1450 °C and Rietveld refinement showed this to
be phase pure up to 1500 °C (with the exception of the Nb can housing the sample).

Stage 6: Cooling the high temperature HoTaO, phase back to room temperature

After heating the green powder to 1500 °C, the sample was maintained at this temperature
for four hours before being cooled to near room temperature. NPD data was collected
during the cooling, and the profiles displayed very similar characteristics to that of the
cooling behaviour of HoTaO, described earlier. The sample transformed from the high-
temperature [4;/a structure to the low-temperature /2/a phase at ~1300 °C. By fitting
the temperature dependence of the monoclinic 8 angle using Landau mean-field theory,

similar values of the critical exponent § = 0.343 and T, = 1290 °C were obtained.



124 Chapter 3 - Ceramic Electrolytes for Solid Oxide Fuel Cells

Stage:1 2 3 4 5
100

HoTaO,
(14,/a)

Phase Fraction / %

0 r ' T L. 1 . L T

I I 1 I I I
800 900 1000 1100 1200 1300 1400 1500

Temperature / °C

Figure 3.24: Refined phase fraction values extracted from in situ neutron powder diffraction study of
the Hoo O3 and TayOs green powder, as a function of temperature. For clarity, data below 800 °C is not
shown. Samples were rapidly heated (180 °C hr~!) to 1200 °C before being slowly heated (30 °C hr—1)
to 1500 °C. The data were collected at 1.54 A.

It is interesting to note that, as described above, the I2/a phase was only observed
upon cooling from the 74, /a structure and was not evident at any stage during the heating
of the HopO3 + TayO5 green powder. The inability of the 74;/a structure to cool back
into the P2/c structure was described by Graham, where a rotational twinning between
the two structures was identified.®® Graham went on further to state that there is no
simple mechanism to facilitate this transformation, meaning the metastable 12/a state is

preferentially formed upon cooling. This data supports these findings.

This comprehensive study of the response of HoONbO,4 and HoTaO, to heat establishes
a number of important facts. Firstly, it identifies that the /2/a — I4/a phase transition

is pseudo-first order in both oxides. Neither oxide exhibits classical Landau mean-field
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theory-type behaviour far from the phase transition, regardless of the order parameter
chosen as evidenced by the intermediate values of the critical exponent 5. Secondly, it
reports the first in situ observation of the P2/c — [4;/a phase transition upon heating.
HoTaO, was shown to undergo a first order phase transition, with both the P2/c and 14, /a
phases coexisting over an extended temperature range. This transition was also found to
be irreversible, with cooling the sample resulting in the 12/a structure without reforming
the P2/c structure. Finally, heating a green powder mixture of HopO3 4+ TasOj5 results
in a complex set of reactions and provides the first direct evidence for the formation of
a weberite-type Ho3TaO7; intermediate. That this intermediate phase is fast forming and
only exists between 1200-1390 °C suggests a possible synthetic strategy for the isolation

of this phase. This phase was also not detected upon cooling.

3.5 Ionic Conductivity Studies of HoNbO,; and
HoTaO4

3.5.1 Ionic Conductivity as a Function of Gas Environment

The conductivities of HoONbO4 and HoTaO4 were measured using EIS in the temperature
range of 850-600 °C under different atmospheres (air, Ar, wet Ar, and wet 5% H, in
Ar). After collecting the data in wet hydrogen, measurements in air were systematically
repeated to verify the sample stability and regenerate the platinum cables and electrodes.
Comparing the two measurements in air showed good data reproducibility and, therefore,
excellent reliability. The total conductivity of each sample was calculated by the
equivalence circuit method using the Nyquist plot. The results are reported in Figure
3.25 as Arrhenius plots (Equation 2.26). The conductivity values obtained were between
107°-107% S cm™!, showing an exponential reduction with a decrease in temperature
typical of thermally-activated processes such as ionic diffusivity. The activation energies

were calculated from linear fits to the Arrhenius plots.
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Figure 3.25: Conductivity results of HoNbOy - I2/a (filled blue symbols), HoTaOy4 - I2/a (filled green
symbols), and HoTaOy4 - P2/c (filled red symbols) in Arrhenius plots with logarithmic scale as a function
of the inverse of the temperature measured at 850-600 °C in (a) air, (b) Ar, (c) wet Ar, and (d) wet 5%
Hs in Ar.

The conductivity values are in line with results for similar LnNbO, compounds.!?:61:62

Under dry conditions, the highest conductivities were obtained for HoTaO, (12/a),
followed by HoTaOy4 (P2/c), and HoNbO, (12/a). Evidently, changing the B-site cation
from Nb3" to Ta’" increases the conductivity of the I2/a phase. The conductivities
in wet 5% H, in Ar were essentially identical for the three samples. Both HoTaO,
phases show linear Arrhenius plots under all atmospheres. A change in the slope of
the Arrhenius plot was observed in HoNbO, for the measurements conducted in air, Ar,
and wet Ar at ~775 °C. This is associated with the 12/a — I4;/a phase transition. The
high temperature scheelite-type phase has a higher activation energy, in contrast with
the original hypothesis that the conductivity would be enhanced in the high-temperature

phase because of the Nb>™ underbonding. In addition, the increase of the activation energy

(E,.) above the phase transition is also in contrast to the literature results obtained for
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pure and A site-doped LaNbQO, materials, suggesting the size of the A-site cation may play
a role.'%6! The related slope change in the HoTaO, materials is not observed, as the phase
transition occurs at a much higher temperature than the measured ionic conductivity

range.

The atmosphere-dependent F,. values are illustrated in Figure 3.26. Figure 3.26a
contains an additional curve for HoNbO, for both the monoclinic /2/a and tetragonal
I4,/a phases. A remarkable increase in F, is observed for the tetragonal phase under all
gaseous environments. The lowest value for HONbOy is found in wet 5% Hs in Ar (0.82 eV),
which is similar to the trend observed for both HoTaO,4 phases (0.74 and 0.78 €V for 12/a
and P2/c, respectively). A slight increase in E,. is observed for all samples in wet Ar,
with the values increasing under Ar, and finally air. That adding water to the gases
systematically reduces the F,. is a clear indication of protonic conductivity. The E,
values in air are quite large, which suggests that the resistance is dominated by transfer at
the grain boundaries.®? The addition of proton conduction lowers the estimated activation
energy, but the grain boundary limitation is still present as pure bulk proton conductivity
has Fu ~0.5 eV.% Figure 3.26 also presents the conductivity values as a function of
the gas environment that highlights the variation of conductivity between reducing and

oxidising conditions.
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Figure 3.26: Conductivity results on a logarithmic scale (left axis) and activation energy (right scale) as
a function of the atmosphere measured from 850-600 °C for (a) HoNbOy, (b) HoTaOy4 - I2/a, and (c)
HoTaOy4 - P2/c. As HoNbQOy exhibits a I2/a — I4;/a phase transition, the activation energy of both
the monoclinic 12/a and tetragonal I4;/a phases are plotted.
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3.5.2 Structural Studies of Ion Conduction Pathways

Given the highly accurate structures of HoNbO, and HoTaO, obtained by NPD, an
analysis of the potential conduction pathways was performed. Previous studies have
highlighted the potential for oxygen ions to move via interstitial sites within ABOy-type
materials.?%?192 Huse et al. identified a correlation between ionic conductivity and the
O-0 distances separating the different NbOg polyhedra in LaNbOy4.'® A similar analysis
was conducted with the O(1)-O(1) and O(1)-O(2) distances, determined from the analysis
of the NPD datasets, to estimate the size of the conduction pathways (Figure 3.27). These
values show a correlation between the average O—O distances and E,; in air (Figure A.11).
Evidently, the conclusions drawn by Huse et al. extend to other LnNbO, and LnTaO,

oxides.

Figure 3.27: Refined structure of HoTaOy4 (12/a) at room temperature. The solid green and orange lines
represent the O(1)-O(1) distances, whilst the dashed purple line represents the O(1)-0(2) distance.

Further conclusions may be drawn based on the structural studies outlined in this
dissertation. Firstly, larger A-site cations such as La®** and Nd3T have been identified
as displaying higher ionic conductivity than their smaller Ln** counterparts.”® The
structural studies performed on LnNbO4 and LnTaO,4 materials using SXRD supports this
conclusion, with the cation—cation distances larger with larger A-site cations. Secondly,
the high resolution combined SXRD and NPD study of Ho(Nb;_,Ta,)O, identified
that Nb5* and Ta’" have slightly different atomic coordinates within the isostructural
I2/a structures due to the difference in bonding requirements between the two cations.

Calculating the B-B distances in these structures shows that Ta-Ta has a larger
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separation than Nb—Nb, potentially contributing to the higher ionic conductivity exhibited
in the HoTaOy4 structures. Therefore, the combination of a large A-site cation, coupled
with Ta’" on the B-site is expected to yield a much better ion conductor that is stable

in a large temperature range and to a variety of different gaseous environments.

As a final note, the 12/a and P2/c structures in LnTaQy are different, as highlighted
previously (Figure 3.5). The main difference is with the arrangement of the TaOg
octahedra chains, which are either ‘in-phase’ (in the P2/c structure) or ‘out-of-phase’ (in
the 12/a structure). As this arrangement changes the potential ion conduction pathways
within the material, this is worth further investigation using a combination of MD and ab
initio techniques to determine whether the ionic conductivity could be enhanced in this

phase.

3.6 Conclusions and Towards the Future Design of

Solid Electrolytes

The present work provides accurate structures of the LnNbO, and LnTaO, materials
at room temperature from Rietveld refinements of SXRD data. The data shows that
while the LnNbO, materials crystallise in the monoclinic 12/a space group, the LnTaOy
materials crystallise in the monoclinic P2;/¢, 12/a, or P2/c space groups depending on
the size of the Ln3t cation. Furthermore, these samples appear to be sensitive to their
thermal history, with some LnTaQO, materials (Ln3t = Tb, Dy, Ho, Er) synthesised
in either the P2/c or 12/a space group depending on their final annealing temperature.
Critically, this shows that the stability of the structures is not simply driven by the r4/rx
and rp/rx IR ratios and steric effects, as suggested by the Errandonea et al. ABX, phase

diagram (Figure 1.3).2

For both LnNbO, and LnTaQy, increasing the size of the Ln3* cation results in an
increase in the lattice parameters and unit cell volume. Bond valence sum calculations
show that the Nb®* cations are best described as six-coordinate distorted octahedra rather

than four-coordinate tetrahedra, with four short Nb-O bonds (~1.9 A) and two longer
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Nb-O; bonds (~2.5 A). Similar calculations confirm that the Ta®" cations are also best
described as six-coordinate distorted octahedra in all three monoclinic structure types,
with a similar distortion to the NbOg polyhedra found in LnNbQO,. Structural studies
also highlighted the importance of these longer B-O; bonds, with a correlation found
between the size of the Ln®* cation and the length of the Nb-O; and Ta-O; bonds. This
correlation matches well with the predicted phase transition behaviour in these materials,
with smaller Ln3* cations (and, by extension, shorter and stronger Nb-O; and Ta-O;

bonds) leading to a higher temperature for the 12/a — I4;/a phase transition.

A comparison between the Nb%T and Ta’" cations was investigated by analysing
solid solution series of the form Ln(Nb;_,Ta,)O4. For the Pr(Nb;_,Ta,)O, series, the
I12/a — P2,/c phase transition occurred suddenly, potentially reflecting the different
connectivity of the TaOg octahedra between the two phases. For Yb(Nb;_,Ta,)Oy, the
I12/a — P2/c phase transition is much more sluggish, with a two-phase region detected.
For Ln(Nb;_,Ta,)O, (Ln*" = Nd-Ho), the orthotantalates were consistently observed
to be smaller than their isostructural orthoniobate counterparts, in contrast to what
is predicted by Shannon’s IR.?* Further analysis revealed that the magnitude of this
difference was dependent on the size of the Ln3* cation, suggesting an interaction between
the LnOg and BOg polyhedra in the fergusonite-type structures not seen in other similar

metal oxides.

Analysis of a combined SXRD and NPD dataset of Ho(Nb;_,Ta,)Oy4 revealed slight
differences across the series. The average Ho-O and B-O bond distances were invariant of
the Ta®* content. However, inspection of the individual bond lengths revealed shortening
of the B-O; bonds, presumably due to the greater hybridisation between O 2p and
the more radially extended Ta 5d compared to Nb 4d. This was verified using DFT,
demonstrating that these longer contacts possess significant covalent character based on
the BEC. DFT calculations also predict an increase in the band gap energy for LnTaO,
materials compared to LnNbQy; a prediction that was verified experimentally using UV-

Vis DRS.
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Variable temperature NPD measurements of HONbO, reveal a reversible 12/a — 14, /a
phase transition at ~775 °C, that involved breaking of the longer Nb-O; to form NbO,
tetrahedra from NbOg octahedra. Landau mean-field theory revealed that neither the
spontaneous strains, nor the monoclinic 5 angle were well modelled across the entire
temperature range. Therefore, it was deduced that the 12/a — I4;/a phase transition
is pseudo-first order, with potential coupling between the breaking of the Nb-O; bond
and rotation of the NbOg/NbQO, polyhedra governed by the I'; mode. HoTaO, can be
isolated as either the P2/c or I2/a phase based on its thermal history, with in situ
diffraction measurements revealing the necessity of the high temperature P2/c — I4;/a
phase transition before cooling and forming the 12/a structure. Heating a green powder
mixture of HopO3 4+ TasO5 results in a complex series of reactions and provides the first

direct evidence for the formation of a weberite-type Ho3TaO7 intermediate.

Both HoTaO4 and HoNbO, can act as mixed oxide/proton conductors, with slightly
higher conductivities observed in the more distorted orthotantalates. It is postulated this
is a consequence of the subtle differences in the electronic properties of the Nb3* and
Ta’* cations leading to more open channels for ionic conductivity in HoTaO,. Structural
analysis also highlights the significant role of the A-site cation to increase the size of the
O-0O channels in the structure, and hence, improving the overall conductivity of these

materials.

Based on the structure-functionality relationships outlined for ABO, materials as
solid electrolytes, the following conclusions can be drawn regarding the requirements of

engineering potential ion conductors:

o Large A-site cations: The size of the A-site cation clearly plays a role in the overall

conductivity of the material. While Ho®>* was chosen to compare the 12/a and P2/c
phases, larger cations such as La?* can be incorporated to ‘open up’ the structure,
increase the distance between the O-O anions, and allowing for greater conductivity.
Further studies should be performed with larger cations to compare the LnNbO,
and LnTaO4 materials, such as NdNbO4 and NdTaO, (both isostructural in 12/a),
as well as TbTaO, (which can be synthesised in either P2/c or 12/a depending on

its annealing temperature).
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» Large separation between B-site cations: The interaction between the B-site

cations also plays a role in the overall conductivity. As determined by the room
temperature structure analysis, Nb°" and Ta’" cations sit at slightly different
atomic positions in the /2/a structure as a result of subtle differences in their
electronic structures. These different positions also contributes to ‘opening up’
the O-O channels in the structure, allowing for greater ionic movement and

conductivity.

Potential for oxygen vacancies: Based on the ionic conductivity studies of HoONbO,

and HoTaOy, the highest ionic conductivities and lowest activation energies were,
in general, recorded in a 5% H, atmosphere in wet Ar; a clear indication of p-type
conductivity. In order to enhance this further, doping onto the B site should be
investigated that could potentially lead to oxygen vacancies, such as substituting
pentavalent cations for quadravalent cations like Ge** or Si**. Although limited
solubility was noted by Brandao et al., their ionic conductivity properties are still
worth further investigation.®® One potential substitution is Fe**, which is smaller
than both Nb5" and Ta’", allowing for the tuning of the I2/a — I4;/a phase
transition. This has been similarly investigated for other applications, such as Fe-

doped SrWO, as a hydrogen evolution catalyst,”

No change in oxidation states in the cations: Attempts were made to determine

the ionic conductivity of mixed B-site cations, such as La(Nbgg;V0.3M0g.05)O41s-
Although these materials showed a substantial increase in ionic conductivity (almost
three orders of magnitude greater than LaNbQy, in dry air, see Figure A.12), the data
were nonreproducible between runs. Specifically, the dry air data at the beginning
and end of the experiment (after exposing the sample to harsh conditions, such as
5% Hs in Ar) showed a large degradation in performance. This was presumably
due to the possible reduction of V5% and Mo®*, although was never quantified
experimentally using X-ray absorption spectroscopy. An increase in activation
energy was also determined for La(Nbggs5Vo3Mo0g05)O44s compared to LaNbOy
(increasing from 0.902(14) eV to 1.010(7) eV), implying that a complex B-site

environment can lead to detrimental ion-trapping effects.?®%
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o Lack of phase transition: Although not unique to this work, the presence of a first

order phase transition can lead to material swelling and straining, potentially having
a detrimental effect on the performance of the solid electrolyte after thermal cycling.
For ABQ, structures, B>* = Ta looms as a promising candidate for ionic conductors

due to their lack of phase transitions within the operational temperature of SOFCs.
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4.1 Introduction: Solid State Lasers

Lasers (an acronym of ‘light amplification by stimulated emission of radiation’) are devices
that emit coherent and focused light, leading to applications in printing, semiconductor
chip manufacturing, and medical procedures. There are five main types of lasers: gas,
fiber, liquid, semiconductor, and solid state. Of these, solid state lasers have gained a lot

of attention due to their low beam divergence, high peak power, and extreme stability.?

Solid state lasers use an optically-transparent solid as their active medium, such as a
single crystal, glass, or ceramic. One of the most common crystals used for solid state
lasing is neodymium-doped yttrium aluminium garnet: Nd:Y3Al;012, or Nd:YAG (Figure
4.1a).3 In this structure, Nd** replaces a small fraction (~1%) of Y3* ions in the host
crystal structure due to its similar ionic radii (Nd** = 1.109 vs. Y3t = 1.019 A in eight-
coordinate geometry).* The crystal field splitting in the 5d and 4f energy levels of Nd3*
then provide the lasing activity in the crystal,® where the “F3/5 —* I;; 5 transition emits a

photon with a wavelength of 1064 nm in the infrared region.® This has found applications

7,8

in medical procedures, such as cataract surgery and the removal of skin cancers.

Figure 4.1: The crystal structures of some well known solid state lasing materials. (a) Y3Al5012, (b)
LaMgAl;1 019, and (¢) YVOy. The teal environments are Y3+, blue environments are Al1>*, and orange
environments are V>*. The disordered environments in (b) are shown as La®** green and Mg?* pink
partially-filled spheres, with vacancies shown in white.

In solid state lasing materials, there is a delicate balance between structural properties
and operation. Highly ordered structures, such as Nd:YAG, exhibit a narrow absorption
bandwidth which requires a consistent temperature for operation.? By inducing disorder
in these crystals, such as site vacancies in Nd:LaMgAl;;O19 (Figure 4.1b), the absorption
and emission bands are broadened to allow for easier operation and less temperature

dependence. However, this broadening also results in a decrease in the stimulation
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emission and the performance of the laser.!®!* A compromise is necessary between these
two structural features to allow a weak sensitivity to temperature, whilst also ensuring
good lasing efficiency and performance. Such a compromise was found in the zircon-type
Nd:YVO, (Figure 4.1c), however its crystal growth is very difficult, preventing its use

industrially.t2 14

The zircon-type structure consists of a network of edge-sharing AOg polyhedra and
isolated BOy tetrahedra.'® However, zircon-type structures are seldom-observed in nature.
According to the Errandonea et al. phase diagram of ABX, structures (Figure 1.3),'°
very small B-site cations (such as Si** or V) are required to stabilise these structures.
In the case of YVO,, vanadium is often reduced under single crystal synthesis conditions,
leading to the formation of crystal defects that can darken the crystal and inhibit its
lasing performance.!™® This has led to the investigation of similar structures for lasing
applications that possess the same structural motifs that are easier to synthesise, such as
CaWO,-based scheelite-type oxides.!? These materials are easily grown as single crystals,
exhibit excellent thermal and hydrolytic stability, and contain cations less prone to

reduction such as Mo%t and W6+ 20-22

4.1.1 Scheelite-Type Oxides as Solid State Lasing Materials

Scheelite-type structures consist of a network of AOg polyhedra and BO, tetrahedra,
with the A- and B-site cations at the 4b and 4a Wyckoff positions respectively.?®?* As

1625 it is possible to predict the

first proposed by Bastide, and later by Errandonea et al.,
structure of a given ABO, compound based on the IR ratios r4/ro and rp/ro. Bastide’s
analysis provides a rational for the observation that both RbTcO, and RbReO, exhibit
the tetragonal 14;/a scheelite-type structure, whereas CsTcO, and CsReO, exhibit the

orthorhombic Pnma structure at room temperature.?6-27

The scheelite archetype, CaWQy, has been extensively investigated as a potential
medium for solid state lasing. It is able to host rare-earth cations (such as Ln** = La—Lu)
on the A site, similar to Nd:YAG, Nd:LaMgAl;;Oq9, and Nd:YVOy,. Several studies

have looked at the lasing properties of these rare-earth substituted variants, such
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as Yb:CaWO,,2% Eu:CaW0,,*3! and Er:CaW0,.?? In some applications, increased
levels of doping have led to scheelite-type compounds competing with traditional laser
hosts.?334 This is due to the substitution of rare-earth ions distorting the AOg polyhedra

environment, leading to broadened absorption bands whilst maintaining excellent thermal

"WoW "WoeW
oo oMo
° o"o oWo
- meom Mo

Figure 4.2: The AA’ByOg scheelite-type structure consisting of (A4, A’)Os polyhedra (not drawn) and
BO, tetrahedra. (a) The I4;/a space group, showing a random arrangement of two different cations
across the 4b Wyckoff position. (b) The 4 space group, showing a fully ordered arrangement of A-site
cations with A on the 2b and A’ at the 2¢ Wyckoff position.

stability.3?

Increasing the amount of Ln®* substituted for Ca?* on the A site of CaWOQy requires
the additional substitution of a monovalent A' cation for charge compensation. At its
extreme, the scheelite-type structures may be extended to include ‘double scheelites’ of
the form (AgsAf 5) BO4 [or AA'(BOy)s], where two different cations occupy the A site
of the ABO, structure in a 50:50 ratio.®® The two cations on the A site may order,
lowering the symmetry of the structure from 74, /a to I4. This splits the A site from the
4b Wyckoff position in I4;/a to two distinct 2b and 2¢ Wyckoff positions in I4. This is
similar to the cation ordering observed in perovskites, where substitution of Ti** in the
BaTiOj3 perovskite for Mn?™ and W5 forms a Bay(MnW)Og double perovskite. Ordering
between the Mn?* and W cations changes the symmetry from Pm3m to Fm3m with
a doubling of the unit cell lengths.?” This ordering is driven by the difference in size
and oxidation state of the cations, which invariably results in a change in crystallographic
symmetry. Furthermore, symmetry lowering may also occur due to the presence of cations
with stereochemically active lone pair electrons. This is observed in TIReO, and BiVO,

scheelites,?®3? and PbZrOs perovskites,*® where the electron density of the 6s? lone pair
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causes the A-site cation to move away from its centrosymmetric position, leading to

distortions in the A-site polyhedra.

The potential of A-site cation ordering in the double scheelites AT A**(BO,), remains
controversial. Perera et al. reported the synthesis of NaLn(BQy), (Ln*t = La, Pr,
Eu, Dy; B®" = Mo, W) using a microwave-assisted solid state synthesis method and
concluded, based on XRD, that the 4, /a structure in which the Na™ and Ln3" cations
are disordered across a single 4b Wyckoff site was observed.*! Other authors have reported
the same disordered I4;/a model was appropriate for a wide variety of ATA3(BO,),
oxides (A" = Li, K, Ag; A3 = Ln3"; Bt = Mo, W).244247 However, Hanuza et al.
observed vibrational states in NaBi(BQO,), single crystals using polarized infrared and
Raman spectroscopy that were inconsistent with the disordered structure.*® These were
postulated to be the result of short-range ordering of the Na® and Bi** cations and
a lowering of symmetry from I4;/a to [4.*® Furthermore, Rico et al. related the
large spectroscopic broadening observed in some Nat and Ln3* /Bi**-containing double
scheelites to a partial ordering of the cations across the 2b and 2¢ crystallographic sites in
the I4 space group.®® Volkov et al. attributed the optical absorption and photoluminescent
properties of LiYb(MoQy, ). single crystals to local ordering between Yb—Yb pairs, whereas
Cascales et al. identified in NaGd(WOQOy), that Na™ and Gd3* preferentially occupied the
2¢ and 2b Wyckoff positions respectively. The above suggests that an incomplete or
partial ordering of the two A-site cations in the ATA3T(BO,); double scheelites can
impact their optical lasing properties, as the 5d and 4 f energy level transitions associated
with lasing are determined by the relationship between their crystal field splitting and

local environment.?

This chapter is separated into three main sections: a long-range average structure
study, a short-range local structure study, and a variable temperature study. Using a
combination of SXRD and NPD, analysis of NaA(BQy), (A% = Ln3", Bi; BS" = Mo, W)
were undertaken to determine whether long-range ordering of the A-site cations is present
and, if so, how this is influenced by the difference in the IR of the two cations. Shannon
reported that the IR of eight-coordinate Na™ and La’* are very similar (1.18 vs. 1.16 A)

allowing for a straightforward cationic substitution.* As the atomic number increases, the



4.2 Synthesis Procedure and Experimental Methods 141

IR of Ln*t decrease such that when Ln’* = Lu®* (0.977 A), a considerable difference
between the Na™ and Lu®T IR occurs (~17%) that may facilitate cation ordering. In
double perovskites, differences as small as ~6%, such as in La;CuSnOg, have led to cation
ordering.®*? This is complemented with a comparative study of NaBi(BQ,),, where Bi**
has the same oxidation state and similar IR (1.17 A) to La**, however possesses a 652 lone
pair which may enhance cation ordering. Neutron total scattering was used to determine
the presence of local scale ordering. The thermal expansion of double scheelites is also

investigated to model their response to heat.

4.2 Synthesis Procedure and Experimental Methods

4.2.1 Sample Synthesis

Samples with the composition NaA(BOy), (43T = Ln®*t, Bi; B®" = Mo, W) were prepared
using a conventional solid state chemistry route. The reagents Ln,Os (Aithaca Chemicals,
99.999%), PrgOq; (Aithaca Chemicals, 99.999%), BiyO3 (Sigma-Aldrich, 99.9%), NayCO3
(Merck, 99.9%), MoOs (Sigma-Aldrich, 99.5%), and WO3 (Aithaca Chemicals, 99.998%)
were dried at 1000 °C (Ln203), 600 °C (BizO3), or 200 °C (NayCOg3, PrgOq1, MoO3, and
WO3;) for 15 hours to remove adsorbed water and carbon dioxide before use. Appropriate
stoichiometric mixtures, sufficient to prepare 4 g of each sample, were finely mixed by hand
in an agate mortar using an acetone slurry. The resulting powders with A3+t = Ln3" were
pressed into rods using a hydrostatic press at 200 bar for 10 minutes. These were placed
in alumina crucibles and heated in air at 800 °C (for B%" = Mo) or 850 °C (for B¢t = W)
for 12 hours. All samples were cooled at 3 ° min~! to room temperature to enhance the
possibility of cation ordering. For A3* = Bi, the samples were heated as a loose powder
to 600 °C for 12 hours to assist in the decomposition of NasCOs, then further heated to
800 °C (for Mo-containing samples) or 850 °C (for W-containing samples) for 12 hours

without regrinding.
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4.2.2 Synchrotron X-Ray and Neutron Powder Diffraction

SXRD data were collected for the NaA(BO, ), series over an angular range of 3 < 26 < 85 °
at 16.0 keV (A = 0.77481 A for BS* = Mo) or 21.0 keV (A = 0.58879 A for Bé* = W). Due
to the potential for fluorescence from the Mo K-edge and Bi L-edge, data for NaBi(MoOy)y
were collected at 12.4 keV (X = 0.99980 A). The precise wavelengths were determined
by the structural refinement against a NIST SRM660b LaBg standard on the Powder
Diffraction beamline BL-10 at the Australian Synchrotron.?® The samples were housed in
0.2 mm diameter borosilicate glass capillaries that were rotated during the measurements
to minimise preferred orientation effects. The resulting datasets were then merged using
PDViPeR. Variable temperature measurements of NaBi(WQ,), were collected using a
sample housed in a 0.2 mm quartz capillary over a temperature range of 100-480 °C

using a hot air blower.

NPD measurements were performed on Echidna, the high resolution powder
diffractometer at the OPAL reactor operated by ANSTO.* Powder samples were loaded
into 6 mm diameter vanadium cans, with data collected over the range 5 < 20 < 162 ° at

a wavelength of 1.62 A.

Neutron total scattering data for NaA(WO,), (A% = La, Lu, and Bi) were collected
at 100 and 300 K using NOMAD at the SNS located at ORNL.?® The samples were
loaded into 6 mm vanadium cans and run using a sample changer environment. Data
were collected under ambient conditions for the empty instrument, an empty sample
holder, and three calibration standards (diamond, silicon, and vanadium) to calibrate the

instrument. Software available at the beamline was used to calculate the NPDFs with a

Qmaz 0f 31.4 A1,

Structures were refined using the Rietveld method implemented in the program
TOPAS6 using a combined SXRD and NPD dataset.”® The peak shapes were modelled
using the Thompson-Cox-Hastings profile function.’” The background of each pattern
was estimated using a Chebyshev polynomial, with a 12" order polynomial found to be
sufficient to model the capillary in the SXRD data, whereas a 6 order polynomial was

sufficient to model the background in the NPD. The scale factor, lattice parameters,
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atomic coordinates, and ADPs were refined simultaneously with the peak profile
parameters. The ADPs were taken to be isotropic and constrained to be equal across
the A site of each structure, regardless of the cation occupancy. In the final refinement
cycle, the parameters were fully relaxed with all free parameters refined. The crystal

structures were drawn using VESTA.58

4.3 Structural Studies of NaA(BOQ,),

The synthesis of crystalline single-phase NaA(BO,), samples was achieved using solid
state reactions. The Mo- and W-containing samples were heated to 800 and 850 °C
respectively to ensure decomposition of NayCO3 and complete reaction of the metal oxides.
SXRD and NPD data were used to refine the structures to the tetragonal 14;/a space
group, with slight differences between the AOg polyhedra environments observed using
NPDF in the I4 space group. Variable temperature measurements show these materials

exhibit little thermal expansion.

4.3.1 Synthesis and Space Group Determination

SXRD and NPD of the W-containing samples are presented in Figure 4.3. The
incorporation of smaller Ln3" cations causes a shift in peaks to higher @ due to the
smaller lattice parameters. The near-instrumental peak widths and the absence of any
unindexed peaks in the diffraction data demonstrates the samples to be highly crystalline

and phase pure.

The synthesis of crystalline single-phase samples of the sodium bismuth double
scheelites, NaBi(BOy), (Bt = Mo, W), proved challenging using solid state reactions.
The same synthesis procedure used to prepare the sodium lanthanoid double scheelites
resulted in impure samples, with several prominent peaks that could not be indexed to a
tetragonal cell in either the I4,/a or I4 space groups. These reflections persisted when

the synthesis was reattempted at either a lower or higher temperature. Eventually, the
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Figure 4.3: (a) Synchrotron X-ray and (b) neutron powder diffraction patterns of NaA(WO,)s (A3
= La, Pr, Nd, Sm, Lu, and Bi). The NaSm(WO,); sample was not analysed using neutron powder
diffraction due to the large neutron absorption cross section of Sm. Each diffraction pattern has been
offset vertically for visibility.

synthesis conditions of Huang et al. were adopted where the samples were kept as loose
powders, initially heated to 600 °C for 12 hours to assist in the decomposition of NayCOs,
then heated to 800 °C (for Mo-containing samples) or 850 °C (for W-containing samples)

for 12 hours without regrinding.®®

There is some uncertainty around the most appropriate space group for the
AT A3 (BOy), double scheelites, with structures in both the I4;/a and I4 space groups
reported in the literature. Ordering of the A* and A3* cations results in a loss of symmetry
centres. This is reflected in the number of reflections observed in diffraction, with the
00l (I = 2n) and hkO (h + k = 2n) reflections forbidden in I4;/a, but allowed in I4.
Observation of the former would indicate violation of the 4; screw axis and, of the latter,
the a glide plane of 4, /a. Rietveld refinement of the combined SXRD and NPD datasets
of NaA(BOQ,)y in both I4;/a and I4 were apparently successful and there was little
difference in their quality of fit [for NaBi(WOy)2: Ry, = 6.50% vs. 6.49% for 14, /a and
I4 respectively]. To determine the presence of any superlattice reflections, the SXRD
data was examined in closer detail. This is due to the large difference in electron counts
between the two A-site cations (Zy,+ = 10, Zg;+ = 80), and the superior signal-to-noise

ratio of the data compared to the NPD data (b, = 3.63, bg; = 8.53 fm).

Figure 4.3 demonstrates that there is no composition-induced change in the number
of reflections for the various NaA(WOy,), oxides, demonstrating that the materials are

isostructural. Critically, the (002) and (110) reflections, near @ = 1.09 and 1.68 A~
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respectively, were not evident in any of the patterns, initially suggesting the 74, /a space
group. A series of pattern calculations were then undertaken to establish the sensitivity
of the SXRD data to cation ordering. Initially the structure, including the anion positions
and ADPs, was refined in the I4 space group whilst constraining the ADPs of the Na™
and Bi*" cations to be equal across the 2b and 2c¢ sites. The Na™/Bi** occupancies of
the 2b and 2c sites were then refined, constraining both sites to be fully occupied whilst
maintaining the stoichiometry of the compound. This returned a Na*:Bi** occupancy
ratio across the two sites of 0.413(4):0.587(4) with B,, = 1.34(2) A%. Examination of
the resulting profile revealed that the intensity of the unobserved (002) reflection was
appreciably overestimated (around six times the noise in the background). The intensity
of the (110) reflection was also underestimated, although for this reflection the calculated
intensity was comparable to the noise in the data. The refinement was then repeated
imposing a random distribution of the Nat and Bi®* cations over the two sites (that is,
a 50:50 ratio on each site). As expected, this calculated zero intensity for both the (002)

and (110) reflections, as this is comparable to the high-symmetry 74;/a model.
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Figure 4.4: Influence of ordering of the Na™ and Bi®* cations in NaBi(WQ,)s across the 2b and 2c sites
of 14 space group model. The black circles represent the observed synchrotron X-ray powder diffraction
data, and the solid lines represent different extents of ordering, from 100:0 Na® to Bi** on the 2c site
(fully ordered) to 50:50 Na® to Bi** on the 2c site (fully disordered). The fully disordered model is
comparable to that of the fully disordered I4;/a model.

The dependence of the calculated intensities of the (002) and (110) reflections on
cation ordering are illustrated in Figure 4.4, where they are compared to that of the (011)
reflection that is allowed in both the disordered I4;/a and partially ordered I4 models.

In these calculations, the anion positions and ADPs were fixed at the values obtained
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from the refinement that imposed a random distribution of Na* and Bi** cations. These
calculations suggest an upper limit of disorder of less than 5% distribution, assuming
that the superlattice reflections are not strain or size broadened. Similar observations
were made for the other compositions studied in both the BT = Mo, W series. This
indicates that although the SXRD has sufficient sensitivity to ordering of the two cations,
it is not observed and hence it is reasonable to conclude that no long-range ordering is

present. This demonstrates that the 14, /a space group is appropriate.

4.3.2 Rietveld Refinements of Double Scheelites

Having established the absence of long-range ordering between the two A-site cations,
combined SXRD and NPD datasets were used for Rietveld refinements of NaA(BOy),
(A3 = La, Pr, Nd, Lu, and Bi; B" = W, Mo) to the disordered I4;/a structural model
proposed by the Perets et al. single crystal study.®® For A3" = Sm, only a SXRD dataset
was acquired due to its large neutron absorption cross section. The exceptional peak-shape
resolution of the SXRD data allows for accurate quantification of the lattice parameters.
The patterns were successfully fitted using a /4;/a structural model, with the lattice
parameters and atomic coordinates in good agreement with previous literature where
available (Table A.6).91:62 Representative Rietveld refinements are displayed in Figure 4.5
and Table 4.1. The following discussion of NaA(BOy,), focuses on BT = W, with similar
trends observed for B* = Mo and presented in the Appendix (Figures A.13-15, Table
AT).

The lattice parameters and unit cell volume of the NaA(WOy), series are plotted in
Figure 4.6 and show a linear increase as the IR of Ln3*t increases, with the exception
of Bi** which will be discussed later. The absence of any discernible deviation from the
linearity shows that Pr is present in its trivalent state, despite PrgO1; being used as a
reagent. In all cases the BVS for W, calculated using Equation 3.1, was consistent with the
oxidation state of W, The ADPs were physically reasonable with greater displacements

observed for the lighter oxygen anions than for the heavier A- or B-site cations.
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Figure 4.5: Rietvld refinement plots of (a,b) NaLa(WOQ,)2 and (c,d) NaBi(WOy), fitted in the tetragonal
space group I4; /a. The black circles are the observed data, the solid red line is the calculated profile, and
the solid green line is the difference between the observed and calculated intensities. The blue vertical
tick marks show the positions of the space group-allowed reflections. The synchrotron X-ray diffraction
insets highlight the quality of the data.
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Figure 4.6: Composition dependence of the (a) lattice parameters and (b) unit cell volume for the
NaA(WOy)2 (A3 = La, Pr, Nd, Sm, Lu, and Bi) oxides. The values were obtained by Rietveld refinement
against a combined synchrotron X-ray and neutron powder diffraction dataset to the I4;/a structural
model, except for A3T = Sm, where only the X-ray dataset was used (indicated by hollow symbols) due
to the large neutron absorption cross section of Sm. The error bars are smaller than the symbols, and
the dashed lines have been drawn to guide the eyes.
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Table 4.1: Selected Rietveld refinement structural parameters, bond distances, and bond valence sums
for NaA(WQy,)y (A3T = La, Bi) against combined synchrotron X-ray and neutron powder diffraction

data.

NaLa(WO4)2 NaBi(WO4)2
A3 Radii (A) 1.16 1.17
a (A) 5.360040(9) 5.28487(1)
c (A) 11.66093(3) 11.51278(3)
Vol. (A?) 335.019(1) 321.551(1)
0o(1) 0.1455(3) 0.1519(3)
0o(1) y 0.0151(3) 0.0127(4)
0o(1) = 0.2102(2) 0.2103(2)
Beg (A) (A2) 0.787(12) 0.793(15)
By (W) (A2) 0.535(5) 0.66(7)
Be, (0) (A?) 1.29(7) 0.96(3)
A-0(1) (A) 2.5723(17) 2.5052(19)
A-0(1) (A) 2.514(2) 2.483(3)
W-0 (A) 1.782(2) 1.784(3)
BVS (WO,) 5.80 5.80
Rup (%) 6.12 6.43

Previous studies of ABQO, scheelite-type structures have reported that the BO,
tetrahedra are essentially rigid, with the B—O bond lengths reasonably invariant to
changes in composition and temperature.5®5 This is observed for the WO, tetrahedra,
(and the MoO, tetrahedra) in this study. The composition dependence of the bond
distances in the NaA(WOy), oxides are plotted in Figure 4.7a,b. There are two unique
A-O bond distances within the AOg polyhedra that are approximately equal in most
tetragonal scheelite structures. As the size of the A-site cation increases, a linear increase
in the average A-O bond length is observed. However, the two bond lengths do not
increase at the same rate, with the difference increasing as the size of A% increases,
reflecting greater distortion of the AOg polyhedra. Amarsinghe et al. concluded that
distortions in the flexible AOg polyhedra are necessary to accommodate the very rigid
BO, tetrahedra in the scheelite-type structure.%® It should be noted that Sm3" is the
outlier in this series. It is unclear if this is a consequence of the different data analysis
strategy (the absence of NPD data) or if it is a result of local incoherent rotations of
the WOy, tetrahedra, noted previously by Amarsinghe et al. and Marlton et al., that
are modelled in the refinements by an nonphysical shortening of the B—O bonds and a

concurrent increase in the BVS.65:66
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Figure 4.7: Composition dependence of the (a) A-O bond distances, (b) W-O bond distance, (c) difference
between the two A-O distances, and (d) volume of the AOg polyhedra of the NaA(WOQ,), oxides derived
from Rietveld refinements. Where not apparent, the error bars are smaller than the symbols. The dashed
lines have been drawn to guide the eyes.

The deviation of A*" = Bi from the linear trends seen in Figures 4.6 and 4.7 with
A3t = Ln3T is remarkable. A key difference between A3 = Bi and Ln3" is the presence
of a 6s% lone pair on Bi*". The smaller than expected, based on the Shannon IR,* unit
cell volume of NaBi(BO,), is correlated with the smaller volume of the AOg polyhedra
evident in Figure 4.7d. This suggests that the 6s* lone pair may cause more efficient
packing of the polyhedra in NaBi(BOy)s, leading to an overall smaller unit cell volume.
This has been observed in other scheelite-type oxides containing lone pair-bearing cations,

such as TIReO, and BisFeMO;,0;5.3867

The simplest signature for such long-range ordering of lone pair electrons would be
an increase in the anisotropy of the A-O bond distances and/or increased ADPs, as
observed in the similarly-structured BiVO, scheelite.®® However, the difference between
the two A-O bond distances plotted in Figure 4.7¢ and the similarity of the ADPs

demonstrate that neither of these signatures emerge from the Rietveld refinements.
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Indeed, the difference between the two crystallographically distinct A(Na,Bi)-O bond
distances is less than that of the two (Na,La)-O distances observed in NaLa(WOy),
(Figure 4.7a,c). Therefore, it appears that the lone pairs are not ordered in the long-range
average structure of NaBi(WQy,),. Despite this, it is possible that short-range correlations
contribute to the observed reduction in the unit cell volume. The local ordering between
the 6s% lone pairs in NaBi(WOy,), may lead to a more densely-packed structure overall

than its NaLa(WOy), counterpart whilst maintaining the long-range 14, /a symmetry.

4.3.3 Neutron Total Scattering Studies

To probe the possibility of local cation ordering in double scheelite oxides, neutron total
scattering data were collected for NaA(WO,), (A*" = La, Lu, and Bi). The NPDFs
collected at 100 K are plotted in Figure 4.8. The NPDFs may be thought of as a weighted
histogram of all atom—atom distances within a material, with each peak corresponding to
a specific atom—atom pair. This gives a greater sensitivity to bond distances within the
structure, as well as the observation of any differences between the long-range average
(derived from Rietveld refinements of the Bragg diffraction) and the short-range local

structure.
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Figure 4.8: Neutron pair distribution function data of (green) NaLa(WOy)s, (red) NaLu(WOy)s, and
(purple) NaBi(WOy)s.
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In Figure 4.8, the first peak at ~1.76 A corresponds to the W-O distance within the
WO, tetrahedra. This peak remains unchanged regardless of the size of the A-site cation,
reflecting the rigid nature of the WOy tetrahedra observed in the Bragg diffraction study
of the NaA(BO,), oxides (Figure 4.7b).% The next peak observed between 2.3-2.5 A
corresponds to the Na—O and A-O distances within the (Na,A)Og polyhedra. This peak
clearly moves from 7 ~2.5 A in NaLa(WO,); to ~2.3 A in NaLu(WO,),, consistent with
the reduction in the size of the Ln3T cation (Figure 4.6a). This indicates that the size of
the NaOg polyhedra change in accordance with the size of the AOg polyhedra, as there are
no common peaks shared between all three datasets in this region. This can be explained
by the edge-sharing connectivity of the (Na,A)Og polyhedra influencing the size of their
nearest neighbours. This peak in the NaBi(WOQ,), dataset appears much broader than the
similar peak in NaLn(WOy,),. This potentially reflects the stereochemical activity of the
Bi*T 652 lone pair, as off centring of the Bi** cation can lead to multiple different Bi-O
bond lengths, and static disorder can cause peaks in the NPDF to broaden. As a result,
this dataset will be modelled separately from NaLn(WOQOy,),. Finally, the peak between
2.7-3.0 A corresponds to the O-O distances across the WO, tetrahedra and (Na, A)Og
polyhedra. That these peaks shift very slightly to lower r with smaller A-site cations
reflects the dependence of the size of both the NaOg and AQOg polyhedra on the size of

the A-site cation.

For NaLn(WO,), (Ln®T = La, Lu), two models were fitted to the data over a range
of 1.2-30 A (Figure 4.9, Table 4.2). The first model was the cation-disordered I4,/a
structure derived from the SXRD and NPD combined Rietveld refinements, whereas the
second model was the cation-ordered 74 structure with 100% ordering of the cations (that
is, 100:0 Na™ to Ln3T ratio at the Wyckoff 2b site and 0:100 Na* to Ln3* ratio at the
Wyckoff 2¢ site). Similar fits were performed for both Ln?™ = La, Lu and displayed

similar trends. Therefore, the following discussion will focus on NaLa(WOy)s.

Fitting the NPDF of NaLa(WOy), at 100 K to the cation-disordered I4;/a model
resulted in an acceptable fit at high r. However, this model struggled to account for
many of the features at low r. The peak at ~1.76 A was well fitted, reflecting the rigid
WOy in the disordered 4, /a structure. However, the (Na,La)Og polyhedra environments
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Figure 4.9: Fits to the neutron pair distribution function data at 100 K of NaLa(WOQ,)y over a range of
1.2-30 A to the (a) disordered T4, /a and (b) ordered I4 models. The blue circles represent the data, the
red line represents the fit to the data, and the green line represents the difference between the two.

between 2.0-3.5 A were poorly fit. This means that there are structural distortions in
the (Na,La)Og polyhedra on the local scale within the NaLa(WO,), material that are not
captured in the modelling of the long-range average Bragg diffraction data. A second fit
was undertaken where the fully ordered 74 model was used, and this produced a better fit
to the data at both low and high r. This was similarly noted in a study of NaCe(WOy)a,
where a lower-symmetry model was required to model the noncentrosymmetry of the local

structure.®

Differences between the two models were further examined. Although Na* and La3*
have similar IR (1.18 ws. 1.16 A),* the difference in neutron scattering length (by, = 3.6,
bra = 8.2, bo = 5.8 fm) allows for a distinction between the Na—O and La—O bonds. In the
disordered I4;/a model, the (Na,La)Og polyhedra are averaged across a single 4b cation
site, leading to a small range of (Na,La)-O bond lengths [2.5112(6)-2.5573(6) A] and a
prominent peak at ~2.5 A in the fit. In the ordered I4 model, the polyhedra are split
into two separate and unique NaOg and LaOg environments. The NaOg polyhedra have
a greater distribution of longer Na-~O bond distances [2.520(2)-2.59(3) A] and a larger
polyhedra volume (29.8 Az), whereas the LaOg polyhedra have a narrower distribution of
shorter [2.496(2)-2.514(2) A] bonds and a smaller polyhedra volume (28.0 A%), reflecting
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Table 4.2: Selected Rietveld refinement structural parameters, bond distances, and bond valence sums
for NaA(WQy,)s (A3T = La, Bi) against combined synchrotron X-ray and neutron powder diffraction
data.

NaLa(WO4)2
Space Group I41/a 14
a (A) 5.3516(8) 5.3513(6)
c (A) 11.624(3) 11.630(2)
Vol. (A?) 332.91(14) 333.05(9)
o(1) x 0.1467(2) 0.3523(4)
0o(1) y 0.01338(14) 0.2443(4)
0(1) = 0. 20989(11) 0.16875(12)
0(2) » 0.8553(4)
0(2) y - 0.2299(4)
0(2) 2 - 0.08821(13)
Bey (A) (A?) 0.55(2) 0.71(2)
By (W) (A2) 0.39(2) 0.33(2)
B, (0) (A?) 0.65(2) 0.65(2)
A-O (A) 2.556(2) (Na) 2.599(3)
A-O (A) 2.507(2) (Na) 2.520(2)
-0 (A) — (La) 2.514(3)
A-O (A) — (La) 2.496(2)
AOg (A?) 28.9 (Na) 29.8 / (La) 28.0
W-0 (A) 1.7871(11) 1.796(2)
BVS (WO,) 5.75 5.60
Ryyp (%) 10.9 9.17

the larger La®T oxidation state (Figure 4.10). The two different polyhedra environments
allow for a greater number of O-O distances, leading to a better fit of the features
between 2.7-3.5 A. These results are similar to studies of (Nag 5Big5)TiO3 ferroelectrics,
where neutron total scattering was sensitive to differences between the Na—O and Bi-O
environments in the structure.’® "' A combination of the lower Na* oxidation state, longer
Na—-O bond lengths, and larger NaOg polyhedra leads to these polyhedra being easier to

deform than their LaOg counterparts.

To investigate how the cation ordering changes in real space r, fits were performed
from 12 <r < 40 A. This ensured at least two unit cells were captured in the fit to
model the ordering at a longer length scale, whilst not being biased by the immediate
local environments of the NaOg and LaOg polyhedra. The fits were performed using the
T4 model with a fixed Na™:La®" ratio. The resulting R,, values are plotted in Figure

4.11, and show that a better fit to the data is obtained with a more random distribution
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of A-site cations. Despite the NaA(WO,)s double scheelites consisting of two unique
(Na,A)Og polyhedra environments, there is no ordering between these environments at
longer length scales. This is consistent with the lack of long-range ordering observed in

the SXRD and NPD diffraction studies.
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-
_—
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Figure 4.10: The refined AOg polyhedra volumes of the NaLa(WQ,)s in (a) disordered I4;/a and (b)
ordered I4 over a range of 1.2-30 A. The yellow spheres represent Nat, whereas the green spheres
represent La3t.
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Figure 4.11: Neutron pair distribution function fits to NaLa(WO4)2 conducted over the range of 12-40 A
to the I4 model. A fixed distribution of Na* and La3* across the 2¢c Wyckoff position was modelled, and
the Ry, value was used to assess the quality of the fits.
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A similar analysis was performed on the NPDF data of NaBi(WO,),. As stated
previously, although La®* and Bi** have similar IR (1.16 vs. 1.17 A),* Bi** possesses 652
lone pair electrons which can lead to distortions within its local environment. This is seen
in the NPDF data of NaA(WQO,), in Figure 4.8, where the second peak at ~2.4 A was
much broader in A3* = Bi than the corresponding Ln3* structures. This indicates that

a broad range of Bi-O bond lengths may be present.
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Figure 4.12: Fits to the neutron pair distribution function data at 100 K of NaBi(WQy,)2 over a range of
1.2-30 A to the (a) disordered tetragonal I4; /a, (b) ordered tetragonal 14 and (c) disordered monoclinic
I2/b models. The blue circles represent the data, the red line represents the fit to the data, and the green
line represents the difference between the two.

Initial fits to the NPDF data to the disordered I4;/a model were unsuccessful, and
the R,, was significantly worse than for NaLa(WO,)s (R, = 18.2 vs. 10.9%). The
(Na,Bi)-O bonds between 2.2-3.2 A were poorly fit, as well as the consistent noise in
the difference curve at high r. Consistent with the study of the NaLn(WO,); materials,
dropping the symmetry from disordered 74, /a to ordered I4 to allow for different NaOg
and BiOg polyhedra environments substantially improved the fit (from R,, = 18.2% to
R, = 9.96%), although the quality of fit was still not as good as for NaLa(WQO,),. This
is associated with the fitting of the Bi-O bond lengths between 2.2-2.5 A. Finally, a
monoclinic 72/b model was used, and this resulted in the best fit to the data (Figure
4.12b and Table A.8). Although this model does not differentiate between the NaOg
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and BiOg polyhedra, the increase in the number of degrees of freedom allows for each
AQOg polyhedra volume to consist of four unique A-O bond distances. This is also
coupled with freedom in the z-axis direction of both the A- and B-site cations, which has
been previously shown to account for the 6s? lone pair stereochemical activity in other
ABO, materials such as BiVO,.%%7%7 The atomic coordinates of the A and B sites were
determined to be away from the symmetry constrained positions. The unit cell volumes
of the tetragonal 4, /a and monoclinic 12/b structures were determined to be the same
within the refinement uncertainty [319.39(4) vs. 319.36(4) A®, respectively], indicating
that there is not a sufficient amount of lone pair ordering to facilitate the more dense
packing of the polyhedra, as observed in the related TIReO,4 and BisFeMosO15 scheelite-
type structures.?57 A local structure model that allows for the movement of cations away
from their centrosymmetric positions to account for the stereochemical activity of the Bi**

652 lone pair is necessary to produce a good model for its local environment.

In observing the NPDFs in Figure 4.8, it is clear that the Bi-O and O-O bond
distances across the BiOg polyhedra are smaller than the corresponding La—O and O-O
bond distances across the LaOg polyhedra. Despite Bi** having a larger IR than La3*,
the BiOg polyhedra are shown to be smaller than the LaOg polyhedra in both the long-
range average Bragg diffraction fits, and the short-range local NPDF fits. It is possible
that these shorter Bi-O bond distances reflect the greater covalency of the Bi-O bonds
compared to La~O due to strong hybridisation between the Bi** 6s, O?~ 2p, and empty
W6+ 5d orbitals. A similar effect has been noted in the photocatalytic material BiVOy,
where strong hybridisation between the Bi** 6s and O*~ 2p orbitals leads to enhanced
photocatalytic activity.” Differences between Bi-O and La-O were also noted by Kazin
et al. in their study of substituted apatites, where the Bi-O bond lengths were identified
to be shorter than the corresponding La—O bond lengths.”™ This is an observation that
is worth investigating further through DFT calculations on the partial density of states

(pDoS).



4.3 Structural Studies of NaA(BOy), 157

4.3.4 Variable Temperature Study of NaBi(WQ,)-

Given the unusual contraction in the unit cell volume observed in NaBi(WOQO,), and the
apparent absence of long-range lone pair correlations, variable temperature SXRD was
undertaken to determine the response of the structure to temperature. Scheelite-type
structures may undergo a [4;/a — I4;/amd phase transition to the true scheelite-type
aristotype upon heating by elimination of the rotation of the BO, tetrahedra about the
c-axis. This phase transition has been observed in the binary oxide scheelites such as
RbTcO,4,2® RbReO4,%2"% RbOsO,,” and T1TcO4,%% but has not been reported in any of

the double scheelites.
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Figure 4.13: Normalised lattice parameters and unit cell volume for NaBi(WOQ,)2 upon heating, obtained
from Rietveld refinements of synchrotron X-ray diffraction data.

The temperature dependence of the normalised lattice parameters and unit cell volume
of NaBi(WOQOy,), are presented in Figure 4.13 and show linear behaviour upon heating.
NaBi(WO,), displays anisotropic thermal expansion, with the c-axis expanding at a

greater rate than the a-axis.
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This can be quantified by using

AP
- PAT

(4.1)

ap

where ap is the coefficient of thermal expansion, P denotes the parameter of interest
(lattice parameters a, b, ¢, or unit cell volume V'), P; is the initial value of the parameter

of interest, and AT is the change in temperature.

The corresponding linear thermal expansion coefficients are a, = 11.8 x 1079,
a, =227 x 107% and ap = 46.5 x 107¢ K=!. This is similar to that seen in other
scheelite-type oxides and reflects the layered-like arrangement of the cations in the
structure.” There is no evidence for the formation of the true 74, /amd scheelite aristotype
structure in this temperature range. This also confirms the thermal stability of these
structures, with less than a 1% increase observed in the (Na,Bi)Og polyhedra volume

between 100-480 °C, making them suitable as solid state lasing materials.

4.4 Conclusions and Towards the Future Design of

Lasing Materials

Series of double scheelites of the form NaA(BQOy), (A3 = Ln3*, Bi; B = Mo, W)
were synthesised using a conventional solid state synthesis technique. NaLn(BQO,), were
prepared by pressing the samples as rods and by using a one-step synthesis process,
whereas the NaBi(BO,), samples were heated as loose powders with an additional lower
temperature heating step to facilitate the decomposition of NayCO3. The samples were

confirmed as highly crystalline and phase pure using SXRD and NPD.

The structures of several NaA(BO,)s oxides were refined against combined SXRD
and NPD datasets, and similar quality fits for both the disordered I4;/a and partially-
ordered 74 models were obtained. Ordering of the Na®™ and A3T cations on the A site
breaks the /4;/a symmetry, allowing for several additional reflections. The presence

or absence of such reflections can be used to establish the presence of cation ordering.
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Despite the appreciable difference in the atomic numbers of the two A-type cations in
the studied oxides, such reflections are expected to be very weak. The most intense of
these, calculated to occur between Q ~1.0-1.8 A~!, were not detected in the high-quality
diffraction data. The exceptional signal-to-noise ratio of the SXRD data demonstrates
the absence of long-range ordering of the cations on the A site. An alternate approach to
break the /4;/a symmetry is to introduce stereochemically active lone pair electrons
into the system, such as the addition of Bi**. From the Rietveld refinements, the
Bi-based double scheelites showed a denser packing, with smaller AOg polyhedra and
unit cell volumes than the isostructural NaLn(BOQ,), counterparts with similar Ln** IR.
Variable temperature SXRD measurements of NaBi(WOy,), showed little change in the
structure upon heating. The structure did not undergo any phase transitions (such as
I4,/a — I4,/amd) and showed very little change in the AOg polyhedra volume between
100-480 °C, demonstrating their thermal stability for solid state lasing applications.

Neutron total scattering data showed that disordering across the A site is dependent
on the length scale investigated. Fits to the data between 1.2-30 A showed that
the long-range average disordered [4;/a structure could not account for the features
corresponding to the (Na,A)Og polyhedra. On the local scale, lowering the symmetry
from the disordered I4,/a to the ordered I4 structure was required to fit the individual
(Na,A)Og polyhedra environments. Fits to the data between 12-40 A showed that the
long-range average structure is better fit with a disordering across the A site, with a
minimum R,, observed around the 50:50 ordering. This shows that whilst each A-site
cation exhibits a unique polyhedra environment, there is no ordering of these environments
on the long-range average scale. It is possible that further increasing the difference in the
IR of the two cations may increase the tendency of these to order at a longer length
scale, such as replacing Nat (1.18 A) with either K* (1.51 A) or Lit (0.92 A).* This
would also lead to symmetry lowering in the long-range average structure, as KLu(WO,),
reportedly crystallises in a monoclinic C2/c structure,”” and LiLu(WOy), crystallises in
a monoclinic P2/n structure.*? Neutron total scattering data also identified differences
between the NaLn(WQOy); and NaBi(WOy,),, with a broader range of Bi-O bonds and
cation off centring required to accurately model its local structure, consistent with the

noncentrosymmetry expected from the Bi*T 6s* lone pairs.
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With the identification of the different bonding environments around the Na® and A3*
cations, further local scale modelling could be undertaken to more accurately determine
element-specific polyhedra distortions within the structure. Combinations of neutron
total scattering and EXAFS measurements have been used to decouple the different
bonding requirements of similar cations sharing the same cation site, such as (Sr,La)TiO3
solid solutions.”™ This could also be achieved by modelling the NPDF data using a
‘large box” model of many unit cells, such as using the reverse Monte Carlo method
implemented in the program RMCProfile.”™ This would allow other structural studies
to be undertaken, such as determining the presence of any incommensurate structuring
like the Agy/sPrs/5(MoQOy), and KNd(MoOy), double scheelites.®Y This analysis is worth

pursuing further.

The substitution of AT and A3t cations into the CaWQ, structure induces local
changes, such as creating two unique polyhedra environments with different bond lengths
and volumes. Long-range average structure-determining techniques, such as SXRD
and NPD, are insensitive to this information, and ‘average out’ the two environments
to give a single (Na,A)Og environment. NPDF analysis was used to quantify the
differences between the NaOg and AOg polyhedra environments, demonstrating the need
for understanding the local structure to develop full structure-functionality relationships.
In this case, the substitution of different A-site cations led to different AOg polyhedra
distortions that can effect the crystal field splitting of the lasing rare-earth ions.
Where appropriate, it is important to consider discrepancies between the average (from
diffraction) and local (from total scattering or spectroscopy) structures for such materials

in order to better understand their applications.
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5.1 Introduction: Photocatalytic Water Splitting

Photocatalytic water splitting is the acceleration of a reaction using a material (such as
a semiconductor) able to split water into its constituent gases (oxygen and hydrogen)
in the presence of sunlight. Photocatalytic water splitting has the potential to enable
the utilisation of an abundant and clean energy source (such as sunlight) for the green
processes of environmental remediation (water pollutant degradation) and clean energy
production (the production of hydrogen and oxygen gas, or the reduction of carbon dioxide
to organic carbon feed stocks).® Therefore, there is a collective research effort into the
development and classification of novel photocatalytic materials for potential industrial

use.

Semiconductor metal oxide photocatalysts operate by absorbing a photon of sunlight,
leading to the excitation of an electron from the valence band into the conduction band
of the material. This creates a photogenerated electron and ‘hole’ pair which are free
to engage in oxidation-reduction reactions (provided they don’t recombine), such as the
production of hydrogen and oxygen gas from water, by

200 +2 A" — Oy +4 HY  +2 e

2 H

(aq) +2e — Hg(g)

where h™ and e are the photogenerated hole and electron respectively.

Despite its apparent simplicity, photocatalysts have not yet been commercialised
due to their low efficiency using visible light. The two most heavily studied binary
semiconductor photocatalysts — TiOs and ZnO — have band gaps of 3.2 and 3.4 eV
respectively.*® This places their absorption range in the ultraviolet region of the
electromagnetic spectrum that accounts for less than 10% of natural sunlight. Current
research has focused on the controlled introduction of crystal defects such as vacancies,
interstitials, antisites, and chemical doping to ‘tune’ the band gap to be more favourable
for absorbing solar radiation. Of particular note are the use of ternary oxides, such as
Bi,WOg as a novel photocatalytic degradator of phenols,® Zn,GeO, as a reducer of COs,”
and InVO, and SrTiO3 as hydrogen evolution photocatalysts.®?
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5.1.1 BiVO, and PbWO, as Photocatalysts

Along with InVOy, several other ABO,4 materials have been identified as materials for
photocatalysis. In particular, BiVO, has been investigated as a promising visible light-
driven semiconductor photocatalyst due to its low production cost, low toxicity, high
stability, and narrow band gap.'® BiVO, has already been investigated for degrading
organic pollutants such as methylene blue and rhodamine B in the presence of sunlight.!:12
However, despite its outstanding chemical and photostability, its narrow band gap of
~2.4 eV allows for the fast recombination of photoinduced carriers, leading to a decrease

in efficiency.’® Similarly, PbWQO, has been investigated for its ability to degrade organic

14-16

pollutants.

Figure 5.1: The three phases of BiVO,. (a) The monoclinic-fergusonite form of space group 12/b, (b)
the tetragonal-scheelite form of space group I4/a, and (c) the tetragonal-zircon form of space group
14, /amd. Note that the 12/b — I4,/a phase transition is reversible with both temperature and pressure,
whereas the 14, /amd — 14, /a is irreversible.

There are three crystalline structures of BiVO,: monoclinic-fergusonite (m-f, space
group 12/b), tetragonal-scheelite (f-s, space group I4;/a), and tetragonal-zircon (t-z,
space group I4;/amd).'™ The m-f form (isostructural to the LaNbOy-type materials
described in Chapter 3) consists of eight-coordinate BiOg polyhedra and four-coordinate
VO, tetrahedra. The BiOg polyhedra consist of four pairs of different Bi-O bond
lengths ranging from 2.3-2.8 A, whereas the VO, tetrahedra are slightly distorted with
two different V-O bond lengths (1.57 A and 1.68 A respectively).'® Upon heating (or
pressurising), the m-f form of BiVO, undergoes a 12/a — I4;/a phase transition to
the t-s form.!%2! This structure consists of two different Bi-O bond lengths (2.4-2.5
A), as well as a single V-O bond length (1.7 A)." Due to the second order nature of
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this phase transition, the ¢-s structure cannot be quenched to room temperature, and
only exists under high temperature or pressure environments.!” The third form, the ¢-z
form, must be prepared through a low temperature coprecipitation route.?>?* It consists
of similar structural motifs, with the BiOg polyhedra made up of two different Bi—O
bonds (2.4-2.6 A) and the VO, tetrahedra made up of a single unique V-O bond length
(1.7 A).” These three structures are related through the application of either heat or

pressure, as illustrated in Figure 5.1.

Of the three phases of BiVOy, the m-f phase exhibits the greatest photocatalytic
performance.?* It has been hypothesised that this is due to the larger distortion of the
BiOg polyhedra in the m-f phase. To quantify this distortion, the distortion index (D)

can be calculated as

LAl — 1
D= = vk 5.2
ng (5.2)

b
where n is the number of bonds in the polyhedra, /; is the bond length, and [, is the
average bond length in the polyhedra.?

In the case of the three BiVO, polymorphs, the m-f BiOg are regarded as the most
distorted (D = 0.0452), followed by t-z (D = 0.0271), and finally t-s (D = 0.0152).
The distortion of the BiOg polyhedra is identified as a consequence of the Bi** cations
possessing stereochemically active lone pair electrons.?>?* Lone pair electrons play a
central role in determining the structural and electronic properties of both chemically
simple materials (such as the bent shape of H,O or the trigonal pyramidal shape
of NH3) to more complex macromolecules such as proteins.?®?” There are, however,
numerous examples of condensed phases that apparently violate the valence shell electron
pair repulsion (VSEPR) rules. Compounds with 6s* lone pair electrons (such as
Bi**t, Pb*", and TIT) are well known for their unique polar properties, such as Bi-

based semiconductors,?® Pb-based perovskite ferroelectrics,?? 3!

and the unusual magnetic
ordering in Tl-based oxide materials.?? The presence of lone pair electrons has also been
identified as an approach to engineer new materials with low thermal conductivity and
enhanced thermoelectric properties.?*3* In the case of m-f BiVOy, the overlap of the O

2p and Bi 6s orbitals impacted by the Bi** lone pair in the valence band allows for the
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Bi?* lone pair to be ‘stereochemically active’, leading to structural distortions in the BiOg
polyhedra.®> A coupling of the overlapping O 2p and Bi 6s orbitals allows for increased
mobility for photogenerated charge carriers, along with the distorted BiOg polyhedra

preventing recombination, explains the high photocatalytic activity of the m-f phase.!?

The structural influence of lone pair electrons is of interest in other heavier p-block
atoms.?® It has recently been established that the stereochemical influence of the lone
pair electrons in the compounds formed with ns?-containing metals is influenced by the
relative energy differences between the electronic states of the constituent atoms.?¢ In
some species, such as a-PbO, the structural influence of the lone pair is obvious; all
four coordinated oxygens are found on one side of the Pb?T cation with the lone pair
projected in the opposite direction. In other species, such as PbS, the 6s* electrons do
not appear to exert any influence on the long-range average structure, with Pb?* at the
centrosymmetric position of the PbSg octahedra (Figure 5.2). For metal oxides, the energy
separation between the cation ns and O 2p levels determines the stereochemical activity
of the lone pair, following the trend of: Sn?>T > Pb*" > Sb3* > Bi3* > Te't > Po?*. This
atomic orbital trend has been used to explain why SnO crystallises in a distorted litharge
structure, whereas PoO, forms the centrosymmetric fluorite structure. As an extension,
the implication is that the 6s? electrons are more likely to exert stereochemical influence in
Pb?* systems than in Bi** systems. However, this is not observed, with BiVO, displaying

monoclinic distortions that appear to be absent in the PbWO, analogue.

Figure 5.2: The structure of (a) a-PbO (Pbem). The four short Pb—O bonds reflect the projection of the
lone pair electron density in the opposite direction (along the a-axis). (b) The structure of PbS (Fm3m).
The centrosymmetry of Pb?* in the PbSg octahedra, and the six Pb-S bonds of identical length indicate
limited lone pair stereoactivity.
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Isostructural with the high temperature ¢-s form of BiVO,, PbWO, has a tetragonal
scheelite 14, /a structure at ambient temperature and pressure.’” The Pb?* cations are
bonded to eight oxygen atoms with two different Pbh-O bond distances (2.5-2.7 A).
Neutron and X-ray diffraction studies show the W% cations are bonded to four oxygen
atoms with a single W-O distance (1.7 A).3"3° Like BiVO,, PbWO, has been identified
as a promising photocatalyst for removing organic pollution in water.'#4%42 However, this
property is considered unusual for PbWO,, as other isostructural materials (such as the
‘original’ scheelite CaWQ,) have demonstrated no such photocatalytic activity.*®> This
implies that the Pb?* 6s? lone pair electrons are active in terms of its photocatalytic

activity, but not stereochemically active as observed in its lack of distorted PbOg

polyhedra (D = 0.0109).3

Recent SXRD and NPD studies of two other ABO, tetragonal scheelites with lone
pair-containing cations on the A site — TIReO4 and BigFeMo,;O15 — showed the absence
of any stereochemical influence of the lone pairs in their average structure using Bragg
diffraction.***> However, in both of these examples, neutron total scattering methods
showed the structure to have lower local symmetry than the average structure of the
material. This is a consequence of uncorrelated displacements associated with the 652 lone
pairs, where the lone pairs appear to be ‘active’ in the short-range structure, but ‘averaged
out’ over the long-range structure. These two oxides display unusual emphanitic-like
behaviour in their long-range structure, whereby they undergo symmetry lowering upon
warming as a result of displacements of cations from their centrosymmetric positions.*6:47

This behaviour has been identified as a result of a change in correlation length of the 652

lone pairs.

The observation of ‘hidden’ lone pair local ordering in the tetragonal polymorphs of
TIReO,4 and BizFeMoyO12, as well as the polyhedra distortions observed in NaBi(WQOy)
in Chapter 4, was made possible using total scattering data in the form of NPDF
analysis.** This has prompted a study of the high temperature ¢-s structure of BiVO,
to determine if similar cation displacements, as a result of the Bi** lone pair, can be
observed. This will be complemented with a similar study of PbWQO, and PbMoOy,

which have also been determined (using diffraction studies) to be highly symmetric in the
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tetragonal 4, /a space group, despite the presence of the lone pair-bearing Pb?* cation
and photocatalytic activity.*® The local structure of PbWQ, is compared to that of the

isostructural compound CaWQO, which does not contain a lone pair-bearing cation.

This chapter is separated into two main sections. The first section details a SXRD
and NPD study of BiVO,, where the 12/b — I4;/a phase transition is investigated. This
study is repeated using a combination of XPDF and NPDF to observe any symmetry-
lowering phenomena on the local scale as a result of the Bi** 652 lone pair. The second
section details a similar study of PbWO, which, according to the revised lone pair model,
should also exhibit structural distortions like its BiVO, counterpart. A full study of
this material is undertaken: including determining its optimal synthesis conditions, using
NPD to determine any signatures of lone pair activity, and using neutron total scattering
to compare and contrast with other scheelite-type oxides, such as the lone pair-bearing
T1ReO4 and non-lone pair-bearing CaWQO,. The chapter is then concluded with an outlook
on the future design of photocatalysts.

5.2 Synthesis Procedure and Experimental Methods

5.2.1 Sample Synthesis

BiVO, was prepared using a conventional solid state synthesis technique. BiyO3 (Sigma-
Aldrich, 99.9%) and V205 (Sigma-Aldrich, 99.6%) were used as reagents. BiyOj3 was
dried at 600 °C for 16 hours to remove adsorbed carbon dioxide and water. Due to its
low melting point (~690 °C), V5,05 was dried at 200 °C for 16 hours. Stoichiometric
amounts of BisO3 and V505 (enough to synthesise ~10 g of sample) were weighed and
finely ground in acetone using an agate mortar to obtain a homogeneous mixture. The
dried powder was pressed into a rod using a hydrostatic press at 200 bar for 10 minutes,

then heated in air in an alumina crucible at 750 °C for 24 hours.
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A similar procedure was adopted for the synthesis of PbMoO, and PbWO,. PbO
(May and Baker, 99%), MoOj; (Sigma-Aldrich, >99.5%), and WO3 (Aithaca Chemicals,
99.998%) were used as reagents, with each metal oxide first dried at 200 °C for 24 hours
to remove adsorbed carbon dioxide and water. Stoichiometric amounts of PbO and WO;
(enough to synthesise ~10 g of sample), and PbO and MoO3 (enough to synthesise ~4 g
of sample) were weighed and finely ground in acetone using an agate mortar before being
pressed into a rod using a hydrostatic press at 200 bar for 10 minutes. Each sample was

then heated in air in an alumina crucible at 800 °C for 24 hours.

CaWO, (enough to prepare ~5 g of sample) was also prepared using the solid state
synthesis technique. CaCOj (Sigma-Aldrich, 99.95%) was dried at 600 °C for 12 hours to
ensure no partial decomposition of CaCOs(s) = CaO ) + COyg) occurred. WO3 (Aithaca
Chemicals, 99.998%) was dried at 200 °C to remove adsorbed carbon dioxide and water.
Stoichiometric amounts were weighed and finely ground using an agate mortar before
being pressed into a rod using a hydrostatic press at 200 bar for 10 minutes. Each sample
was heated in air in an alumina crucible at 800 °C for 24 hours. All samples were ground

to a fine powder for analysis.

5.2.2 Synchrotron X-Ray and Neutron Powder Diffraction

SXRD data were collected for BiVO, and PbWO, over an angular range 5 < 20 < 85 °
at 21.0 keV (A = 0.59007 A), as determined by a structural refinement of a NIST
SRM660b LaBg standard, on the Powder Diffractometer beamline BL-10 of the Australian
Synchrotron.*® The BiVO, sample was housed in a 0.5 mm diameter quartz capillary. Due
to a potential reaction between Bi*t and the quartz capillary, and the high attenuation
of Bi**, each capillary was diluted in a 50:50 ratio with diamond powder. The PbWOQOy,
sample was housed in a 0.2 mm diameter borosilicate glass capillary for room temperature
measurements. Each sample was rotated during the measurements to minimise preferred
orientation effects. Variable temperature SXRD data were collected for BiVO, from

100-500 K using an Oxford cryostream, and from 400-750 K using a hot air blower.
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In situ synthesis measurements of PbWO, were collected within the rapidly-actuating
pneumatic thermal reactor (RAPTR),? with data collected at beamline 11-ID-B of the
APS at Argonne National Laboratory, USA (A = 0.2115 A, 58.62 keV). Following
translation of a pressed, stoichiometric mixture of PbO and WOj3 into the hot zone,
data were collected with one second exposures during the first minute, then at increasing
intervals at longer intervals: two second exposures (1-2 minutes), five second exposures
(2-4 minutes), and finally ten second exposures (4-5 minutes) to match the data density
of the anticipated rate of change for the reaction. Data were collected with the 2D area
detector placed far from the sample (1000 mm). The 2D image data were corrected for the
polarisation, detector transmission, and flat field, with badly performing pixels masked

prior to integration to 1D using the program GSAS-II.5

High resolution NPD data were measured using Echidna at the OPAL reactor operated
by ANSTO.?! Powder samples were loaded into 6 mm diameter vanadium cans, with
data collected over the range 15 < 26 < 155 ° with a step size of 0.05 °. For BiVOy,
three patterns were collected using the cryofurnace at 3, 300, and 723 K using 1.62 A
wavelength neutrons. For PbWO, and CaWQy, patterns were also measured in the
cryofurnace at 300 K using 1.30 A wavelength neutrons, as well as at 3 K using both
2.44 and 1.30 A wavelength neutrons. High intensity variable temperature NPD data for
BiVO, were measured using Wombat, also at the OPAL reactor operated by ANSTO.5?2
Powder samples were loaded into 6 mm vanadium cans, with data collected over the range
15 < 26 < 135 ° using 1.62 A wavelength neutrons. Data were collected upon heating
from 50-750 K.

Structures were refined using the Rietveld method implemented in the program
TOPAS6.5® The peak shapes were modelled using the Thompson-Cox-Hastings profile
function.”® The background was modelled using a 12*-order Chebyshev polynomial for
the SXRD, and a 6'"-order Chebyshev polynomial for the NPD. The scale factor, lattice
parameters, atomic coordinates, and ADPs were refined simultaneously with the peak
profile and background parameters. In the SXRD data where BiVO, was diluted with
diamond powder, an additional Le Bail fit was undertaken to account for the reflections

of the Fd3m diamond structure. The crystal structures were drawn using VESTA.
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5.2.3 X-Ray and Neutron Total Scattering

X-ray total scattering measurements for BiVO, were performed on beamline 11-ID-B of
the APS at Argonne National Laboratory, USA (A = 0.2115 A, 58.62 keV). A small amount
of finely ground sample was loaded into a borosilicate glass capillary (inner diameter
0.7 mm) to a height of 3 cm. Data were collected under ambient conditions for the sample,
an empty capillary, and the empty sample environment. The sample was loaded into a
flow-cell furnace and heated from 400-630 K before being cooled.?® During heating, the 2D
area detector was placed far from the sample (1000 mm) yielding data suitable for Rietveld
refinement, whereas during cooling the detector was placed close to the sample (180 mm)
for PDF data collection. The 2D image data were corrected for the polarisation, detector
transmission, and flat field, with badly performing pixels masked prior to integration to
1D using the program GSAS-I1.%° The PDF G(r) were calculated using the PDFgetX3

software from the xPDFsuite.””%® Calculations were performed using a Qs of 14.2 A1,

X-ray total scattering measurements for PbMoO, were performed on beamline 115-1
of the Diamond Light Source, UK (A = 0.161669 A, 76.69 keV). A small amount of finely
ground sample was loaded into a borosilicate glass capillary (inner diameter 0.78 mm)
to a height of 3.5 cm. Data were collected under ambient conditions for the sample, an
empty capillary, and the empty instrument. Diffraction data were collected using two 2D
area detectors at different distances relative to the sample: 860 mm from the sample for
Rietveld refinement and 200 mm from the sample for PDF analysis. The 2D diffraction
data were corrected for the polarisation, detector transmission, and flat field, with badly
performing pixels masked prior to integration to 1D using the program DAWN.% The
PDF G(r) were calculated using the PDFgetX3 software from the xPDFsuite with a Q4.
of 18.0 A=15758

Neutron total scattering data for BiVO,, PbWO,, and CaWO, were collected at 100
and 300 K using the NOMAD beamline at the SNS located at ORNL.%° For PbWOy,, the
sample was loaded into a 3 mm quartz capillary and run during mail-in operations. For
BiVO, and CaWOQy, samples were loaded into 6 mm vanadium cans. Data were collected

under ambient conditions for the empty instrument, an empty sample holder, and three
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calibration standards (diamond, silicon, and vanadium) to calibrate the instrument. For
the variable temperature measurements of BiVO,, the sample was run from 100-500 K
in the sample changer environment before being run from 500-750 K in the furnace
environment. Software available at the beamline was used to calculate the PDFs, with a
Qumaz of 31.4 A=1. As TOPASS lacks the functions required for anisotropic ADPs in PDF
fitting, these fits were performed using the program PDFgui.b!

5.3 Structural Studies of BiVO,

Structural studies of BiVO, are challenging, owing to the strong X-ray scattering of Bi®*
compared to V3T and O?~ (Zp+ = 80, Zys+ = 18, Zgy2- = 10), and the lack of scattering
of V** from neutrons (by = -0.38 fm). Therefore, a combination of SXRD and NPD
studies were undertaken in order to exploit the small sensitivity of V5T to X-rays, as well
as the sensitivity of O?~ to neutrons. This allowed for a precise structural model of BiVO,

to be obtained.

5.3.1 Room Temperature Synchrotron X-Ray and Neutron

Powder Diffraction

A polycrystalline sample of BiVO, was prepared using solid state methods and the
structure and phase purity were confirmed using SXRD and NPD. The two datasets
show significant differences between them. SXRD has a superior signal-to-noise ratio and
outstanding peak-shape resolution, allowing for the quantification of lattice parameters
and atomic coordinates of the cations, whereas NPD provides additional sensitivity to
the atomic coordinates of the oxygen anionic sublattice. Also evident in Figure 5.3 is the
difference in the scattering interaction between the two radiation sources, with X-rays
interacting with the electron cloud and the scattering factor dropping off with a Gaussian
envelope (Equation 2.6), whereas neutrons interact with the point-like nucleus of atoms

and have a constant scattering factor (Equation 2.8).
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At room temperature, BiVO, was indexed to the m-f structure in the I2/b space
group. Like the m-f I2/a space group used in Chapter 3 of this dissertation for LnNbO,
and LnTaOy, the 12/b is a non-standard setting of C'2/c that provides a ~ b and v # 90°
rather than a ~ ¢ and § # 90° in I2/a (Table A.9). This choice is made for ease of
comparison to the monoclinic P2;/c structure of TIReOy, for reasons that will become
apparent later in this dissertation. A combined SXRD and NPD Rietveld refinement was
performed using the starting parameters of BiVO, from the single crystal work performed
by Sleight et al. as a model.'® This was to complement the relative sensitivity of SXRD to
V5+ with the sensitivity of NPD to O?~. A combined Rietveld refinement was successfully
performed, with the lattice parameters and atomic coordinates in good agreement with

the Sleight et al. single crystal structural model.*®
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Figure 5.3: Rietveld refinements against the (a) synchrotron X-ray diffraction and (b) neutron powder
diffraction data of BiVO,4 at room temperature. The black circles represent the data, the red line
represents the calculate profile of the monoclinic fergusonite 72/b (and diamond in the synchrotron X-ray
diffraction data), the green line represents the difference between the data and the calculated profile, and
the blue (12/b) and orange (Fd3m) tick marks represent the space group-allowed reflections.

The BiOg polyhedra consist of four pairs of Bi-O distances ranging from
2.342(3)-2.637(3) A, whilst the VO, polyhedra consist of two pairs of V-O bonds at
1.66(2) and 1.79(2) A respectively. BVS analysis using Equation 3.1 indicates that both

Bi** and V°* are found in their ideal BiOg and VO, coordination environments, with
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Si; = 3.07 and 4.95 for Bi** and V5% respectively. Similar to the LnNbO, work discussed
in Chapter 3, the possibility of a longer V-0O; bond was also explored. A V-0, contact was
identified at 2.98(5) A, which is considerably larger than the secondary Nb-O; and Ta-0O;
contacts observed in HoNbO, and HoTaOy at 2.437(4) and 2.222(5) A respectively. These
are also further away than the longer Nb—O,; and Ta—O; contacts in the high temperature
scheelite-type structures that were identified as nonbonding (Figure 3.23). Further BVS
analysis also revealed little contribution of the V-O; bond to the BVS (0.044, compared
to 1.3 and 1.5). Therefore, it was concluded that BiVO, consists of BiOg polyhedra
and distorted VO, tetrahedra, although in this dissertation they will be drawn as VOg
distorted octahedra to emphasise their identical symmetry to LaNbO, and to distinguish
between the m-f 12/b and t-s 14, /a structures (Figure 5.1).

5.3.2 Variable Temperature Synchrotron X-Ray Diffraction

A sample of BiVO, was cooled to 100 K using an Oxford cryostream, and diffraction
patterns were measured upon heating from 100-500 K on the Powder Diffraction beamline
at the Australian Synchrotron. The Oxford cryostream was then swapped for a hot air
blower, and diffraction data were collected from 300-900 K. To calibrate the temperature
between the two sample environments, the lattice parameter of the diamond diluent
was compared and the hot air blower temperature was adjusted to match that of the
cryostream. At temperatures above ~820 K, additional reflections emerged that were not
modelled by either the m-f 12/b or the t-s 14, /a phases. After indexing the pattern, two
additional phases were identified: Bi;V,01; (space group 74/mmm) and Bi,SiOj5 (space
group Cmc2;). As the sample of BiVO, decomposed, and these additional side products
remained present upon cooling, diffraction data measured above ~800 K and upon cooling

were not analysed.

The refined unit cell parameters of BiVO, are shown in Figure 5.4. Upon heating, the
monoclinic unit cell undergoes anisotropic thermal expansion, with the a lattice parameter
decreasing while the b lattice parameter increases. A phase transition is observed between

512-527 K, in good agreement with the 525 K phase transition temperature reported in
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Figure 5.4: Rietveld refinements for the synchrotron X-ray diffraction variable temperature dataset of
BiVOy,, with (a) the a and ¢ lattice parameters, (b) the unit cell volume, (c) the monoclinic v angle, and
(d) the z atomic coordinates of Bi*T and V57 plotted against each other. The black dashed line represents
the temperature of the 12/b — I4;/a phase transition, and the red dashed line is a fit described in the
text.

the literature.17-20:21,62

However, the phase transition shows a discontinuity in the lattice
parameters upon heating which are not indicative of a continuous phase transition, and
will be discussed in detail later in this dissertation. The unit cell volume also increases
linearly in both the monoclinic and tetragonal phases, with a change in the rate of thermal
expansion observed between the two phases. The thermal expansion was quantified using
Equation 4.1, with the c-axis expanding at a greater rate than the average of the a- and
b-axes (. = 7.2x 107 K™, oy, = 4.1 x107% K1) reflecting the layered-like arrangement
of the BiVO, structure.*% The volume of the m-f structure expands at a slower rate
[y (mpy = 1.5 x 107° K] than the t-s structure oy 5y = 2.9 x 107° K], which is in
line with other variable temperature studies of BiVO,, but interestingly contrasts with

other fergusonite- and scheelite-type structures.%6-68
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Two features of the SXRD data are prominent, and worth discussing. The first is
the apparent discontinuity in the lattice parameters when transitioning between the 12/b
and I4;/a phases. Such a discontinuity was not noted in the earlier work concerning
the 12/a — I4,/a phase transitions of HoNbO, or HoTaO, in Chapter 3. To better
observe the behaviour of the phase transition, the (200) and (020) Bragg reflections
were inspected in more detail (Figure 5.5a). Upon heating from 300 K, each reflection
displays an increase in full width at half maximum (FWHM) upon approaching the phase
transition. This was modelled by fitting two Gaussian curves of equal FWHM at various
temperatures, and is plotted in Figure 5.5b. That the FWHM increases through the phase
transition provides further evidence that this is not purely a second order ferroelastic phase
transition. There was also a considerable amount of scattering detected between the (200)
and (020) reflections, which was presumably due to domain wall broadening between the

ferroelastic 12/b and paraelastic 14, /a phases. This point will be explored further below.
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Figure 5.5: (a) Synchrotron X-ray diffraction data for BiVO, heating from 300-700 K, highlighting the
(200) and (020) reflections in the low temperature data, and (004) in the high temperature data. (b)
The plotted full width at half maximum of the reflections across the temperature range, fitted using two
Gaussians of equal width. The dotted line indicates the I2/b — I4;/a phase transition.

As described for HoNbO, in Section 3.4.1, the modes that govern the observed
I2/b — I4,/a phase transition, T'{ and Ty, were identified using ISODISTORT.® These
modes are capable of displacements or strain within the structure, with the atomic
displacements allowed by each mode in the 12/b space group notated in Table 5.1. The
atomic displacements of both Bi** and V5% in the z-direction [henceforth, notated as Bi(z)

and V(z) respectively] are only driven by the I'; mode, and hence are identified as the
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primary order parameter for the 12/b — 14, /a phase transition, in line with previous work
and as described for HONbO, in Section 3.4.1.9%7 Tt is also important to note that the 'y
mode has the same symmetry as the By optical phonons, meaning this phase transition is
governed by the condensation of a soft optical phonon rather than a soft acoustic phonon
as seen in other ferroelastic studies. This means the 12/b — [4;/a transformation in
BiVO, cannot be considered a true ferroelastic phase transition, as has been suggested in
previous Raman spectroscopy studies.” ™ Furthermore, Bi(z) and V(z) are both coupled
with the I'; mode, meaning a linear relationship should be observed between the two.
This is observed with the two atomic coordinates plotted against each other in Figure
5.4d. Therefore, this relationship can be used to effectively determine the atomic position
of the near-zero scatterer vanadium in the NPD studies by relating it to the position of

bismuth.

Table 5.1: Atomic displacements allowed by the FT and F;r modes in the space group I2/b. In this case,
the letters a—h have been used to denote the magnitude of the atomic displacements, with the subscripts
used to denote which are coupled.

I'T |dx oy oz Iy [dz oy oz
( )0 0 0 Bi(l) | 0 0
V)| 0o 0 0 V(1) | 0 0 e
(1) aq b1 C1 O(l) fl g1 hl
(2) bQ as C2 0(2) g2 fQ h2

The second feature worth discussing is the apparent anomalous behaviour of the
monoclinic vy angle at low temperatures. The monoclinic v angle decreases towards 90 °
as it approaches the 12/b — I4;/a phase transition temperature (Figure 5.4c). However,
an inspection of the full temperature range revealed that upon heating from 100 K the
angle undergoes an unexpected increase from 90.3482(5) to 90.3601(5) ° at 230 K, before
decreasing towards 90 ° at the I2/b — I4;/a phase transition. This low-temperature
behaviour is unusual, and is expected to saturate at lower temperatures based on the
internal energy of the system.”™ Furthermore, this observation appears to be unique to
this study, as it has not been reported previously in the literature. Attempts to model
this using the Landau mean-field theory used for HoONbO, and HoTaO, in Chapter 3 will

be performed later in this dissertation.
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5.3.3 Variable Temperature Neutron Powder Diffraction

The same batch of BiVO, sample analysed using SXRD was also analysed using variable
temperature NPD. However, due to the near-zero scattering of vanadium by neutrons,
several constraints were placed on the Rietveld refinements. Firstly, initial Rietveld
refinements outputted large, negative ADPs for V3 due to its near-zero neutron scattering
length. In order to correct for this, the ADP value of V> was constrained to be equal to
that of Bi**, with a separate value used to describe the ADP of the oxygen anions. The
near-zero scattering of vanadium also resulted in a lack of change and large uncertainties
for the atomic coordinates of V. In order to overcome this issue, the linear coupling
between Bi(z) and V(z), as determined by the previous mode analysis and the SXRD
data, was used such that the two atomic coordinates were linearly correlated with each
other. Therefore, the large neutron scattering length of bismuth was used to account for

the lack of scattering from vanadium.

In addition to the room temperature (300 K) dataset, two more patterns of BiVO,
were collected using the high resolution neutron powder diffractometer: one at 3 K, and
another at 723 K. These two datasets were refined, with lattice parameters and atomic
coordinates in good agreement with previous studies.'™® At 3 K, BiVO, adopts the m-f
12/b structure, whereas at 723 K it adopts the t-s I4;/a structure. Consistent with the
variable temperature SXRD data, the monoclinic v angle was smaller at 3 K than at
300 K, with the angle measured to be 90.3606(14) and 90.3791(15) ° respectively. The
increase in FWHM of the (200) and (020) reflections identified in the SXRD data was
unable to be investigated due to the limited peak-shape resolution afforded by NPD.

Variable temperature measurements were collected on the high intensity neutron
powder diffractometer from 50-750 K in the cryofurnace. The results of these are shown in
Figure 5.7. A majority of the phenomena observed in the SXRD variable temperature data
(Figure 5.4) are also present in the NPD variable temperature data. The a and b lattice
parameters show anisotropic thermal expansion, as well as a phase transition observed
at a similar temperature of ~510 K (Figure 5.7a). The ~15 K difference between the
SXRD and NPD phase transition temperatures is presumably due to the difference in
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Table 5.2: Rietveld refinement structural parameters, bond distances, and bond valence sums for BiVO,
against neutron powder diffraction data. The atomic coordinates of vanadium have been fixed as described

in the text.

Temperature (K) 3 300 723
Space Group 12/b 12/b I41/a
a (X) 5.20043(7) | 5.19018(7) | 5.15764(6)
b (K) 5.06904(8) | 5.08576(9) —a
¢ (A) 11.67107(14) | 11.68862(17) | 11.7581(4)
v (°) 90.3608(11) 90.3811(12) =90
Vol. (A%) 307.681(7) | 308.526(8) | 312.781(13)
Bi - 0.63708(10) | 0.63431(11) —5/8
> = 0.13346(3) | 0.13117(10) —1/8
0(1) = 0.1514(2) 0.1474(2) | 0.1368(2)
0(1) y 0.5117(2) 0.5092(2) | -0.0002(3)
o(1) = 0.21017(9) | 0.20811(11) | 0.20261(12)
0(2) z 0.2637(2) 0.2601(2) -
0(2) y 0.3799(2) 0.3813(2) -
0(2) - 0.44818(9) | 0.44906(11) -
Bi-0(2) 2.6766(15) | 2.6353(17) | 2.5033(15)
Bi-0(2) 2.5343(12) | 2.5143(12) -
Bi-0O(1) 2.3336(12) 2.3586(12) 2.4498(13)
Bi-0O(1) 2.2056(14) | 2.3431(16) -
BiOg 26.3 26.5 27.0
D (BiOg) 0.05912 0.04547 0.01079
V-0(1) 2.8006(12) | 2.0408(14) | 3.0468(14)
V-0(1) 1.7799(12) | 1.7650(13) | L.7308(15)
V-0(2) 1.6917(12) | 1.6990(13) -
0(1)-V-0(1) 119.60(9) | 118.77(11) | 116.36(10)
0(2)-V-0(2) 111.43(9) | 113.00(11) -
0(2)-V-0(1) 104.74(5) 105.04(6) | 106.14(5)
0(1)-V-0(2) 104.74(5) 105.04(6) -
VO, 2.65 2.64 2.63
D (VO5) 0.02542 0.01929 =0
BVS (VOq) 1.93 1.95 -
BVS (VO,) 183 1.86 4.86
Rup (%) 5.00 477 5.12
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Figure 5.6: Rietveld refinements for BiVO, using neutron powder diffraction at (a) 723 K refined to
the I4,/a space group, (b) 300 K refined to the I2/b space group, and (¢) 3 K refined to the 12/b
space group. The black circles represent the data, the red lines represent the calculated profile, and the
green line represents the difference between the data and the calculated profile, and the blue tick marks
represent the space group-allowed reflections.

thermometry between the two experiments. A similar increase in the rate of thermal
expansion is observed in the unit cell volume (Figure 5.7b), as well as a decrease in the
monoclinic v angle towards 90 ° at the /2/b — I4,/a phase transition (Figure 5.7c). The
same lack of saturation in the monoclinic v angle, as observed in the SXRD and Echidna
data, is observed once more in the Wombat data, with the monoclinic v angle achieving
a maximum value at ~220 K. The ADPs of Bi** + V°* as well as O?~ show an increase

with temperature (Figure 5.7d).

Attempts to model the monoclinic v angle using the Landau mean-field theory-type
analysis used for HONbO, proved inconsistent. Recall that if the amplitude of the order
parameter of a given phase transition follows the power law n = A(T, — T)?, it may be
identified as second order if the critical exponent 5 = 0.5. Fitting the same expression to

the variable temperature data of the monoclinic v angle yields § = 0.414 over a reduced
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Figure 5.7: Rietveld refinements for the neutron powder diffraction variable temperature dataset of
BiVOy, with (a) the a and ¢ lattice parameters, (b) the unit cell volume, (¢) the monoclinic v angle, and
(d) the atomic displacement parameters of Bi + V, as well as O. The black dashed line represents the
temperature of the 12/b — I4,/a phase transition.

400-510 K range, and = 0.5 within 50 K of the phase transition (Figure A.16). Attempts

k.76 which was

were also made to introduce a ‘saturation term’ as seen in previous wor
also unsuccessful. Therefore, the 12/b — I4;/a phase transition observed in BiVO, does

not appear to be a second order ferroelastic phase transition.

Due to the difference in scattering length between the three atoms (bg; = 8.53,
by = -0.38, bp = 5.80 fm), the NPD data affords great sensitivity to the oxygen anionic
sublattice. As a result, the Bi-O and V-0 bond lengths are plotted (Figure 5.8). A change
in the BiOg polyhedra is evident in undergoing the 12/b — I4;/a phase transition, with
the number of different Bi-O bond distances decreasing from four to two. Similarly,
changes in the VO, polyhedra are also observed, with the number of distinct V-O bond
distances decreasing as the symmetry of the structure increases. The length of the V-0,

distance also displays a discontinuity which was not present in the analysed HoNbO, and
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Figure 5.8: Temperature dependence of the (a) Bi-O bond distances and (b) V-O bond distances upon
heating. The dotted lines indicate the I2/b — I4; /a phase transition.

HoTaO, oxides (Figure 3.23), accompanied with a small discontinuity in the other V-O
bond distances. This is presumably an artefact due to the lack of sensitivity to the V

atomic position.

The 12/b — 141 /a phase transition has been investigated previously in the literature.
Bierlein et al. identified that BiVO, was ferroelastic, identifying a displacive and
nonquenchable phase transition that was second order in nature.” However, this transition
was re-examined by Pinczuk et al. later, who identified a soft optical phonon in
the variable temperature Raman spectra of BiVO,.” A follow-up variable temperature
Raman study then identified that the phase transition was not simple, with a secondary
order parameter also present.” Further studies identified the large anisotropy for Bi*,
particularly along the [001] direction, possibly due to the 6s? lone pair.!®2580 This led
David et al. to conclude that whilst the transition is continuous, it may not conform

exactly to a second order phase transition.®°

Finally, a brief comparison is made between the 12/a — I4,/a phase transition in
HoNbO, in Chapter 3, and the I2/b — I4;/a phase transition observed in BiVOy in
the current chapter. The normalised polyhedra volume are plotted in Figure 5.9. An
interesting feature of these phase transitions is that they appear to be driven by changes
occurring at different sites of the structure. The phase transition in HoONbO4 was driven

by a combination of a rotation of the NbOg polyhedra and a breaking of the longer
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Nb-O; bonds at the B site, as governed by the I'; mode. This is seen in Figure 5.9,
where the NbO, tetrahedra expand in volume before the rate of expansion decreases in
the tetragonal 74 /a phase. This is also accompanied by a constant rate of change in the
volume of the HoOg polyhedra, indicating they do not heavily contribute to the phase
transition. However, the phase transition in BiVO, appears to be driven by a change at
the A site, with the rate of expansion of the volume of the BiOg polyhedra increasing
after undergoing the 12/b — I4;/a phase transition. Like the HoOg polyhedra, the VO,

tetrahedra show a constant rate of change in their volume.
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Figure 5.9: Temperature dependence of the normalised (a) HoOg and NbOy, and (b) BiOg and VO,
polyhedra volumes. The dotted lines indicate the phase transition. The solid lines have been drawn to
guide the eyes.

BiVO, is a rare example of a metal oxide that undergoes a symmetry raising phase
transition upon pressurising.!” In HoNbQy, heating the room temperature structure
results in a [2/a — I4;/a phase transition at ~775 °C,®! whereas pressurising the
room temperature structure results in a 12/a — P2;/c phase transition at ~19 GPa.??
Paradoxically, BiVO4 shows the same 12/b — I4;/a upon both heating (at ~250 °C)
and pressurising (at ~1.5 GPa).'” It is postulated that the Bi** 6s? lone pair electrons
impact the compressibility of the polyhedra. However, the change in the AOg polyhedra
and BO, tetrahedra volume as a function of pressure has not been looked at in detail for

either HONbOy4 or BiVOy,. This is an observation worth further pursuing.

The SXRD and NPD diffraction data demonstrates a number of features that are
worth recapping. Firstly, BiVO, represents a challenging diffraction study due to the

comparatively large X-ray scattering of Bi**, as well as the near-zero neutron scattering
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of V. Using SXRD, a linear relationship between the atomic coordinates of Bi** and
V5* was identified. This relationship could then be used to identify the position of the
V5T cations in the NPD. Despite BiVO, being previously referred to as a ferroelastic
phase transition in the literature,”™ observation of the unit cell parameters obtained using
Rietveld refinement demonstrate that this is not the case. A large discontinuity was
observed in the lattice parameters across the 12/b — [4;/a phase transition, as well as in
the V-0 bond lengths. Furthermore, various features in the BiVO, data are unusual, such
as the increase in the FWHM of the (200) and (020) reflections on approaching the phase
transition, the decrease in monoclinic vy angle upon cooling from 200 K to 50 K observed
in both the SXRD and NPD data, and the increase in the rate of thermal expansion of
the BiOg polyhedra. These features may be the result of the stereochemical activity of
the Bi** 652 lone pair, which is presumed to play a role in the structure of BiVO, due to
the anomaly high ADPs in the NPD Rietveld refinements. The influence of the 6s* lone
pair on the local structure is not well accounted for in the long-range average diffraction

data, and may provide clues as to the origin of these anomalous structural features.

5.3.4 X-Ray Total Scattering

X-ray Bragg diffraction data collected at the 11-ID-B at the APS at Argonne National
Lab further confirm that the sample of BiVO, was phase pure (Figure 5.10). Data were

collected upon heating from 400-630 K, and reproduced all of the main features from the
previous SXRD and NPD Rietveld refinements (Figure A.17).

Close attention was paid to the (200) and (020) Bragg reflections in the SXRD data.
Rietveld refinements to each of the diffraction datasets are displayed in Figure 5.11, with
an emphasis on the (200) and (020) Bragg reflections. The superior peak-shape resolution
of the Australian Synchrotron data shows irregular peak shapes at the phase transition,
which are not replicated in the APS data. This was identified to be the result of domain
wall broadening between the ferroelastic 12/b and paraelastic I4;/a phases of BiVO,.
Domain wall broadening occurs when a material undergoes an increase in symmetry from

a ferroelastic to a paraelastic phase, resulting in different polarisation vectors within
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Figure 5.10: Rietveld refinements for BiVO, using synchrotron X-ray diffraction at (a) 600 K refined to
the I4;/a space group, (b) 500 K refined to the I2/b space group, and (c) 400 K refined to the I2/b
space group. The black circles represent the data, the red lines represent the calculated profile, and the
green line represents the difference between the data and the calculated profile, and the blue tick marks
represent the space group-allowed reflections.

the material. This has been extensively studied in the literature,® where Lim et al.
identified two different types of domains in ferroelastic crystals, such as BiVO,, based
on the ferroelastic strains of the system.’ These have previously been studied using
solid state nuclear magnetic resonance (NMR) spectroscopy, with 2°Bi NMR used to
differentiate between the two distinctive domains.®* The superior peak-shape resolution
of the Australian Synchrotron dataset allow for the detection of these broad features, and

suggests the Bi*t 652 electron lone pair is active across the phase transition.
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Figure 5.11: Rietveld refinements to the variable temperature datasets of BiVOy collected using (a—
d) the Australian Synchrotron, (e-g) the Advanced Photon Source, and (h-k) Wombat. The black
circles represent the data, the red lines represent the calculated profile, and the green line represents
the difference between the data and the calculated profile. The anomalous peak shapes identified in the
Australian Synchrotron data are identified as the result of domain wall broadening within BiVOy.

Upon cooling, the detector was moved closer to the sample and data suitable for X-
ray total scattering analysis were collected. The XPDF data for BiVO, upon cooling are
plotted in Figure 5.12. Recall that in undergoing the 12/b — I4;/a phase transition,
the number of different bond lengths in the VO, tetrahedra reduces from two to a single
unique distance. This is coupled with a reduction from four to two different Bi—O bonds
in the BiOg polyhedra. This is evident from the temperature dependence of the XPDFs,
where the first peak at r ~1.67 A, associated with the V-O bond distances, appears to
sharpen upon heating. This indicates that the VO, tetrahedra increase in symmetry;
from two different V-O distances to a unique distance in the high temperature 14;/a
phase. However, the same is not observed in the Bi-O bond distances between 2.0-3.0 A,
where little broadening is observed across the phase transition. This suggests that the

local polyhedra environments of the VO, tetrahedra and BiOg polyhedra are not captured
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Figure 5.12: X-ray pair distribution function data for BiVO,4. The data were taken at 400 K (blue), 500
K (orange), and 600 K (red).

by the long-range average models. The remaining peaks (r > 3.5 A) in the XPDF data,
corresponding to various cation—cation distance pairs, show a noticeable shift to higher r

with temperature, consistent with the thermal expansion of the material.

Fits to the XPDF data were conducted using the long-range m-f 12/b (400-510 K) and
t-s 141 /a (540-620 K) models, with example fits shown in Figure 5.13. When fitting the
XPDF data, a spherical correlation function was used to model the change in B;,, with
respect to r. This gives a local ADP (referred to as Bjeq, Or B;) and a ‘high’ value at high
r (referred to as Bp,gn). This accounts for local correlations, such as the correlated V-O
bond distances in VO, tetrahedra, whilst allowing for a change in correlation for atom—
atom pairs with longer interatomic distances.® Initially, a fitting range of 1.0-30 A was
attempted. However, these returned poor fits to the data. The V-O and Bi—O distances
between 1.6-3.6 A were poorly reproduced in all datasets, regardless of the long-range
average model used. This is also seen at high r, with several peaks either misfit or overfit

using the long-range average structural models.

Due to the lack of sensitivity of XPDF data to the V-O and Bi-O pairs, fits were
performed from 3.3-30 A to determine information on the cation—cation distances (Figure
5.14b). Interestingly, by reducing the fitting range from 1.0-30 to 3.3-30 A, the peaks
associated with either Bi-V or Bi-Bi distances (such as ~4.0, ~6.4, and ~8.3 A) were
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Figure 5.13: X-ray pair distribution function fits for the variable temperature dataset of BiVOy4 over a
range of 1.0-30 A. Data taken at (a) 600 K and fit to the t-s I4;/a model, and at (b) 400 K and fit to
the m-f 12/b model.

better fit, whereas little change occurs in fitting the peaks associated with the V-V
distances (such as ~5.2, ~6.9, and ~7.3 A). This improvement in the fit with a shorter
fitting range was coupled with an increase in the local ADP of the Bi*" site [B;(Bi*T) =
0.84 vs. 1.3 A2]. This could potentially correspond to local static disorder at the Bi3*
site not captured by the m-f I12/b structural model, potentially as the result of the 6s?

lone pair electrons.

By observing the fits to the XPDF data in Figure 5.13, there appear to be significant
misfitting to the local V-O and Bi-O distances between 1.2-3.5 A, as well as a substantial
amount of features in the difference curve across the remaining 3.5-30 A. By shortening
the fitting range, a better fit to the XPDF data is obtained, indicating the long-range
average structure does not capture the local environment of the BiOg polyhedra and
VO, tetrahedra. As seen in the study of the NaBi(WQy), local structure using NPDF in
Chapter 4, displacement of Bi** from its centrosymmetric position, due to its 6s2 lone pair
electrons, can cause distortions in the BiOg polyhedra. These increase the distribution of
Bi—O bond distances. As XPDF data is insensitive to modelling these local environments,

NPDF was used to determine the Bi-O bond distances within the system.
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Figure 5.14: XPDF data for BiVO, at 400 K fitted over a range of (a) 1.0-30 A and (b) 3.3-30 A. (c) The
calculated partial fits, with focus placed on the cation—cation distances. The blue circles represent the
measured data, the solid red line represents the calculated profile, the green line represents the difference
between the observed and calculated profiles.

5.3.5 Neutron Total Scattering

NPD data suitable for total scattering analysis were collected using two different sample
environments: a cryostream from 100-500 K, and a furnace capable of heating from
500-750 K. A measurement was taken at 500 K in each environment to confirm the
accuracy between the two. There are two main advantages of NPDF over XPDF. Firstly,
neutron diffraction is sensitive to the oxygen atomic coordinates, which will allow for a
thorough understanding of the BiOg polyhedra within the BiVO, structure. Secondly, the
data is Fourier transformed from a structure function S(Q) with a larger @), providing
better short-range resolution for the cation—oxygen and oxygen—oxygen distances that are
not visible in the XPDF due to a combination of the weak scattering of X-rays and the

limited short-range real-space resolution.
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The data at 100 K were fitted first due to the reduced thermal motion, allowing
for greater sensitivity to static disorder. Three distinct crystallographic models were
tested: the high temperature t-s I4;/a structure derived from the Bragg fits of BiVOy,
the room-temperature m-f 12/b structure also derived from the Bragg fits of BiVOy,
and the monoclinic P2;/c structure modelled from the TIReO, structure.** The 4, /a
structure has the Bi*™ and V°* cations occupying special symmetry-constrained Wyckoff
positions, where only a single O?~ site is not constrained and can be refined. This general
oxygen position, as previously stated, allows for rotations of the BO, polyhedra in the
T4y /a model 3% In the 12/b structure, there are two general O?~ sites and the Bi(z) and
V(z) atomic coordinates are free to move for a total of eight variable position parameters.
The P2;/c structure is still metrically tetragonal, however has been tripled along the
a-axis to capture the different arrangements of the BO, tetrahedra. This allows for even
more degrees of freedom, with six cation and 12 anion sites, each at general x, y, and z
positions. This model has previously been shown to successfully account for distortions
present in ABO, materials containing 6s*> A-site cations.** When modelling the P2,/c
structure, fitting was done with restraints placed such that the V-O bond distances were
equal, and the O-V-O bond angles were fixed to the ideal ~109.5 ° tetrahedra value
predicted by VESPR theory.?6:?" This keeps the VO, tetrahedra ‘rigid’ to prevent any
distortions, while still allowing the tetrahedra to rotate. Each of these structural models

are illustrated in Figure 5.15.
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Figure 5.15: Crystallographic models for (a) ¢-s I4; /a, based on the high-temperature structure of BiVOy,
(b) m-f I2/b, based on the room-temperature structure of BiVOy, and (c) the monoclinic P2; /¢, based
on the room temperature structure of TIReOy.
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The NPDF fits of BiVO, at 100 K were conducted using each of the structural models
across a fitting range of 1.2-30 A (Figure 5.16). The t-s I4,/a structure (Figure 5.16a)
returns a poor fit at both low and high . Upon lowering the symmetry from the tetragonal
structure to the monoclinic structure, the fit is greatly improved (Figure 5.16b). It is
clear that the local structure of BiVO, at 100 K closely resembles the long-range average
structure derived from the Bragg diffraction. However, there appears to be peak misfitting
at low r, with the features between 2.0-3.0 A unable to be fully captured by the I2 /b
model. Further symmetry lowering from the 72/b to the P2;/c with rigid tetrahedra
resulted in a worse fit than the 72/b model, which was unexpected considering the P2, /c
model has the lowest symmetry and the highest number of degrees of freedom (Figure
5.16¢). Although the local region from 2.0-3.0 A is improved compared to the high
symmetry I4;/a model, a poorer fit results from the constraints placed on the model,

particularly at high r.

G(n)

Figure 5.16: Neutron pair distribution function data fits to BiVO,4 at 100 K for (a) t-s I41/a, (b) m-f
I2/b, and (c) monoclinic P2, /¢ with rigid VOy4 tetrahedra, and (d) monoclinic P2;/c with flexible VO4
tetrahedra. The data is fitted over a range of 1.2-30 A, with the first half highlighting the fit from
1.2-6.0 A, and the second half highlighting from 6.0-30 A. The blue dots represent the measured data,
the solid red line represents the calculated profile, the green line represents the difference between the
observed and calculated profiles.
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The misfitting of the local features at 2.0-3.0 A were further investigated, with the
P21 /c model (previously used to successfully model the local symmetry of TIReO,) looked
at in more detail.** Firstly, in the NPDF of TIReOy, the ReOy tetrahedra were treated
as rigid. As explored in more detailed below, this is due to the high oxidation state of
Re™, short Re-O bonds (~ 1.73 A), and 5d orbital interactions of Re™ resulting in
a lack of polarisability of the Re-O bonds. However, the VO, tetrahedra modelled by
the m-f 12/b model at 100 K to the Bragg data indicates that the VO, tetrahedra are
distorted, with two V-O bond distances (~1.69 and 1.78 A) and different O-V-O bond
angles (105-118 °). Evidently, deformations of the VO, tetrahedra are required to fit
the long-range average structure. The fit to the P2;/c model was repeated, but with
the restriction of the rigid VO, tetrahedra relaxed. Distance restraints of 1.73 + 0.06 A
for the V-O distances, and 2.55 + 0.3 A for the Bi-O distances were imposed. This
allowed for deformation of both the BiOg polyhedra, as well as the VO, tetrahedra. The
fit with flexible BiOg polyhedra and VO, tetrahedra is displayed in Figure 5.16d, and
demonstrates an overall improvement in the fit at both low and high r compared to the
I2/b model. Histograms of the Bi-O and V-O bond distances, and the O-V-O bond
angles, for all four models are displayed in Figures 5.17-19 which show how allowing for
distortion of the VO, tetrahedra in the monoclinic P2;/c model results in Bi-O and V-O
bond distance and O-V-O bond angle distributions similar to those observed in the m-f

12/b model.

To investigate the cause of the deformations in the BiOg polyhedra and VO,
tetrahedra, the partial NPDFs were plotted to identify the features that the flexible
P2, /c model fits better compared to the 12/b model (Figure 5.20). The lack of scatter
from the V°T cations is noteworthy, where despite their strong partial contribution do not
display a peak at ~1.7 A coinciding with the V-O distances within the VO, tetrahedra.
Secondly, the features that were inadequately fit in the 74;/a and 12/b structural models
between 2.0-3.0 A require a broad distribution of Bi-O and O-O distances as a result
of the deformation of the BiOg polyhedra and VO, tetrahedra (Figure 5.18). Therefore,
relaxing the symmetry of the long-range average structure from m-f 12/b to the flexible
monoclinic P2;/c structure, consistent with the presence of stereochemically active 6s

lone pair electrons, is required to model the features on the local scale.
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small box fits of the neutron pair distribution function data using the (a) t-s 141/a, (b) m-f 12/b, (c)
P2, /c with rigid VOy4 tetrahedra, and (d) P2;/c with flexible VO, tetrahedra models.
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Figure 5.18: Distribution of V-O bond distances in the VO, tetrahedra of BiVO, extracted from the
small box fits of the neutron pair distribution function data using the (a) t-s 141 /a, (b) m-f 12/b, (c)
P2, /c with rigid VOy4 tetrahedra, and (d) P2;/c with flexible VO, tetrahedra models.
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Figure 5.19: Distribution of O—V—-O bond angles in the VO4 tetrahedra of BiVO, extracted from the
small box fits of the neutron pair distribution function data using the (a) t-s 141 /a, (b) m-f 12/b, (c)
P2, /c with rigid VOy tetrahedra, and (d) P2;/c with flexible VO, tetrahedra models.
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Figure 5.20: Neutron pair distribution function fits to BiVO,4 at 100 K for (a) the m-f I2/b, and (b)
the monoclinic P2;/c model with flexible BiOg polyhedra and VO, tetrahedra. (c,d) The calculated
partial contributions of each atom-atom pair. The data is fitted over a range of 1.2-30 A, with a focus
on 1.0-6.0 A. The blue circles represent the measured data, the solid red line represents the calculated
profile, the green line represents the difference between the observed and calculated profiles.
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54

Figure 5.21: Neutron pair distribution function fits to BiVO,4 at 550 K for (a) t-s 14y /a, (b) m-f I2/b,
(¢) monoclinic P24 /c with rigid VO, tetrahedra, and (d) monoclinic P2, /c with flexible VO, tetrahedra.
The data is fitted over a range of 1.2-30 A, with the first half highlighting the fit from 1.2-6.0 A, and
the second half highlighting from 6.0-30 A. The blue dots represent the measured data, the solid red
line represents the calculated profile, the green line represents the difference between the observed and
calculated profiles.

The NPDF data measured between 100 and 500 K was well fitted with the monoclinic
P2, /c flexible model. A similar approach of fitting the four different models to the NPDF
of BiVO, above the 12/b — I4;/a phase transition at ~520 K was explored. To minimise
the contribution of dynamic disorder, the NPDF data collected at 550 K was modelled in
detail (just above the 12/b — I4;/a phase transition). This dataset was confirmed to be
long-range ¢-s 14;/a from Rietveld refinements performed on the Bragg diffraction data.
The fits to the four models are displayed in Figure 5.21. The t-s I4;/a model fits the
data well at high r, but struggles to account for the local features at low r (Figure 5.21a).
This is similarly seen in the m-f 12/b model, where the local features at ~3.0 A are not

well fit (Figure 5.21b). This is despite the 12/b model returning an almost tetragonal
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metric for its unit cell parameters [a = 5.153(2) A, b = 5.144(2) A, ¢ = 11.727(2) A,
v = 89.94(4) °]. Upon lowering the symmetry to the monoclinic P2;/c structure with
rigid VO, tetrahedra, the local features at low r are well reproduced (Figure 5.21c).
However, this model results in the worst fit out of the four models across the entire
1.2-30 A fitting region, with a substantial amount of features identified in the difference
curve in the long range, high-r region. Finally, the monoclinic P2;/c model with flexible
BiOg polyhedra and VO, tetrahedra produced the best fit to the data, with features well
reproduced at both local low r and long range high r (Figure 5.21d). Similar results are
seen at higher temperatures, with the flexible P2;/¢ model producing the best fits to the
NPDF up to 750 K.

The individual BiOg polyhedra and VO, tetrahedra environments were analysed upon
heating from 100-750 K. In the Bragg diffraction data, the low temperature m-f 12/b
structure is made up of BiOg polyhedra with four different Bi—-O bonds and VO, tetrahedra
with two different V-O bonds. In the high temperature t-s I4;/a structure, the BiOg
polyhedra consist of two distinct Bi-O bonds, whereas the VO, tetrahedra consist of
a single unique V-O bond. A histogram of the Bi-O and V-O bond lengths in their
respective polyhedra was extracted from the NPDF fits to the flexible P2;/c model, and
are shown in Figure 5.22. The average length of the Bi-O and V-0 bonds increase with
temperature, which is consistent with the thermal expansion of the material. However,
the distribution of the bond distances changes with temperature. Firstly, there is a clear
change in the distribution of the Bi-O bond distances, with the distribution of bond
distances becoming more narrow with increasing temperature. Secondly, there is a larger
change in the distribution of V-O bond distances, from distributed around two different
bond lengths at lower temperatures, to eventually being distributed around a central value
at higher temperatures. Each of these observations are consistent with what occurs in
the long-range average structure, with a reduced range of Bi-O and V-O bond distances
coinciding with an increase in symmetry. This contrasts with the structural model derived
from the variable temperature NPD data, as no discontinuities are evident in the Bi-O
and V-O bond distances upon heating (Figure 5.8). Rather, there is a gradual change on

the local scale that is eventually reflected in the long-range average Rietveld refinements.
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Figure 5.22: The (left, purple) Bi-O and (right, orange) V-O bond distances from the variable
temperature neutron pair distribution function data fit to the flexible monoclinic P21 /¢ model.

Using the NPDF data, an attempt was made to understand the unusual behaviour
in the monoclinic v angle observed in the SXRD and NPD variable temperature data.
The magnitude of the monoclinic v angle is expected to saturate at low temperatures.
However, the SXRD and NPD variable temperature data showed this decreased below
~220 K. With this increased understanding of the local structure of BiVOy, this anomalous
behaviour was revisited. However, no such trends were able to be elucidated. The
monoclinic v angle showed no correlation with the distortion of the BiOg polyhedra or
VO, tetrahedra, indicating that it may not solely be the result of the Bi** 6s? lone pair.
Further analysis should look at the possibility of collecting NPDF data at temperatures
lower than 100 K using a cryostat to get a better understanding of the local structure

with minimal dynamic contribution.
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An in-depth SXRD and NPD study has been performed on the photocatalyst BiVOy.
This material presents a challenging study using diffraction techniques due to the large X-
ray scattering of Bi** and the near-zero neutron scattering of V. Using mode analysis and
variable temperature SXRD data, a linear relationship between the atomic displacements
of Bi** and V®* was established which was used to help determine the atomic coordinates
of V°* in the NPD studies. The structures of BiVO, at low and high temperature were
determined with high precision and accuracy (Table 5.2), with the m-f 12/b structure
confirmed to consist of distorted BiOg polyhedra and VO, tetrahedra. This contrasts
with the related LnNbO, materials studied in Chapter 3 that consists of LnOg polyhedra
and NbOg distorted octahedra. However, the high-temperature structure of these two
materials appear to be isostructural, indexed to the tetragonal I4;/a space group,
and consisting of similar AOg polyhedra and BO, tetrahedra. Several anomalies were
identified in the 12/b — I4,/a phase transition, such as the increase in the FWHM of
the (200) and (020) reflections (attributed to domain wall broadening) and the increase
in the rate of thermal expansion of the BiOg polyhedra (attributed to activity of the 6s*
lone pair electrons). The lack of saturation of the monoclinic v angle remains unresolved,

with lower temperature neutron total scattering data required for further analysis.

The XPDF data of BiVO, showed that the local Bi-O and V-O environments were
not accurately modelled from the long-range average structures derived from Rietveld
refinements to the Bragg data. By reducing the fitting range to include just the cation—
cation distances, a better fit to the data was observed with a high local ADP on the
Bi*t site that was not seen on the V°* site, suggesting potential local-scale distortions
associated with the Bi** 6s2 lone pair. The NPDF data also revealed the presence of local-
scale distortions that were incompatible with either the long-range ¢-s I4;/a or m-f 12/b
structures. The distortions were most evident in the region of 2.0-3.0 A, corresponding
to the Bi-O and O-O distances across the BiOg polyhedra and VO, tetrahedra. This
data demonstrates that despite the long-range average structure of BiVO, transforming
from heavily distorted BiOg polyhedra in the m-f I12/b structure to less distorted BiOg
polyhedra in the t-s 4, /a structure, the local structure is always best described using the
monoclinic P2;/c space group with flexible BiOg polyhedra and VO, tetrahedra. This

demonstrates a change in the correlation length of the Bi** lone pair electrons at the
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phase transition; despite the lone pairs being stereochemically active in the average m-f
I12/b structure and inactive in the average t-s I4;/a structure, they remain active on the

local scale throughout the entire measured temperature range.

5.4 Structural Studies of PbWOQO,

As noted previously, the revised lone pair model identified that for metal oxides, the
energy separation between the cation ns and O 2p levels determines the stereochemical
activity of the lone pair.?¢ This means that the Pb?" lone pairs are more likely to exert
stereochemical influence than Bi**. However, this is not observed at room temperature
in some ABO, structures, with BiVO, adopting a more distorted and lower symmetry
structure in the form of the m-f 12/b structure, compared to PbWO, adopting the t-s
T4, /a structure.!™3? Given it was determined from the previous section that BiVO, always
exhibits 652 lone pair activity in the short-range local structure, regardless of the long-
range average structure observed using diffraction, the presence of similar signatures
were investigated in PbWO, and PbMoQOy. This study will also be compared to the
isostructural compound CaWQy,, which adopts the same I4;/a structure but lack a 6s?

cation and any reported photocatalytic activity.?

5.4.1 In Situ Synthesis Studies

PbWO, is an important industrial material, finding application as a photocatalyst,'*1?
a scintillator material 3% and a potential ceramic electrolyte for SOFCs.?%%! Materials
that are of interest for these applications are traditionally synthesised through solid state
reactions, as the elevated temperatures and prolonged heating times drive the reaction
to a stable, thermodynamic product. Recent studies have identified that these reactions
occur within a short timeframe, sometimes within seconds of achieving the desired heating

192 There is a growing need to study the kinetics and dynamics of these

temperature.
thermally-driven reactions to identify more energy-efficient architectures for their large-

scale industrial synthesis. The RAPTR,? developed by the Chapman Research Group at
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Stony Brook University, NY, USA, is a new reactor capable of performing time-resolved
in situ X-ray scattering studies initiated by temperature (Figure A.18). The RAPTR
quickly heats and cools samples by translating them in and out of a preheated hot zone,

allowing samples to heat to temperatures up to ~1000 °C in ten seconds or less.

The in situ synthesis of the scheelite-type material PbWQO, was evaluated as a
model stoichiometric solid state reaction (PbO) + WOz — PbWOy()).2 As previously
observed in the synthesis of other scheelite-type materials [such as the NaA(BOy)y
double scheelites in Chapter 4], these materials require heating at high temperatures
(700-900 °C) for long time periods (>12 hours). As Pb*" and WO are heavy cations,
they are expected to be relatively immobile with a slow diffusion reaction anticipated.
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Figure 5.23: The phase evolution during the reaction of PbO and WO3 at 750 °C within the rapidly-

actuating pneumatic thermal reactor furnace, as quantified from Rietveld refinements of the time-resolved

X-ray powder diffraction data. The solid vertical line indicates a change in the x-axis scale from seconds
to minutes.

The time-resolved in situ diffraction data acquired following rapid heating of the

PbO + WOj3; mixture showed the solid state synthesis of PbWO, proceeded via three

steps

PbO(S) + WO?,(S) — Pb-rich PbO-WO3 Melt(l) + WO?,(S)
1 2
Pb-rich PbO-WO3Melt + WO3, — 3 PbsWOgs) + 3 WOs3 (5.3)

1 2
3 PbsWOg(s) + 3 WO3i) — PbWOyy).
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During the first ten seconds, as the reaction mixture heats to 750 °C, WO3 undergoes
a P2;/n — Pcnb phase transition, which is known to occur between 300-350 °C.%
Crystalline PbO peaks disappear in tandem with the formation of crystalline products and
an increase in diffuse scattering (Figure A.19), from either disorder within the crystalline
product or from a mixed PbO-WO3; melt (noting that pure PbO melts at 888 °C). At
750 °C, Rietveld refinements indicate that three phases were present: the WO3 reagent,
the PbWQO, product, and an additional crystalline intermediate which was indexed as
PbsWOg in the space group P2;/n. The amount of WO3 and PbsWOQOg decreased as the
amount of PbWO, product increased, suggesting a reaction between the two. This occurs
rapidly in the reaction and gradually slows, with more than half of the PbWOQO, product
formed within the first 30 seconds of the reaction (Figure 5.23). After five minutes, only

peaks from the PbWO, product are observed as a phase-pure reaction product.

b) c)

Figure 5.24: The polyhedra environments for WS+ in each of the three Rietveld refined phases. (a) WOg
octahedra in WO3 (Pcnb), (b) strained WOg octahedra in PbsWOg (P21 /n) with the four short W-O
bonds drawn in blue and the two long W-O bonds drawn in green, and (c) WO, tetrahedra in PbWO4
(I41/a).

The PbsWOg observed here is a metastable, kinetic product which most likely would
have been overlooked in conventional experiments. This is the first time PbsWOg has been
synthesised using a solid state reaction.”® This phase has only been reported once, where
it was prepared using a hydrothermal synthesis technique. In this phase, the W% cations
exist in an extremely-strained six-coordinate octahedra, with four shorter W-O bonds
(~1.82-2.00 A) and two longer W-O contacts (~2.11-2.55 A). These longer contacts
still contribute to the BVS of the strained WOg octahedra (0.59 and 0.19, respectively).
Therefore, this is seen as an intermediate between the WOg octahedra seen in WOs, and

the WOy tetrahedra of PbWO, (Figure 5.24).
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In Chapter 3, the in situ synthesis of HoTaO, was studied using NPD, which was
used to identify a HozTaO; intermediate phase. This required a large sample mass
(~5 g) and was ramped from 100-1500 °C over a period of 16 hours. In the case of
the RAPTR furnace, the small thermal mass of a single capillary (~10 mg) is important
for thermally initiating and quenching reactions. Other fast-heating strategies have been

used previously for initiating fast ramping, such as using a hot air blower,?%

or a
lamp furnace.”” However, in each of these cases, several minutes are still required to
attain thermal equilibrium. As observed from the PbO 4+ WOj3 reaction, the delay
of a few minutes may result in the formation of short-lived intermediate phases being
overlooked. The heating components of the RAPTR furnace are already equilibrated

at high temperature, allowing for the identification of a previously unknown solid state

PbO-WOj3 intermediate phase.

5.4.2 Room Temperature Synchrotron X-Ray and Neutron

Powder Diffraction

A polycrystalline samples of PbWO, was prepared using solid state methods and the
structures and phase purity were confirmed using a combined SXRD and NPD Rietveld
refinement. SXRD provided accurate unit cell parameters, which are in close agreement
with previous studies.?” 3?9 NPD provided accurate Pb-O and W-O bond distances,
which were in excellent agreement with the earlier NPD study by Takai et al.”® The BVSs
for Pb** and WO were also calculated (Equation 3.1) to be 1.98 and 5.89 for Pb?* and
W6+ respectively.!® The possibility of a longer W-O; bond contact was investigated.
However, the next-nearest W-O contacts at 3.0958(16) A are larger than the long Nb-O,
and Ta~O; contacts, and also only contribute a BVS of 0.039.6710%:101 Therefore, it was
determined that at room temperature, the PbWOQO, structure consisted of a network of

PbOg polyhedra and WO, tetrahedra.
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Figure 5.25: Combined Rietveld refinements against the (a) synchrotron X-ray and (b) neutron powder
diffraction data of PbWO, at room temperature. The structure was refined to the t-s 14, /a space group,
with the inset highlighting the quality of the fit to the synchrotron X-ray diffraction data. The black

circles represent the data, the red line represents the calculated profile, the green line is the difference
between the data and the calculated profile, and the blue ticks are the space group-allowed reflections.

5.4.3 Variable Temperature Neutron Powder Diffraction

Since the stereochemistry of the Pb?*" cation and the distortion of the PbOg polyhedra
can be impacted by the 652 electrons, the possibility of symmetry lowering in the structure
was explored using NPD. The strategy employed to investigate this was as follows: firstly,
the sample was cooled to 3 K to test for long range static disorder whilst minimising
thermal disorder. The cell metric was then determined using 2.44 A neutrons, obtained
from the 331 reflection of the vertically focusing Ge monochromator. These data were
then combined with a dataset measured at 1.30 A, obtained using the 337 reflection of the
same monochromator. The use of the shorter wavelength extended the measured d-range
from d,,;, = 1.235 to 0.66 A. This provides greater sensitivity to small displacements in
the atomic positions leading to more precise structural parameters. Additionally, longer
wavelength neutrons provide greater sensitivity to any subtle deviation from the t-s 14, /a
symmetry. The wavelength of the 1.30 A dataset was treated as a variable in the Rietveld
refinement, reflecting the greater peak-shape resolution of the 2.44 A dataset (Figure
5.26).
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Figure 5.26: Rietveld refinements of PbWOy to the ¢-s 14, /a space group measured at 3 K using neutrons
of wavelength (a) 1.30 and (b) 2.44 A. The black circles represent the measured data, the solid red
line represents the calculated profile, the green line represents the difference between the observed and
calculated profiles, and the blue markers are the space group-allowed reflections.

In the Rietveld refinements against the dataset measured at 3 K, the magnitude of the
isotropic ADPs were determined to be close to zero. The inclusion of the 1.30 A dataset
enabled anisotropic ADPs to be obtained. Anisotropic ADPs have previously been used
to model different types of static and dynamic disorder in scheelite-type oxides.!9%:103
However, examination of these provided no evidence of any anomalies. Upon cooling,
the bond distortion index (Equation 5.2) of the PbOg polyhedra increases slightly from
D = 0.041 to 0.053. These values are comparable to those obtained by Chipeaux et al.

for a NPD study of PbWO, at 1.4 K.3

Next, a model was tested using Rietveld refinement where the Pb?* cations were
disordered onto the 8¢ Wyckoff position (0, 1/4, 5/8+4), giving it freedom to move in the
z direction similar to that observed in BiVO, and the local structure of NaBi(WOy),. This
resulted in a refined § value of 0.0041(3) and a comparable x? value to the standard model
(x* = 3.74 vs. 3.75). The refined ADP for the Pb*" in this disordered model was also
deemed to be nonphysically small (B,, returning a zero value within the uncertainties of
the refinement). Finally, an attempt was made to refine the structures using the m-f 12/b
model. This yielded an identical x? with a metrically tetragonal unit cell [y = 90.000(7) °]
with only a 0.03% difference between the a and b lattice parameters. Although the Pb**
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cation occupies the 4e Wyckoff position (0, 1/4, z) in the m-f model, the refined position
did not reveal an appreciable displacement from z = 5/8 for the t-s I4;/a structure,
with the refined value being 0.6262(3). In short, none of the potential signatures for
stereochemial activity of the Pb?*T 6s? lone pair electrons — distortion of the unit cell
metric, increased distortion of the PbOg polyhedra, or large ADPs — are evident from the

low temperature NPD datasets.

5.4.4 X-Ray and Neutron Total Scattering

Two different total scattering experiments were performed to exploit the maximum
contrast between the number of electrons and the coherent neutron scattering lengths:
PbMoO, for X-ray total scattering (Zppz+ = 80, Zyoo+ = 36, Zp2- = 10), and PbWO,
for neutron total scattering (bpy, = 9.41, by = 4.86, bo = 5.80 fm). Scheelite-type oxides
containing either Mo%" or W% on the B site typically display similar structures and
properties due to the almost identical IR of Mo and W5 (0.41 wvs. 0.42 A).65104105
This was also observed in the study of NaA(BOy), (BT = Mo, W) in Chapter 4.
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Figure 5.27: (a) X-ray pair distribution function fits of PbMoOy4 at 300 K to the long-range average t-s
144 /a structure. (b) Neutron pair distribution function fits of PbWO, at 300 K to the long-range average
t-s 141 /a structure. The data were fitted over a range of 1.2-30 A, with the first half highlighting the fit
from 1.2-8.0 A, and the second half highlighting from 8.0-30 A. The blue circles represent the measured
data, the solid red line represents the calculated profile, the green line represents the difference between
the observed and calculated profiles.
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X-ray total scattering data for PbMoO, were measured at 300 K using I15-1 at the
Diamond Light Source, UK. Rietveld refinements were conducted against the experimental
X-ray Bragg diffraction data using the ¢-s 4;/a model. The high-quality fits confirm the
average structure and the phase purity of the sample. The t-s 14 /a fit to the XPDF of
PbMoO, is displayed in Figure 5.27a. Unlike the m-f 12/b structure observed in BiVOy,
the increased symmetry of the ¢-s [4;/a structure means there is significant peak overlap
in the cation—cation distances. As seen in the XPDF data of BiVOy,, the cation—oxygen
distances are weakly observed in the PbMoO, XPDF data. The first prominent peak at
~4.05 A corresponds to each of the cation—cation pairs: Pb-Pb, Pb—-Mo, and Mo—Mo.
This is similar for the peak at ~5.45 A, which is an overlap of Pb-Pb and Mo-Mo
distances. The same difficulty in fitting the cation—cation distances in the BiVO, XPDF
data was not observed in fitting the PbMoO, XPDF data, suggesting comparatively less A-
site disorder in PbMoQy, in line with the observe long-range average t-s 4, /a structure.
That the XPDF data is well fitted by the /4;/a model suggests that the cations are
confined to their symmetry-restrained Wyckoff positions and indicates good agreement

between the long- and short-range structural models.

Neutron total scattering data were measured for PbWQy, at both 300 and 115 K,
using the NOMAD diffractometer at the SNS, ORNL USA. As stated previously, the
NPDF is sensitive to all elements in the structure and is Fourier transformed from a
structure function S(Q) with a larger @, providing better short-range resolution for
the cation—oxygen and oxygen-oxygen distances that are not visible in the XPDF due
to a combination of the weak scattering of X-rays by oxygen and the limited short-
range real-space resolution. The 300 K NPDF was fit with an r range of 1.2-30 A to
compare with the XPDF (Figure 5.27b). Due to the slight differences between Mo°* and
W6+ in terms of electron configuration and neutron scattering length, these refinements
were performed separately, and not as a combined refinement. Careful examination of
the NPDF refinement demonstrates significant misfitting at ~3.0 A, as shown by the
prominent features in the residual curve (Figure 5.27b). This misfitting suggests that
short-range oxygen arrangements are different from those observed in the long-range
average structure. FEvidently in PbMoO, and PbWQO,, NPDF is necessary to truly

understand the local structure.
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Figure 5.28: Neutron pair distribution function fits to PbWOy at 115 K for (a) t-s I41/a, (b) m-f I12/b,
(¢) monoclinic P2, /c with rigid WOy tetrahedra, and (d) monoclinic P2; /¢ with flexible WO, tetrahedra.
The data was fitted over a range of 1.2-30 A, with the first half highlighting the fit from 1.2-5.0 A, and
the second half highlighting from 5.0-30 A. The blue circles represent the measured data, the solid red
line represents the calculated profile, the green line represents the difference between the observed and
calculated profiles.

Initially, three crystallographic models were tested, similar to the BiVO, modelling
described earlier in this chapter (Figure 5.15): the t-s 4, /a, m-f 12/b, and the monoclinic
P2, /¢ model with relaxed PbOg polyhedra and rigid WOy tetrahedra. The NPDF fits of
PbWO, at 115 K were conducted across a fitting range of 1.2-30 A (Figure 5.28). The
14, /a structure returns a reasonable R,, and the fit is excellent aside from the 2.7-3.3 A
range. This demonstrates the subtle length scale of the disorder in the system. Lowering
the symmetry to the monoclinic 72/b model improves the fit, but it is still unable to
completely capture the information in the observed data at 2.7-3.3 A. The refined cell
metric does not deviate far from the I4,/a model [a = 5.4534(9) A, b = 5.4538(8) A,
v = 89.931(16) °]. Further symmetry lowering to the rigid P2;/c model results in a worse
fit than the 74;/a model. This is not just the case for the local region of 2.7-3.3 A, but

across the entire 1.2-30 A fitting range.
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Figure 5.29: Distribution of Pb—O bond distances in the PbOg polyhedra of PbWOQO, for the four neutron
pair distribution function fits with (a) the t-s 141 /a, (b) the m-f I2/b, (c) the monoclinic P2;/c¢ with
rigid WO, tetrahedra, and (d) the monoclinic P2;/c with flexible WO, tetrahedra angles.
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Figure 5.30: Distribution of W—O bond distances in the WO, tetrahedra of PbWQ, for the four neutron
pair distribution function fits with (a) the t-s I4;/a, (b) the m-f I2/b, (c) the monoclinic P2;/c with
rigid WO, tetrahedra, and (d) the monoclinic P2;/c with flexible WO, tetrahedra angles.
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Figure 5.31: Distribution of O—W-0O angles in the WOy tetrahedra of PbWOQO, for the four neutron pair
distribution function fits with (a) the t-s I41/a, (b) the m-f 12/b, (c) the monoclinic P2;/c with rigid
WO, tetrahedra, and (d) the monoclinic P2 /¢ with flexible WO, tetrahedra angles.
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Figure 5.32: Partial neutron pair distribution functions plotted for PbWO, at 115 K using the (a,c)
tetragonal I4;/a model, and (b,d) monoclinic P2;/c¢ model with flexible PbOg polyhedra and WO,
tetrahedra. Data was fitted across the 1.2-30 A range. The blue circles represent the measured data,
the solid red line represents the calculated profile, the green line represents the difference between the
observed and calculated profiles.
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The effect of relaxing the restraints of the monoclinic P2, /c was explored. In PbWOy,
in contrast to BiVOy, the long-range average structure is best fit to the t-s I4; /a structure,
with NPDF fits to the m-f 12/b also returning a structural model that does not deviate
far from the t-s 14, /a model. The t-s 14, /a structure differs from the m-f 12/b structure
by having more rigid BO, tetrahedra, with a single unique B—O bond distance observed
in the long-range average structure. Therefore, in the NPDF modelling, the constraint
of the rigid tetrahedra was removed for the monoclinic P2;/c model, but the W-O bond
distances in the WO, tetrahedra were restrained to be as close as possible to one unique
value. This means the O-W-0O bond angles were relaxed from the expected tetrahedra
bond angles of 109.5 °, allowing for slight distortions. This monoclinic P2;/c¢ model,
with the flexible WO, tetrahedra, substantially improved the fit and results in the best
fit amongst the four models tested. Additionally, it is able to fit the information in the
2.7-3.3 A region that was relatively poorly reproduced by both the t-s 14, /a and m-f
12/b models (Figure 5.28d).

To investigate the low-r region more closely, partial PDFs were plotted for each of
the four models to identify the features each model struggled to fit (Figure 5.32). The
first narrow peak, observed at ~1.78 A, corresponds to the first W—O pair in the WO,
tetrahedra. This value matches well with the W—O distances observed in the NaA(WOQOy)-
double scheelites in Chapter 4. This peak does not show any splitting, indicating limited
variability in the W—0O distance in the WO, tetrahedra, as expected in all four models. The
next peak at ~2.6 A is due to the first Pb-O pairs in the PbOg polyhedra and, again, is
well fitted by all four models. Between 2.7-3.3 A, there are several features corresponding
to the O—O distances across the PbOg polyhedra and WO, tetrahedra, and to the W-O
next-nearest-neighbour distances. This next-nearest-neighbour W-O pair corresponds to
the distance from a W% cation to the nearest oxygen on a neighbouring WO, tetrahedra.
To fit these features, more freedom was required, as seen by the improved fit obtained upon
lowering the symmetry from t-s 74, /a. This is a result of relaxing the O-W-0 tetrahedra
angles, as shown in Figure 5.31. The only model that has an ideal 109.5 ° tetrahedra angle
is the rigid P2;/c model, which results in the worst fit to the entire NPDF. The t-s 14, /a
model, although having the highest symmetry, allows for small amounts of tetrahedra

distortions, as shown by the small deviation in the tetrahedra angle from 109.5 °. That
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this results in a better fit than the P2;/c model with rigid WO, tetrahedra indicates that

these distortions are necessary to model the data from r > 3.5 A.

Increasing the amount the WO, tetrahedra can distort improves the fitting of the
features between 2.8-3.4 A, with the flexible P2, /¢ model resulting in the best fit. In
all four models, the average tetrahedra angle is 109.5 °, but the standard deviation for
each distribution increases as the symmetry is lowered: 2.39 © for I4,/a, 2.94 ° for 12/b,
and 3.20 ° for flexible P2;/c. This shows that flexibility in the tetrahedra bond angles
is required to accurately describe the local structure. This, in turn, creates the required
distribution of next-nearest-neighbour W-0O distances and O—-O distances. In the case of
the rigid P2;/c model, the distortions are solely focused on the PbOg polyhedra, which
misrepresents the structure at all length scales. In the t-s 14, /a and m-f 12/b models, the
overall distortions are insufficient to fit the local structure. However, in the flexible P2, /c
model with flexible WO, tetrahedra, the required balance between distortion of both the
PbOg polyhedra and WO, tetrahedra is achieved.

5.4.5 Comparison to the Original CaWQ, Scheelite

To determine whether the distortions observed in both the PbOg polyhedra and WO,
tetrahedra are the result of the stereochemical activity of the Pb?** 652 lone pair electrons,
a comparative study was performed on the isostructural compound CaWOQy; the original
scheelite material. Recall that although PbWO, and CaWQ, are isostructural, only
PbWO, has been reported in the literature as a photocatalyst, implying that Pb?* 652

lone pair is significant.

Comparing the refined structural parameters for both PbWO, and CaWQO, at room
temperature using NPD from the high resolution diffractometer Echidna revealed that the
choice of A-site cation does not significantly impact the W-O distances (Table 5.3). This
appears to be the case for all B-O distances across most ABO, materials, as observed in
the LnNbO, and LnTaOy structures in Chapter 3, and the NaLn(WQ,), double scheelite
structures in Chapter 4.6%67101.106 The BVSs of Ca?* and W' were also consistent with

their nominal valences, calculated to be 2.15 and 5.71 respectively. The NPD study at
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Table 5.3: Selected Rietveld refinement bond distances and bond angles for PbWO, and CaWQ, from

variable temperature neutron powder diffraction data.

PbWO4 CaWO4
Temperature (K) 300 3 300 3
a (A) 5.44973(4) | 5.436021(5) | 5.24013(5) 5.23336(4)
b (A) =a =a =a =a
c (A) 11.98569(12) | 12.04608(17) | 11.37335(16) | 11.34578(10)
Vol. (A?) 355.970(7) | 353.140(9) | 312.300(8) | 310.739(5)
o(1) z 0.23327(11) | 0.23281(16) | 0.24246(15) | 0.24105(12)
0o(1) y 0.10780(11) | 0.10942(13) | 0.09779(12) | 0.09769(9)
0o(1) = 0.04204(6) | 0.04304(9) | 0.03926(7) | 0.03884(5)
A-0 (A) 2.6275(7) 2.6372(9) 2.4685(8) 2.4704(6)
A-0 (A) 2.5927(7) 2.6106(10) 2.4388(8) 2.4346(6)
AOg (A?) 31.6148 32.1326 26.2149 26.1689
D (AOg) 0.0041 0.0053 0.0048 0.0059
W-0 (A) 1.7903(7) 1.7832(10) 1.7892(8) 1.7839(6)
0-W-0 (°) 112.76(7) 112.53(4) 113.95(6) 113.54(4)
O0-W-0 (°) 107.85(3) 107.97(2) 107.28(3) 107.48(2)
WO, (A?) 2.9388 2.9028 2.9260 2.9023
BVS (AOg) 2.08 2.01 2.15 2.16
BVS (WO,) 5.69 5.81 5.71 5.79

3 K conducted on PbWO, to observe any static disorder was repeated for CaWQy,. The
magnitude of the isotropic equivalent or anisotropic ADPs for both the Pb?t and Ca?*

cations are comparable at both 300 and 3 K, and revealed no evidence of any anomalies.

Close attention was paid to the individual AOg polyhedra modelled by the Rietveld
refinements, as these will be the most sensitive to any anomalies as a result of the
introduction of the 652 lone pair on the A-site cation. Upon cooling in both PbWO, and
CaWQy, the shorter A—O bonds contract whereas the longer A-O bonds expand leading
to an increase in the distortion of the AOg polyhedra. At room temperature, the CaOg
polyhedra have a higher distortion index than the PbOg polyhedra (Dcao, = 0.0048 vs.
Dppog = 0.0041). After cooling to 3 K, the distortion of the CaOg polyhedra increased by
~20%, whereas the distortion of the PbOg polyhedra increased by ~30% (Dcaos = 0.0059
vs. Dppog = 0.0053). These values are comparable to those previously reported in the
literature.3%1%3 That the CaOg and PbOg polyhedra behave similarly and undergo similar
distortions upon cooling suggests that changes in the long-range average structure are not

strongly influenced by the presence of the 6s? lone pair electrons.
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As a final comparison, neutron total scattering data for CaWQO, were taken on the
NOMAD diffractometer at 100 and 300 K to conduct NPDF analysis. In particular,
attention was paid as to whether there were additional features between 2.0-3.5 A present
in the NPDFs of CaWOQ,, suggesting structural deformation of the CaOg polyhedra as seen
in PbWO, (Figures 5.28 and 5.32). The CaWO, structure provides outstanding sensitivity
to the AOg polyhedra environments due to the structure possessing the smallest amount
of static rotational disorder in the WO, tetrahedra.!">'9 Firstly, the long-range Bragg
diffraction data of CaWO, could be well fitted using the t-s 14, /a model, confirming the
previous CaWQ, Rietveld refinements to the Echidna data. Secondly, the NPDFs at both
100 and 300 K were fit to the long-range average t-s 14, /a structure and showed excellent

agreement (Figure 5.33).

The CaWO, and PbWO, datasets were compared. As previously discussed by
Rabuffetti et al. and Culver et al.,'?>'9 anisotropic ADPs are required to fit the NPDF
of CaWO, due to the potential rotation of the WO, tetrahedra within the structure.
As TOPASG lacks the capability of modelling anisotropic ADPs in NPDF fits, the fits
were repeated in PDFgui.®! The fitting range was reduced to 1.2-10 A to more accurately
capture the local features of the data. Allowing for symmetry constrained anisotropic
ADPs (Ca*" and WOF: Uy = Uy # Usz, 0?71 Uyy # Usg # Uss, Urs # Uiz # Us), fitting
CaWOy, to the t-s I4;/a model resulted in an excellent fit to the data (Figure 5.33a).
However, the same fitting strategy did not produce a good fit to PbWOQO,, with the features
corresponding to the PbOg polyhedra and WO, tetrahedra between 2.5-3.5 A poorly fit
(Figure 5.33b). This reinforces the conclusion that the local distortions present within

the PbWO, structure are the result of the stereochemistry of the 6s% lone pair electrons.

As a final note, a comparison between the local structures of ABO, materials with 652
lone pairs on the A-site cations can be made. In TIReOy, a combination of the longer T1-O
bonds (due to the lower oxidation state of T1T) and the more rigid ReOy tetrahedra (due
to the higher oxidation state of Re™, shorter Re-O bonds, and smaller IR) mean that
it is more favourable for the 6s? lone pair to distort the T1Og polyhedra than the ReOy
tetrahedra. This was observed in the NPDF modelling of TIReO,, where variations in
the T1-O bond lengths had a bigger impact on the fit.** Although the average T1-O bond
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Figure 5.33: Neutron pair distribution function fits to the ¢-s I41/a structural model with anisotropic
atomic displacement parameters. (a) CaWO, at 100 K, and (b) PbWOy at 115 K. The data was fitted
over a range of 1.2-10 A. The blue circles represent the measured data, the solid red line represents the
calculated profile, the green line represents the difference between the observed and calculated profiles.

length in TIReO, is ~2.95 A, modelling the NPDF revealed a broad distribution of T1-O
distances between 2.5-3.4 A was necessary to accurately reproduce the low-r features.
This also leads to changes in the long-range average structure, as the flexibility of the T10g
polyhedra and the rigidity of the ReO, tetrahedra have been used to explain a change in
the correlation length of the 6s* lone pair electrons, leading to a I4;/a — P2;/c — I4,/a
re-entrant phase transition that occurs upon heating between 150-400 K. This will be

returned to in Chapter 6 of this dissertation.

For PbWOQy, the average Pb—O bond distance is shorter than the comparable average
T1-O bond distance (2.63 vs. 2.95 A), attributed to the higher oxidation state of Ph?*
compared to TIT. Furthermore, the IR of W%* is slightly larger than that of Re™ (0.66
vs. 0.63 A) and the W-O bonds in the WO, tetrahedra are longer than the corresponding
Re-O bonds in the ReOy tetrahedra (1.78 vs. 1.73 A). The ability for polyhedra to distort
is expected to be a function of both the average length of the bonds that correlates with

the IR of the central cation. As a result of the shorter A-O and longer B—O bonds in
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PbWO, compared to TIReQy, it is more likely that the 6s? lone pair of Pb?* will slightly
deform the WO, tetrahedra as opposed to the PbOg polyhedra. As the PbOg polyhedra
are less flexible than the T10g polyhedra, this also explains why PbWQO, does not undergo

a similar re-entrant phase transition in the long-range structure upon heating like TIReOy.

The most extreme example of this is BiVO,. The average Bi-O bond lengths
are shorter still due to the higher oxidation state of Bi**, measuring 2.53 A in the
m-f I12/b structure. As seen in the long-range average structure, this leads to the largest
deformation in the tetrahedra, with two distinct V-O bonds and multiple different O-V-O
bond angles. It should also be noted that V5+ is a 3d cation whereas both W6* and Re™™"
are bd cations, meaning the V-O bonds may be more polarisable and the VO, tetrahedra
more susceptible to distortions. It is difficult to compare to a 5d equivalent, as BiTaO4
forms a unique triclinic structure at room temperature consisting of heavily distorted BiO4
polyhedra and TaOg octahedra.'” Nevertheless, the NPDF analysis suggests there is a
clear relationship between the deformation of the polyhedra and the IR of the cations on
both the A and B sites in these ABO, oxides. As V°*, W6 and Re™ are all d° cations,
they are additionally likely to have an electronic contribution, such as susceptibility to
second order Jahn-Teller distortions similar to that observed in some perovskites and
double perovskites.!® 1% The importance of this is evident in the BiBO, (Bt =V, As)
compounds, where the VO, (d°) tetrahedra are more distorted than the related AsO,
(d'9) tetrahedra, in line with the V3T cations having a larger IR than As’* (0.355 wvs.
0.335 A).10411 NPDF studies on these related compounds would be beneficial to fully
understand the interaction between the 6s% lone pair electrons, the AOg polyhedra, and

the BO, tetrahedra in other ABQO, structures.

5.4.6 Computational Studies

Although not the focus of this dissertation, it is important to note that computational
studies of these ABO, materials are often nontrivial. Energy differences between the
structures associated with their phase transitions are traditionally very small, which poses

a serious challenge to computational studies when navigating the energy landscape. It is
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important to have accurate and precise structural information for these materials to aid
further computational studies, such as those deduced from NPDF studies. This was seen
in the study of TIReOy4, where the structural parameters determined from NPDF were
used in first principle DFT calculations to identify a difference in energy between the
low temperature 74;/a and room temperature P2;/c phases due to the ordering (or lack
thereof) of the TIT 652 lone pairs.** This, in turn, was used to identify the mechanism
behind the re-entrant I4,/a — P2,/c — I4;/a phase transition. In a recent DFT study
of BiVOy by Liu et al., it was necessary to use a hybrid functional with a ~60% HF
exchange as a consequence of the subtle interplay between the structural and electronic
properties to stabilise the experimentally observed m-f structure.!'? This was also found
for other ABO, materials that can adopt both m-f and t-s symmetries, such as YTaO,
and ScVOy.

Geometry optimisation calculations were performed for PbWQO, by collaborators of
the author’s research group, where the experimental parameters from the NPDF study
were used as input parameters. Although the present calculations invariably resulted in
a metrically tetragonal structure, a small distortion of the PbOg polyhedra and WO,
tetrahedra that is symmetry forbidden in the tetragonal unit cell was reproduced (Table
A.10). The pDoS of PbWO, also showed that the Pb 6s states dominate near the Fermi
level, where they hybridise with the O 2p states. Similar hybridisation between the Bi
6s and O 2p states at the top of the valence band has been previously described for
BiVO,.11314 This hybridisation between the ns and O 2p orbitals has been noted with
respect to the revised lone pair model used to explain the structural distortions observed in
post-transition metal oxides.''® In particular, the relative energy differences between the
electronic states involved in the orbital interactions can explain the strength (or absence)
of the structural distortions associate with the lone pair electrons.?® Therefore, given that
both BiVO, and PbWO, possess strong hybridisation between their ns and O 2p states
at the Fermi level, and the presumed absence of this interaction in CaWOy, this may be
used to explain the presence of photocatalytic properties in these two oxides despite their

different structural symmetries.
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It is important for the local structures of functional energy materials to be determined
with a high degree of precision and accuracy. A uniformly accurate reproduction of the
relevant parts of the energy landscape is an important prerequisite for providing detailed
insight into the properties of materials at the atomic level using DFT calculations. These
insights may then be used to better understand our current materials, and can be used

to further ‘tailor make’ them to better perform their functional purposes.

5.5 Conclusions and Towards the Future Design of

Photocatalysts

The present work details a thorough investigation into the structures of BiVO, and
PbWOy,, both structures which contain A-site cations possessing 6s2 lone pair electrons
and have been shown to exhibit photocatalytic activity. The room temperature structure
of BiVO, was determined using a combination of SXRD and NPD, giving sensitivity to
all cations and anions within the structure. This was refined to the m-f 12/b structure,
consisting of BiOg polyhedra and VO, tetrahedra. Using a combination of mode analysis
and variable temperature SXRD, a linear relationship between Bi(z) and V(z) was
established that was used as a constraint in the variable temperature NPD analysis.
This style of analysis could potentially be used on other vanadium-containing functional
energy materials, such as vanadium oxide-based redox flow batteries for energy storage,!®
and Nag33V205 superconductors for zero-loss power transmission.''” Ideally, a method
like this could be partnered with interaction potentials to further ‘pin down’ the atomic
coordinates of vanadium in NPD studies without relying solely on symmetry arguments
and mode analysis. This has been successfully used in the hybrid reverse Monte Carlo

(HRMC) method, however is currently focused for use on carbon structures.!®!19

The I12/b — I4;/a phase transition observed in BiVO, upon heating displayed
anisotropic expansion, as well as an increase in the rate of volume expansion in the ¢-s
14, /a structure. This transformation displayed differences to the 12/a — I4;/a phase
transitions observed in HoONbO,4 and HoTaO, in Chapter 3 of this dissertation, with a large
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discontinuity observed in the lattice parameters and bond lengths, as well as anomalous
peak shapes due to domain wall broadening in the SXRD data, and a lack of saturation
of the monoclinic v angle. XPDF studies reproduced all the main features from the
previous SXRD and NPD studies, but also identified changes in the local VO, and BiOg
environments. Constraining the fits to a shorter range of 3.3-30 A also led to an increase
in the local ADPs of Bi**, possibly hinting at local static disorder. NPDF studies went
on to further confirm that the local symmetry of BiVO, was monoclinic P2; /¢ compared
to the long-range average structures of either t-s I4;/a or m-f 12/b. This was due to the
stereochemically active 6s? lone pair leading to distortions in both the BiOg polyhedra
and VO, tetrahedra. A broad distribution of Bi-O, V-0, and O-O distances were needed
to most accurately reproduce all of the local features observed in the NPDF data from

100-750 K.

NPDF analysis of the similar t-s I4;/a structure of PbWO, revealed the presence
of local-scale distortions that are incompatible with the long-range average structure
determined by Rietveld analysis against both SXRD and NPD data. These distortions
in the region of 2.8-3.4 A are correlated with the stereochemical activity of the Pb**
652 lone pair electrons. There were no signs of this activity using traditional diffraction
measurements, with the bond distortion index of PbOg calculated to be similar to that of
CaOg at 3 K. However, NPDF studies were able to demonstrate that the t-s I4;/a long-
range average structure of CaWQO, was in excellent agreement with the short-range local
structure, demonstrating that the local distortions in the PbWO, structure are most likely
the result of the stereochemically active 6s? lone pair of the Pb?t cation. The absence
of strong coupling between the lone pair-induced deformation of the structure and the
high symmetry long-range average structure is believed to be facilitated by deformation
of the WO, tetrahedra. The NPDF analysis demonstrated that although there was little
variation in the W—O bond lengths, it was necessary to allow for a wide range of O-W-0O

angles to fit the NPDF.

This new structural information of BiVO, and PbWO, is potentially important for
the design of compositionally- and structurally-related systems. Most importantly, the

three studied ABO, structures that contain a stereochemically active 6s electron lone
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pair on their A site (BiVO,, PbWO,, and TIReOy) all possess different local distortions:
such as extended distributions of TI-O bond distances, distorted WO, tetrahedra, and
distortions in both the BiOg polyhedra and VO, tetrahedra. Each of these deformations
is allowed by the monoclinic P2;/c structure first observed in TIReO, that has been used
to fit the NPDFs of all three of the preceding structures, regardless of the temperature at
which the material is measured. The subtle nature of these distortions, with some existing
on a scale of less than 0.4 nm, were only determinable from the information present in the
neutron total scattering data. That these distorted AOg polyhedra and BO, tetrahedra
are present in known photocatalysts (such as BiVO, and PbWOQy), but absent in the
nonactive photocatalyst CaWQy, indicates that these distortions are important for the
photocatalytic activity of these materials. Furthermore, that these distortions are present
in the long-range average structure of BiVOy,'® but only present in the short-range local
structure of PbWQy, provides a relationship between the correlation length of the disorder
and the activity of the photocatalyst, with higher activity being recorded in BiVO, than
PbWOQO,.120

This study highlights the importance of utilising multiple techniques such SXRD,
NPD, XPDF, and NPDF to determine the true structural features in metal oxides. It
can be postulated that local scale symmetry breaking may play a role in separating
the photogenerated electron-hole pairs. Such an approach is being utilised in materials
that contain defects such as vacancies, interstitials, antisites, and chemical doping. It is
important to use the full suite of analytical techniques in order to further understand the

role of such defects to develop robust structure-functionality relationships.
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6.1 Introduction: Matrices for Radioactive Waste

The increasing concern of carbon emissions, in the context of climate change, has caused
a global shift in the world’s reliance on carbon-based fuels. This has led to a renewed
interest in nuclear power, which provided almost half of the United States carbon-neutral
energy in 2022.% The safe storage of the fission products from spent nuclear fuel remains a
major challenge and impediment to the continued use of nuclear power. One of the most
challenging fission products in this context is technetium, that has a mass yield of ~6% in
fission reactions. Technetium-99m (%™Tc) is currently used as a medical radioisotope for
selective imaging diagnosis due to its relative short half life, accounting for over half of all
nuclear medicine procedures. However its decay product, ®Tc (upon decaying from %™ Tc
via isomeric transition), presents an environmental challenge due to its high mobility, high

[~ emission, and half life of around 211 000 years.*

In developing technologies for the safe storage of Tc-containing waste, it is necessary
to consider the chemistry of the commonly encountered oxidation states; namely Tc*t and
Tc™ . The Tc** oxidation state is only soluble in acidic conditions (below pH ~3), meaning
it often precipitates out as solid TcO,-nH,O under environmental conditions.>® However,
Tc™ forms a water soluble and highly stable pertechnetate anion TcO, that is much more
mobile.” The presence of Tc can lead to corrosion of the Fe- and Zr-based steel containers
commonly used for storing radioactive waste.®? As a consequence, different materials
have been investigated to store Tc-containing waste and prevent it from leaching into the

environment. These storage mechanisms include metal oxides,'® glasses,'!"'? and MOFs.!?

Since Tc has no stable isotopes, it is common for Tc studies to use Re as a
nonradioactive surrogate.!*'” This is due to the predicted similarities in the chemical
behaviour of Tc™ and Re™ attributed to their identical oxidation state and similar IR
(Tc™ = 0.37 vs. Re™ = 0.38 A in tetrahedra geometry).'® There is, however, a growing
body of literature showing Tc’* and Re”™ do not always act similarly. For example,
Lukens et al. reported that Tc™* is significantly more volatile than Re™™, leading to a
decreased amount stabilised in waste glasses.!” Gan et al. also described the different

20

behaviour of Tc and Re under various redox conditions,* as seen in the lower standard
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reduction potential of Re™ (ReOj; /ReOy = 0.510 V) compared to Tc™ (TcOy /TcO,
= 0.738 V).2! These differences have been reflected in the perovskite-type oxides, where
CaTcOj3 and SrTcOg3 show interesting magnetic properties, whereas the rhenium analogues
remain unknown.??24 This suggests the differences in the electronic structures between
the two cations are important, and leads to differences in stability, electronic properties,
and magnetic properties. Re has more radially-extended 5d valence orbitals than the 4d
valence orbitals in Tc, potentially impacting its reactivity and redox stability.?! Subtle
differences between 4d and 5d metal oxides were also described in Chapter 3 of this
dissertation, where the more radially-extended 5d orbitals of Ta’" led to more covalent

character in the Ta~O; bonds compared to Nb-O;.2527

6.1.1 Similarities and Differences Between ATcO, and AReO,

Pertechnetate salts of the type ATcO, (AT = NHy, K, Cs, Ag) were among the first
Tc oxides isolated and studied. A variety of powder diffraction and single crystal studies
have reported the structures and phase transitions in ATcO, and AReO, salts.?®*33 Recent
synchrotron X-ray diffraction studies of some ATcO, and AReO,4 oxides by Chay et al.
and Kennedy et al. showed that most are isostructural at room temperature.3*3°> The
structures of the four salts (AT = Na, K, Rb, Ag) were refined to the tetragonal 14 /a
scheelite-type structure. The symmetry of these ATcO4 and AReO, structures can be
rationalised from the ratios of r4/ro and rp/ro, as previously seen in the Errandonea

36,37 Changes in these ratios are reflected in changes of

et al. phase diagram (Figure 1.3).
the symmetry of the structure, such that RbTcO, and RbReOy (r4/ro ~1.13) exhibit the
I4,/a tetragonal scheelite structure, whereas CsTcO4 and CsReOy (r4/ro ~1.23) exhibit

the Pnma orthorhombic pseudo-scheelite structure at room temperature.!®:34:38

Previous studies have identified differences between ATcO, and AReO, salts.
Reynolds et al. highlighted differences in the thermal behaviour between NH,TcO, and
NH,ReO, attributed to subtle differences between the Tc—O and Re-O bonds within
their respective TcO, and ReO, tetrahedra.?! More dramatic differences are evident

between the two thallium salts T1TcO4 and TIReO,. The former adopts the orthorhombic
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Pnma pseudo-scheelite structure at room temperature, whereas TIReO, exhibits a
monoclinic P2;/c structure.3353% The temperature dependence of the two structures
are also different. TITcO4 undergoes a Pnma — I[4;/amd phase transition at 500 K,3®
whereas TIReO, displays an unusual re-entrant 14, /a — P2;/c — I4;/a phase transition

4041 A neutron total scattering study by Saura-Muzquiz et al.

behaviour upon heating.
revealed that the local structure of TIReO4 was always best fitted to the P2;/c space
group, with a change in the correlation length of the T1T 652 lone pairs used to explain
its re-entrant phase transition.? This behaviour appears to be unique to TIReO,, and has
not been reported in the closely-related oxide T1TcOy, despite sharing similar r4/o and

rp/o ratios, as well as the presence of the T1* 6s? lone pair.3942

There have also been various studies on scheelite-structured compounds suggesting
the presence of local-scale disorder.*6 In particular, variable temperature X-ray total
scattering of AMoO,4 (A** = Ca, Sr, Ba) indicated the presence of rotational disorder of
the MoQOy, tetrahedra in the 14, /a structure.***> This was influenced by both the IR of the
A-site cation and temperature. A different type of local disordering was observed in the
X-ray total scattering study of RbReO,, where it was identified from the Bragg diffraction
data that the I4;/a — I4;/amd phase transition at ~620 K proceeded via rotation of the
ReOy, tetrahedra about the c-axis of the unit cell. However, these Rietveld refinements
indicated a significant and nonphysical shortening of the Re-O distances upon heating.
Analysing the local structure showed that this was not the case, with a consistent Re-O
bond distance in line with the rigid ReO, tetrahedra. However, the rare 14, /a — [4;/amd
phase transition was found to proceed by a change from static to dynamic disorder on the

local scale.

This chapter takes an in-depth look at two members of the ABO, structure class that
both exhibit the orthorhombic Pnma pseudo-scheelite structure at room temperature:
CsReO4 and T1TcOy4. Firstly, an X-ray total scattering study on CsReQOy is performed
analogous to RbReO,, which identified dynamic disorder on the local scale preceding
the I4;/a — I4;/amd phase transition. A combination of Bragg diffraction and
XPDF analysis will be used to determine whether a similar phenomenon occurs in the

Pnma — 14, /a phase transition. Secondly, a neutron total scattering study is performed
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on TITcOy, with the nature of the Pnma — I4;/amd phase transition examined, with a

comparison to TIReOy.

6.2 Synthesis Procedure and Experimental Methods

6.2.1 Sample Synthesis

Caution! Thallium salts are potentially fatal if swallowed. Appropriate personal protective
equipment and safe work procedures were employed during sample preparation and sample

manipulation.

Caution! Technetium-99 is a B~ emitter (Enq.. = 0.29 MeV). All operations relating to the
synthesis of TITcO, were performed by Associate Professor Frederic Poineau in a licensed
radiochemical laboratory at the University of Las Vegas, Nevada, USA. Appropriate
shielding was employed during all manipulations and while loading the sample into a

vanadium can for analysis.

The synthesis of CsReQ, is outlined in previous work.?3* A polycrystalline sample
CsReQy was prepared using a coprecipitation method by reacting perrhenic acid with
caesium carbonate. A 0.2 M solution of rhenium metal (Aithaca Chemicals, 99.99%)
in fresh 30% H,0, was prepared and left stirring overnight to form perrhenic acid.
An aqueous solution of CsyCO3 (Sigma-Aldrich, 99.0%) was prepared by dissolving the
compound in deionised water. The carbonate solution was poured into the corresponding
amount of HReO, solution, which led to the formation of a white precipitate. The
supernatant was discarded, and the precipitate was dried overnight in an oven at 120 °C.
The powders were then annealed in a muffle furnace at 550 °C for 72 hours. Each material

was then finely ground into a powder for further analysis.

The synthesis of TITcOy is outlined in previous work.?® A polycrystalline sample of

T1TcO4 was used as prepared by Associate Professor Frederic Poineau.
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6.2.2 X-Ray and Neutron Total Scattering

X-ray total scattering experiments were performed at beamline 115-1 of the Diamond
Light Source, UK (A = 0.161669 A, 76.69 keV). A small amount of the finely ground
sample was loaded into a borosilicate capillary (inner diameter of 0.78 mm) to a height of
3.5 cm. Data were collected under ambient conditions for the sample, an empty capillary,
and the empty instrument. The temperature was controlled using a cryostream for data
measured in the range 100-500 K, and a hot air blower for 400-800 K. Both temperature
devices were calibrated using an external standard prior to data collection. Diffraction
data was collected using two 2D area detectors at different distances relative to the sample
for Rietveld refinement (860 mm from the sample) and PDF analysis (200 mm from the
sample). A detector malfunction resulted in Bragg diffraction data not being collected
at 580 K. 2D diffraction data was corrected for the polarisation, detector transmission,
and flat field, and badly performing pixels were masked prior to integration to 1D using
DAWN.%" The PDFs G(r) were calculated using PDFgetX3 software from the xPDFsuite
with & Qe of 25 A~1.48:49

Neutron scattering data for TITcO4 were collected at 50, 300, 450, and 600 K using
the POWGEN diffractometer at the SNS located at ORNL.?® The sample was loaded
into a 6 mm vanadium can. Diffraction data suitable for PDF analysis were collected
with a centre wavelength of 0.8 A. For the NPDF calculation, the neutron scattering data
were corrected for instrument background, the incident neutron spectrum, absorption,
and multiple scattering events before normalisation. The software PDFgetN3 was used
the calculate the NPDF from the POWGEN data with a Qy,q, of 30.0 A=1.51 A Savitzky-
Golay filter was applied to the S(Q) for @ > 9.0 A~ to reduce the noise in the broad

regions of the reciprocal space data.

Structural refinements using the Rietveld refinement method were carried out against
both the diffraction and PDF data using the software TOPAS6.5? For the X-ray and
neutron diffraction data, the background of each pattern was estimated using a 12*'- and
6'"-order Chebyshev polynomial respectively. Additionally, a broad Gaussian peak at

Q ~1.5 A=' was included in the Bragg Rietveld refinements to account for the borosilicate
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capillary. The scale factor, lattice parameters, atomic coordinates, and ADPs were refined
simultaneously with the peak profile parameters. Structural illustrations were drawn using
the program VESTA .?3 For the PDF data, the R parameter referenced in the fits is defined

as

. Z [G(T>obs. - G(T>calc.]2 %
R= \/ > G T 100% (6.1)

where G(7)ops. and G(7)cqe. are the observed and calculated data respectively.

6.3 Structural Studies of CsReO,

A polycrystalline sample of CsReO4 was synthesised successfully. X-ray Bragg diffraction
data indicate that CsReO, undergoes a phase transition from orthorhombic Pnma to
tetragonal 14;/a at ~450 K (Figure A.20). Despite this change in long-range average
structure, little change was observed in the short-range local structure. It is concluded
that CsReO, also possesses the same dynamic disorder as RbReOy, which preceded the

melting of the sample.

6.3.1 Long-Range Average Structure X-Ray Diffraction Studies

Rietveld refinements were conducted against the synchrotron X-ray Bragg diffraction data
of CsReQy4 across the entire temperature range, and showed good agreement with previous
studies.?*%9 Representative refinements are depicted in Figure 6.1. The high-quality fits
confirm the average structure previously reported, as well as the phase purity of the
sample. At 100 K, the CsReO, structure was well fitted to the orthorhombic Pnma
pseudo-scheelite structure. The Cs™ cations are eight-coordinate, with Cs—O bond lengths
ranging from 2.992(15)-3.253(5) A. The Re™ cations are bound to four oxygen atoms
(three of which are at unique Wyckoff positions), leading to the formation of distorted
ReOy tetrahedra [Re-O(1) = 1.738(12), Re-O(2) = 1.736(13), Re-O(3) = 1.749(9) A]
and an average Re-O bond length of 1.742(12) A.
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Figure 6.1: Rietveld refinements to the X-ray Bragg data of CsReOy4 at (a) 700 K to the tetragonal 14, /a
space group, (b) 400 K to the orthorhombic Pnma space group, and (¢) 100 K to the orthorhombic Pnma
space group. The insets show the high quality fit to the data at high Q). The black circles represent the
data, the red line represents the fit to the data, the green line represents the difference between the data
and the fit, and the blue dashes represent the space group-allowed reflections.

Heating CsReOy4 from 100 K results in a reduction of the orthorhombic distortion of
the unit cell, as evidenced in Figure 6.2. A phase transition is observed at ~450 K, where
the a and b lattice parameters become equal, indicating an increase in symmetry. The
unit cell volume increases linearly across the temperature range, with a change in the rate

of expansion across the phase transition.

The Pnma — I4,/a phase transition observed in CsReO, has been studied
previously.?3345* Early reports by Kanellakopoulos et al. identified a reversible phase
transition occurring between 400-460 K to a proposed [4;/a structure. Range et al.
concluded, based on the observation of transition enthalpy using differential scanning
calorimetry (DSC), that the phase transition must be first order.>® However, they
identified the high-temperature structure to be the true scheelite aristotype I4;/amd

using infrared spectroscopy. This was based on the absence of a vibrational band at
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Figure 6.2: Rietveld refinements for the variable temperature data of CsReOy, with (a) the a and b lattice
parameters, (b) the unit cell volume, (c) the atomic displacement parameters measured as Be,., and (d)
the relationship between the square of the strain in the orthorhombic Pnma phase and the temperature.
the black dashed line represents the temperature of the Pnma — I4;/a phase transition, and the red
dashed line represents a linear fit.

v ~300 cm™! which is forbidden in I4;/amd but allowed in I4;/a.>* A more recent
study by Chay et al., using high resolution SXRD, identified a two-phase region between
425-500 K, which was determined to be a mix of orthorhombic Pnma and tetragonal
14, /a. The identification of the [4; /a structure was based on the small amount of intensity
at the (114) reflection position, which is forbidden in 74, /amd by the 2h+1 = 4n reflection

condition, but allowed in I4;/a.3*

The tetragonal 74, /amd structure is considered the true scheelite aristotype structure,
and has been observed upon heating in related materials, such as RbTcO,,%® RbReO,,'3
Rb0sO,,% and T1TcO,.3® The orthorhombic Pnma and tetragonal I4; /a structures may
be derived from the scheelite aristotype 4, /amd structure by well-defined rotations of the
BO, tetrahedra. In the case of CsReQy, the orthorhombic Pnma structure differs from
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Table 6.1: Selected Rietveld refinement structural parameters and bond distances for CsReO4 using

synchrotron X-ray diffraction data.

Temperature (K) 100 400 700
Space Group Pnma Pnma 141 /a
a (A) 5.63825(12) | 5.8469(2) | 6.06256(15)
b (A) 5.98153(11) | 5.9888(3) =a
c (A) 14.1696(3) | 14.3866(5) | 14.6177(6)
Vol. (A3) 477.873(16) | 503.77(3) | 537.27(3)
Csz 0.0294(2) | 0.0194(6) =0
Cs 2z 0.12667(15) | 0.1269(4) =5/8
Re z 0.0477(2) | 0.0305(5) =0
Re 2 0.38113(9) | 0.3788(3) =1/8
o(1) « 0.8443(19) | 0.799(4) 0.031(4)
o(1) y =1/4 =1/4 0.4718(14)
o(1) = 0.0817(8) | 0.0722(17) | 0.1951(9)
0(2) z 0.8533(16) | 0.805(4) -
0(2) y =1/4 =1/4 -
0(2) 2 0.4777(8) | 0.4591(15) -
0(3) z 0.0066(13) | -0.007(3) -
0o(3) y 0.5082(11) | 0.513(2) -
0(3) 2 0.6859(6) | 0.6907(10) -
B, (Cs) (A?) 0.32(4) 1.89(11) 6.12(12)
B, (Re) (A?) 0.70(3) 3.57(10) 7.14(9)
Bey (0) (A2) 0.71(15) 4.1(4) 12.4(6)
Re-0(1) (A) 1.753(11) 1.72(3) 1.701(11)
Re-0(2) (A) 1.753(11) 1.75(3) -
Re-0(3) (A) 1.757(8) 1.742(14) -
Rup (%) 2.52 2.23 2.53

the tetragonal 14, /amd structure by rotations of the ReOy tetrahedra around the b-axis,

as described by the irrep M. The I4,/a structure differs from the I4;/amd structure

by rotation of the ReO, tetrahedra around the c-axis, as described by the irrep

+ 34
F3.

However, it is not possible for the Pnma — 14, /a phase transition to be continuous as

the Pnma space group operators cannot be mapped onto the operators of the parent

I4,/a space group.’® As the ReQ, tetrahedra rotations are governed by different drreps,

Pnma — I4;/a must be therefore be a first order phase transition. This representational

analysis, as well as the DSC result reported by Range et al.,>* indicate that the high

temperature phase of CsReOy is most likely to be 4, /a.
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An analysis similar to that described by Chay et al. was attempted with the current X-
ray Bragg diffraction data. Firstly, the possibility of a two-phase region was investigated
by analysing the data in the region of 400-550 K to single phase models for both the
orthorhombic Pnma and tetragonal 4, /a structures separately. The resulting R,,, was
plotted, and is displayed in Figure 6.3a. Between 400-420 K, the patterns are well fitted
to the orthorhombic Pnma structure. However, between 430-450 K a significant increase
in the R,, values for the Pnma structure is observed, along with a sudden decrease
in the R,, associated with the /4,/a structure. This is similarly seen in the Rietveld
refinements, with an increase in the ADPs observed in this temperature region (Figure
6.2c). A two-phase model comprising of both the orthorhombic Pnma and tetragonal
14, /a structures was tested across the potential two-phase region. However, this did not
substantially improve the fit, with the secondary phase contributing <4% of the phase
fraction. The combination of high energy X-rays and lower peak-shape resolution at the
[15-1 beamline at Diamond Light Source made it difficult to distinguish this two-phase

region due to the closely-spaced reflections.

The exact structure of the high-temperature tetragonal phase was also investigated.
Previously, Chay et al. identified the (114) reflection at 500 K using SXRD, which
is allowed in I4;/a but forbidden in I4,/amd.?* However, it was highlighted that this
reflection was only about 0.08% the intensity of the strongest (112) reflection, being
close to the sensitivity limit of the measurements. The weakness of this reflection is a
result of the relative lack of scattering from the oxygen atoms in the presence of highly
X-ray attenuating elements such as Cs™ and Re™ (Zge+ = 54, Zper+ = 68, Zo2- = 10).
Attempts were made to observe this in the current dataset, given the higher intensity
of the I15-1 beamline and the use of a 2D area detector. However, the low peak-shape
resolution caused the (114) reflection to overlap with the stronger (220) reflection. This
is unlike determining the 14;/a — I4;/amd phase transition in RbTcO, and RbReOy,
where the (114) reflection was adequately resolved and was able to be tracked across the

entire temperature range.!3%38

Inspection of the unit cell volume and ADPs across the 100-800 K temperature range

(Figure 6.2b,c) indicated some anomalies in the data. Namely, a slight change in the rate
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Figure 6.3: (a) The R,,, values from the Rietveld refinements of (black squares) orthorhombic Pnma,
(red circles) tetragonal 14, /a, and (green triangles) tetragonal 14, /amd. (b) The refined oxygen z atomic
coordinate from the Rietveld refinements to the tetragonal I4;/a model.

of expansion in the unit cell above 700 K, coupled with a sporadic relationship with the
0%~ ADP. As a result, the dataset at 700 K was refined to both the the tetragonal 14, /a
and I4;/amd models to determine whether this was a result of the change in symmetry
of the structure. Recall that the difference between the tetragonal I4,/a and I4,/amd
structures is due to the rotation of the BO, tetrahedra about the c-axis, and the two
structures can be differentiated by the atomic coordinates of the oxygen atoms [being at
16f (z,y,2) and 16h (0, y, 2) in the I4;/a and I4;/amd structures, respectively]. Each
model gave an identical quality of fit (R,, = 2.53% for both I4,/a and I4;/amd). The
14, /a structural model gave O(x) = 0.035(4) and B, (0?~) = 11.1(8) A2, whereas the
14, /amd structural model had O(z) = 0 and B, (0?") = 13.5(7) A2 Although O(z)
is statistically nonzero within the precision of the refinements, the identical quality of
the fits demonstrates the lack of sensitivity of the data to this. This is further seen
with the R,, values plotted for both the tetragonal I4;/a and 14, /amd structures across
the 400-800 K (Figure 6.3a), demonstrating the inability to distinguish between the two
structures despite the O(z) parameter is refined to be statistically nonzero (Figure 6.3b).
It is also possible that this anomalous behaviour >700 K is related to the melting of the
sample. Although CsReOy has a reported melting point of ~890 K,5"%® the sample was
found to melt near 600 K in a NPD study conducted under vacuum.?* This potential
onset of melting is observed in the reduction of intensity of the Bragg reflections at high

@ with increasing temperature (Figure 6.1), indicating a possible loss of crystallinity.
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Whilst the Pnma — I4;/a phase transition is first order, as evidenced by Range
et al. and Chay et al.,*%* the evolution of the lattice parameters in the orthorhombic
phase is reminiscent of a continuous phase transition. This can be seen by considering the
spontaneous strains associated with the distortion of the orthorhombic Pnma structure

from the tetragonal I4;/a structure. The linear strain components, €, €, and €3, are

given by
a — Qg
€1 =
Qo
b— ao
€y =
Qo
=X (6.2)
Co
1
:>€0:§(62—€1)

where a, b, and c are the lattice parameters for the orthorhombic Pnma structure, and
the reference parameters ag and cq are extrapolated from the values of the (strain-free)
tetragonal 14, /a structure to lower temperatures.>5° In this case, the subscript ‘o’ for
‘orthorhombic’ is omitted as not to be confused with the subscript ‘0’ for the strain-free
structure. A plot of €3 varies linearly with temperature, as seen in Figure 6.2d, indicating

that this transition possesses second order characteristics.

6.3.2 Short-Range Local Structure X-Ray PDF Studies

The XPDFs at 100, 300, 500, and 700 K for CsReO, are displayed in Figure 6.4, with
an extended dataset presented in Figure A.21. In the 100 K dataset, the first peak at
r ~1.74 A corresponds to the Re-O distances that occur within the ReOy tetrahedra. The
subsequent O-O peaks are not observed due to the relatively weak scattering of oxygen
with X-rays. The Cs-O peaks between 2.9-3.3 A are weakly observed at 100 K, but
are indistinguishable from the Fourier termination ripples at higher temperatures. The
subsequent peaks in the XPDF correspond to various cation—cation pairs in the structure,
as indicated by the vertical ticks. In the orthorhombic Pnma structure, the Cs™ and Re™"

cations are located at the 4c¢ Wyckoff position, with variable  and z atomic coordinates
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Figure 6.4: Variable temperature X-ray pair distribution function data of CsReOy4 at 100 (blue), 300
(green), 500 (orange), and 700 K (red). The vertical markers correspond to some of the nearest atom-—
atom pairs in both the orthorhombic Pnma at 100 K (above) and the tetragonal T4, /a structure at 700
K (below). Black arrows indicate extra features in the pair distribution function that are not described
by the model.

that are temperature dependent. This leads to several unique cation—cation distances. In
the tetragonal 14, /a structure (and similar to the 14, /amd structure), Cs™ and Re™ are
at the special symmetry-constrained 4b and 4c sites respectively, with no variable atomic
coordinates. This means that there is significant overlap between the Cs—Cs, Cs—Re,
and Re—Re distances in the tetragonal 4;/a structure coinciding with an increase in

symmetry.

Observing the temperature dependence of the XPDFs in Figure 6.4 shows that the
first Re-O peak at r ~1.74 A remains consistent across the measured temperature range.
However, the remaining peaks (r >3.5 A), corresponding to the various cation—cation
pairs, show very different behaviour with increasing temperature. The peaks at ~4.22 A
(corresponding to Cs—Re distances) and at ~4.68 A (corresponding to Cs—Cs and Re-Re
distances) increase significantly in peak width with increasing temperature. In XPDF, an
increase of peak width occurs due to an increase in disorder at the atomic site, and can
be modelled with two different contributions: a dynamic contribution from an increase in
disorder or thermal motion of the cations, and as a static contribution from splitting of the
atomic site into multiple different cation—cation distances. These extra features have been
labelled with black arrows (Figure 6.4). Initial small box fits to the data indicate that this
increase in peak width is more indicative of splitting into multiple cation environments, as

thermal broadening struggled to account for the peak shape. However, for peak splitting
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Figure 6.5: A comparison of the (a,c) synchrotron X-ray Bragg diffraction and (b,d) X-ray pair
distribution function data at two pairs of temperatures: (a,b) 400 and 550 K, and (c,d) 100 and 300 K.
In each panel, the red line represents the higher temperature data and the blue line represents the lower
temperature data. In the synchrotron X-ray diffraction plots, the space group-allowed reflections are
indicated, whereas in the X-ray pair distribution function data, the cation—cation distances are indicated.

to occur, there must be multiple cation—cation distances that are not allowed by the
symmetry-constrained positions of the cations in the long-range average symmetry of
the 74;/a (or the I4;/amd) structure. This indicates that there is symmetry lowering

occurring on the local scale of CsReO, upon heating.

To investigate this potential symmetry-lowering phenomena, a comparison between
the X-ray Bragg and XPDF data were made at two pairs of temperatures: 100 and
300 K, as well as 400 and 550 K. These comparisons are displayed in Figure 6.5. The 100
and 300 K temperatures were compared to demonstrate the effect of thermal broadening
in the XPDFs without changing the long-range structure of the material. In the X-ray
Bragg data, there is no observed change in the long-range average structure, with Bragg
reflections moving to lower ) due to thermal expansion. In the XPDF, the features
remain the same with a similar observation of some cation—cation distances shifting to
higher r, indicating an expansion of the unit cell. The 400 and 550 K temperatures

were compared to demonstrate what effect a change in the long-range average structure



6.3 Structural Studies of CsReQOy 239

has on the short-range local structure of the material. These two temperatures were
chosen to avoid the possibility of a two-phase orthorhombic Pnma and tetragonal 14, /a
mixture observed by Chay et al. between 425-500 K.3* Despite the change in long-range
average structure evident in the X-ray Bragg data resulting in a reduction in the number
of observed reflections at 550 K (and by the Rietveld refinements in Figure 6.2), very
little change is observed in the XPDF data. In particular, the features between 4.0-5.0 A
(corresponding to a combination of Cs—Cs, Cs—Re, and Re-Re distances in the tetragonal
I4;/a model) only display slight broadening, despite being reduced from nine unique
cation—cation distances in the orthorhombic Pnma model to two unique distances in the

tetragonal /4, /a model.

Small box fits (also referred to as real space Rietveld refinements) were undertaken on
the XPDF data. The XPDF data at 100 K was first fit using the long-range orthorhombic
Pnma model derived from the X-ray Bragg diffraction Rietveld refinements. When fitting
the XPDF data, a spherical correlation function was used to model the change in B;,, with
respect to r. This accounts for the differences in correlation length for the atom-atom
pairs with shorter and longer interatomic distances. Additionally, a constant B, for the
Re™ and 02~ sites was used for 1.2 < r < 2.7 A to capture the rigid ReO, tetrahedra,
which is referred to as B; for ‘local. A single B; parameter was refined against the
100 K XPDF data to give B; = 0.224(12). Additionally, the three Re-O bond distances
were restrained to be approximately the same value, and the O—Re—-O tetrahedra angles
were restrained to be close to the ideal angle of 109.5 °. This was in line with previous

L2 as well as a

total scattering studies that have identified rigid ReO4 tetrahedra units,
lack of splitting in the first Re-O distance at ~1.74 A. The B, parameter and the ReO,
restrictions were kept fixed for all temperatures, and example fits (Figure 6.6) showed

that this approach did not prevent high quality fits to the XPDF data.

Fits to the XPDF data were conducted using the long-range average orthorhombic
Pnma (100-800 K), tetragonal I4;/a (400-800 K), and tetragonal 14, /amd (400-800 K)
models. The resulting structural parameters are displayed in Figure 6.7 as a comparison
between the X-ray Bragg diffraction and XPDF fits for all measured temperatures. To
assess the suitability of the data, the R values for the XPDF fits were calculated using
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Figure 6.6: Variable temperature X-ray pair distribution function data of CsReO4 at (a) 600 K fitted to
the tetragonal 14, /a model, (b) 400 K fitted to the orthorhombic Pnma model, and (c) 100 K fitted to
the orthorhombic Pnma model. The blue circles represent the data, the red line represents the small box
fit to the data, and the green line represents the difference between the two.

Equation 6.1. In this approach, the fit is performed over the entire 1.2 < r < 30 A to
capture the effect of the local correlations, however the R values for the XPDF fits were
calculated over a reduced range (3.5 < r < 30) to capture the features in the XPDF data
that significantly change with temperature whilst avoiding the Fourier ripples that were

prominent at lower temperature.!

Considering the X-ray Bragg fits, from 100-450 K the data is best fitted using the
orthorhombic Pnma model. The tetragonal [4;/a and I4;/amd models struggle to fit
the data from 400-450 K, but eventually display an R,, value consistent with the Pnma
orthorhombic model. For >600 K, the Pnma refinements were unstable and returned
large R, values, and hence were excluded from Figure 6.7a. As stated previously, there
is little to distinguish the tetragonal 14, /a and T4, /amd structures using X-ray diffraction,
and therefore the Rietveld refinements return fits of near-identical quality. However, there

appears to be a slight difference between the quality of the XPDF fits depending on the
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Figure 6.7: Results from the fits of the (a,c,e,g) X-ray Bragg diffraction and (b,d,f;h) X-ray pair
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parameter from the X-ray pair distribution function fits, with the parameter described in text. (c,d) The
unit cell volume (UCV) across the entire temperature range. (e,f) The atomic displacement parameters
extracted for Cs* and Re™* from the X-ray Bragg (B,,.) and the X-ray pair distribution function (Bpign)
fits. (g,h) The Re-O bond distances, with an additional peak-fitting technique performed for the X-ray
pair distribution function data described in text. For clarity, the error bars have been omitted. The
dashed line at 450 K represents the Pnma — I4;/a phase transition observed in the X-Ray Bragg fits,
whereas the dotted line at 700 K represents the onset of local disorder in the X-ray pair distribution
function.
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model used (Figure 6.7b). This possibly indicates that there are local features that are
captured by the greater number of degrees of freedom allowed in the orthorhombic Pnma
structure (22 parameters) compared to the tetragonal /4, /a (13 parameters) and 4, /amd

(12 parameters) structures.

The unit cell volumes derived from the X-ray Bragg and XPDF fits are also shown
(Figure 6.7¢,d). The features identified in the long-range average Bragg refinements, such
as a change in the rate of expansion after the Pnma — I4;/a phase transition and the
linear nature of each, are reproduced in the XPDF fits. In both the X-ray Bragg and
XPDF modelling, equivalent lattice parameters were obtained when fitting the 74, /a and
I4,/amd models to data >450 K, and therefore only the 4, /a unit cell volume is plotted.
While the lower R value for the orthorhombic Pnma structure indicates that there are
local features within the XPDF data, the consistency of the unit cell volumes in both the
X-ray Bragg and XPDF fits indicate this local disorder is not apparent in the ‘average’

unit cell of the structure.

The B,,. and By, values from the X-ray Bragg and XPDF fits that capture the ADPs
are shown in Figure 6.7¢,f. Observing the ADPs is important in structural refinements, as
an incorrect structural model used to fit the data can result in larger values.%° In the X-ray
Bragg fits, these describe the average atomic displacements which increase almost linearly
with temperature. In the XPDF fits, B4, corresponds to the cation-cation correlations
at high r, with B; fixed to the 100 K dataset to capture the nearest neighbour correlations
(such as the rigid ReO, tetrahedra). The trend in the XPDF fits differ to that of the
X-ray Bragg fits. In the X-ray Bragg fits, the Re™" ADPs are larger than that of the
Cs™ cations. However, this is reversed in the XPDF fits, with the Cs™ ADPs larger than
those of the Re™ cations. Furthermore, the thermal behaviour of Re™ is nonlinear, with

a point of inflection observed at ~700 K.

Finally, the behaviour of the ReO, tetrahedra were investigated based on both the
X-ray Bragg and XPDF fits (Figure 6.7g,h). As seen previously in a study from the
author’s research group on the I4;/a — I4;/amd phase transition observed in RbReOy,!
and in other scheelite-type oxides,***> hints of local disorder can often be observed in the

anomalous behaviour of the B—O bond lengths upon heating. This was also seen in the
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Rietveld refinements of CsReO,4, with the average Re-O bond length at 100 K refined
as 1.74(2) A, but decreasing down to a minimum of 1.711(14) at 690 K in the I4,/a
model. This decrease of ~2% is not of the same magnitude as observed in the variable
temperature work of RbReO, (ARe-O = ~11%),! but is still statistically significant as it
is larger than the calculated uncertainties. In the XPDF, the Re-O distances show very
different behaviour, with only a subtle change due to thermal expansion. As the Re-O
distance is influenced by the Re-O peak at ~1.74 A (Figure 6.4), an additional fitting was
performed where this peak was fitted with a single Gaussian peak. This yielded a similar
trend with a smaller uncertainty. However, there is a deviation between the fitted XPDF
values and the Gaussian peak vales from ~700 K, similar to the onset of additional Re”*

thermal motion observed in Figure 6.7f.

Different physical phenomena were considered to explain the differences between the
X-ray Bragg and XPDF fits. Firstly, the large ADPs for Re”" and a change in the Re-O
bond distance observed in the X-ray Bragg fits indicate that there is possible off centring
of the Re”" cations. That is, a displacement of Re’" from the symmetry-constrained
4c (0, 1/4, 1/8) Wyckoff position. This would explain the lower R value obtained when
fitting the XPDF to the orthorhombic Pnma structure, as the model has more degrees
of freedom than the tetragonal 14, /a and [4;/amd models associated with the general
and z atomic coordinates of Re”". However, off centring of Re”™ would lift the degeneracy
of the Re—O bond distances, which is not reflected in the unchanged and unsplit Re-O
distance at ~1.74 A in the XPDF data.

Next, the possibility of incoherent rotations of the ReO, tetrahedra was considered.
Such rotations have been used to explain the apparent B—O bond length shortening
in the average structure of other ABO, materials.***>6! These rotations are analogous
to ABQOg3 perovskites, where rotation of the BOg octahedra leads to a reduction in
symmetry of the overall structure.? However, coherent rotations of the tetrahedra should
not change the quality of the fits to the XPDF data over different length scales. XPDF
refinements were conducted from 460-800 K using the tetragonal I4;/a model but with
Tmaz Varied to allow different length scales to be investigated."%3 Two fitting ranges were

conducted: one from 1.2<r <30 A to capture the longer-range structure, and one
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from 1.2 < r < 10 A to capture the shorter-range features. These fits were then used to
determine Al = [, — [;, where [; and [5 correspond to the lattice parameters obtained from
the fits to ryee = 10 and 30 A respectively. The results of these fits are shown in Figure
6.8. That there are substantial differences between the two fits across the 460-800 K
temperature range indicates that this local-scale disorder is not from uncorrelated ReOy

rotations.
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Figure 6.8: Results from the variable r range X-ray pair distribution function fits with the I4; /a model.
The value of Al is described in text, with two different 7,4, of 10 and 30 A used. The values of Aa, Ac,
and AUCYV correspond to the differences between the lattice parameters between the two fits.

As neither off centring of the Re™ cations, nor incoherent ReOy tetrahedra rotations
can explain the local scale symmetry lowering, the possibility of incoherent ReO,
tetrahedra translations upon heating was investigated. Whereas ABQOj3 perovskites consist
of a network of corner-sharing BOg octahedra that facilitates coherent tilting, the BO4
tetrahedra in the ABQO, structures share no such connection. Rather, the tetrahedra
are joined through the A-site cation that allows for additional freedom in the relative
position and orientation of the individual BO, tetrahedra. Such changes would effectively
displace the Re™ cation from the space group Wyckoff special position, whilst maintaining

constant Re-O bond lengths across the temperature range. This phenomena would
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explain the differences between B, and By,g, in the X-ray Bragg and XPDF fits (by
allowing for multiple Re™ cation sites), as well as the apparent differences between
the Re-O bond distances (modelled as decreased bond lengths in the Bragg fits, but
maintaining a consistent Re-O bond distance in the XPDF'). This would also be consistent
with the r,,.,,-dependent trends observed in Figure 6.8, where there is a difference between
the short-range local and long-range average structures in the XPDF. These incoherent
tetrahedra translations appear to be thermally activated, with a greater disparity between
the two length scales at higher temperatures. It should be noted that these thermal
displacements may have a preferred direction at lower temperatures, with a significant
drop in Aa observed around ~550 K, before a similar jump is observed in Ac at around
~700 K. Therefore, it is possible that these incoherent tetrahedra translations may first

occur within the ab plane at ~550 K, before being observed in the ¢ direction from ~700 K.

Recall that the X-ray Bragg diffraction showed a change in the slope of the unit cell
volume at ~700 K, as well as a decrease in crystallinity that was tentatively ascribed
to the onset of melting of the sample. However, the same change in the slope of the
unit cell volume is also observed in the XPDF, meaning that it is also occurring on the
local scale. The observed change in the Bp;g, of Re™ in the XPDF at ~700 K, coupled
with the increase in the difference between the lattice parameters at different length
scales indicates that this is related to the possible thermally-activated ReO,4 incoherent

tetrahedra displacements, and that they may proceed the melting of the sample.

An X-ray total scattering study of CsReO, identified a Pnma — I4;/a phase
transition occurs at ~450 K, accompanied by a linear increase in the lattice parameters
and unit cell volume. However, the XPDF data showed little change upon heating, with
broadening observed that was indicative of atomic displacements. Additional differences
between the X-ray Bragg and XPDF fits were observed, such as the differences in ADPs,
as well as the difference in the behaviour of the Re—O distances. In determining a model
that would be consistent with both the X-ray Bragg and XPDF data, it is predicted that
the ReO, tetrahedra undergo incoherent translations within the structure, giving rise to

local dynamic disorder.
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6.4 Structural Studies of T1TcO,

Neutron Bragg diffraction data of T1TcO, indicate a Pnma — 14, /amd phase transition
occurs upon heating, as indicated by the lack of observation of the (114) reflection
indicative of the [4;/a structure. NPDF fits identify the rigid nature of the TcOy

tetrahedra, as was similarly seen in a comparative study to TIReOy,.

6.4.1 Long-Range Average Structure Neutron Powder
Diffraction Studies

NPD data were collected for TITcO4, on POWGEN at the SNS at 50, 300, 450, and
600 K. These temperatures were selected based on the orthorhombic-to-tetragonal phase
transition observed at ~500 K in a previous SXRD study conducted by the author’s
research group.®® Rietveld refinements to these data show good agreement with the
previous SXRD study.®® Similar to CsReQOy,, TITcO, adopts an orthorhombic Pnma
structure at low temperatures. At 50 K, the structure consists of a network of T1Og
polyhedra and TcO, tetrahedra. The TlOg polyhedra contain T1-O bonds between
2.689(14)-3.052(6) A, whereas the TcO, tetrahedra are distorted with Tc-O bonds
between 1.724(10)-1.767(16) A and an average Tc-O bond length of 1.745(14) A, and
O-Tc-O bond angles ranging from 105.6(8)-111.9(5) °.

Previous analysis of the T1TcO4 high-temperature phase was inconclusive, with both
I4,/a and I4,/amd structural models returning equivalent fits using SXRD data. The
two structures differ by a rotation of the TcO,4 tetrahedra around the c-axis governed
by the I's mode, and can be differentiated by the presence (or absence) of the (114)
reflection.®35 A similar analysis was conducted where both the I4;/a and I4,/amd
structures were fitted to the 600 K dataset, and these resulted in almost identical quality
of fits (for I4,/a: Ry, = 2.00% with 37 parameters vs. for 4, /amd: R, = 2.02% with 36
parameters). Despite the improved sensitivity to the oxygen atomic coordinates and ADPs
using neutron diffraction, the Rietveld refinements were still insensitive to the atomic

coordinates of the oxygen atoms. The tetragonal [4;/a structure returned a nonzero
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Figure 6.9: Rietveld refinements to the neutron Bragg data of TITcO4 at (a) 600 K to the tetragonal
14, /amd space group, (b) 450 K to the orthorhombic Pnma space group, (c) 300 K to the orthorhombic
Pnma space group, and (d) 50 K to the orthorhombic Pnma space group. The black circles represent
the data, the red line represents the fit to the data, the green line represents the difference between the
data and the fit, and the blue dashes represent the space group-allowed reflections.

oxygen position and a large oxygen ADP [O(z) = 0.0584(5) and B, (O) = 8.6(4) A,
which was smaller than observed for the tetragonal I4;/amd structure [O(x) = 0 and

B., (0) = 9.9(4) A?], demonstrating insensitivity to the data.

The Rietveld refinements to the 600 K dataset were examined in more detail, and
are presented in Figure 6.10. The intensity associated with the (114) reflection (which
is allowed in I4;/a but forbidden in I4,/amd) at Q ~2.4 A~' is noteworthy. In the
refinements to the I4;/a space group, additional intensity is placed at the position
of this reflection, as indicated by the negative feature in the difference curve. In
fitting the I4;/amd structure, the diffraction pattern in this region is adequately fit.
Furthermore, the (211) reflection at ~2.5 A=! is better fit using the tetragonal 14, /amd
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Table 6.2: Selected Rietveld refinement structural parameters and bond distances for TITcO4 using

neutron powder diffraction data.

Temperature (K) 50 300 600
Space Group Pnma Pnma 14y /amd
a (A) 5.4381(7) | 5.4867(8) | 5.7112(9)
b (A) 5.7252(6) 5.7576(8) =a
c (A) 13.3167(16) | 13.4977(19) | 13.746(2)
Vol. (A3) 414.60(8) | 426.40(10) | 448.37(16)
Tl z 0.0057(11) | 0.0136(13) =0
Tl 2 0.1264(5) | 0.1261(5) =1/8
Tc x 0.0347(15) | 0.0312(17) =0
Tc 2 0.3769(8) | 0.3795(8) =3/8
0o(1) z 0.840(3) 0.820(3) =0
0(1) y =1/4 = 1/4 0.5137(16)
o(1) = 0.0849(10) | 0.0809(9) | 0.6909(5)
0(2) 0.858(2) 0.840(3) -
0(2) y = 1/4 = 1/4 -
0(2) 2 0.4896(10) | 0.4772(12) —
0(3) z 0.0387(15) | 0.0348(14) -
0(3) y 0.5041(13) | 0.5035(12) -
0(3) = 0.6883(6) | 0.6893(5) -
By (T1) (A?) 0.00(11) 1.41(17) 4.1(4)
By (Tc) (A?) 0.73(17) 2.3(2) 4.6(4)
By (0) (A?) 2.1(2) 4.8(3) 10.1(4)
Tc-0(1) (A) 1.736(19) 1.672(19) 1.625(9)
Tc-0(2) (A) 1.782(17) 1.69(2) —
Tc-0(3) (A) 1.702(10) 1.734(10) —
Ruyp (%) 3.81 3.00 2.02

as opposed to the I4;/a structure that overestimates the intensity. Therefore, it is
tentatively concluded that T1TcO, adopts the 14, /amd scheelite-type aristotype structure
at elevated temperatures. However, it is worth noting that high resolution diffraction
data experiments should be conducted to confirm the presence (or absence) of the (114)

reflection at elevated temperatures.

The 50, 300, and 450 K datasets were fit using the orthorhombic Pnma model,
whereas the 600 K dataset was fit with the tetragonal I4;/amd model. Parallels were
immediately noted with the Pnma — [4;/a phase transition observed in CsReQOy, such
as the anisotropic expansion of the a and b lattice parameters coupled with the unit
cell volume showing a change at the transition (Figure 6.11a,b). The unit cell volume

of the tetragonal I4;/amd phase at 600 K appears to be larger than the extrapolated
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Figure 6.10: Rietveld refinements to the neutron Bragg data of TITcO,4 at 600 K to the (a) tetragonal
I4, /a space group, and the (b) tetragonal I4;/amd structure. The black circles represent the data, the
red line represents the fit to the data, the green line and shaded area represent the difference between
the data and the fit, and the blue dashes represent the space group allowed reflections.

unit cell volume of the orthorhombic Pnma structure. This point will be returned to
below. The ADPs for the oxygen sites at 50 K are invariably larger than that of the
cations, possibly hinting at static disorder in the structure. This is presumably due to
the stereochemical activity of the TIT 6s% lone pair electrons causing incoherent static
displacements and short-range correlations. The ADPs show anomalous temperature-
dependent behaviour, where an increase is observed between 50 and 300 K for both
Tc™ and O?~, before dropping at 450 K. This was hypothesised to be a result of the
rare isosymmetric (Pnma — Pnma) phase transition that was previously described for
T1TcO,4.%® This phase transition was identified to be a first order due to the coexistence
of the two orthorhombic Pnma structures between 300-400 K. It is possible that the
increase in ADPs at 300 K may be a result of this two-phase region that is inadequately
resolved in the POWGEN dataset. A further interesting result of the Rietveld refinements
is the increase in ADPs of the oxygen site at 600 K, coupled with an apparent reduction
in the Tc—O bond lengths in the TcO, tetrahedra upon heating. As seen previously in
the study of CsReO4 and other ABO4 metal oxides, Rietveld refinements often result in
anomalous behaviour of the oxygen anions when either static (such as cation off centring)

or dynamic (such as tetrahedra translations) disordering is occurring.
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Figure 6.11: Rietveld refinements for the variable temperature data of TITcO, with (a) the a and b lattice
parameters, (b) the unit cell volume, (c) the atomic displacement parameters measured as Be,., and (d)
the Tc—O bond distances, where only the uncertainties of the average value has been displayed for clarity.

The trend in the unit cell volume is noteworthy. Although there is only one
temperature point taken above the phase transition in the current neutron total scattering
study, the synchrotron XRD study conducted by the author’s research group shows the
same trend.?® There appears to be a relationship between the presence of 6s? lone pair
electrons on the A-site cation, and the magnitude of change in the unit cell volume of the
high-temperature structure, relative to the low-temperature structure. This is summarised
in Figure 6.12. By extrapolating the unit cell volume of the lower-temperature phases, the
high-temperature phases of T1TcOy4, and BiVO4 from Chapter 5, are significantly higher
in volume. In contrast, the unit cell volume of NdNbO, taken from Saura-Muzquiz et al.
and the unit cell volume of HoNbO, from Chapter 3 of this dissertation appear to undergo
little change in unit cell volume through the phase transition.?® This effect of the 6s* lone
pair electrons could potentially relate to the compressibility of the AOg polyhedra, where
high-pressure studies have noted that BiVO, undergoes a 12/b — 4, /a phase transition
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at 1.5 GPa,% whereas HoNbO, undergoes a 12/a — P2;/c phase transition at 19.0 GPa.5
It is unclear whether this is an effect of the 652 lone pair electrons as noted similarly in

Figure 5.9, and is a result worth further investigating.
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Figure 6.12: Unit cell volumes of the various ABO4 phase transitions, (a) Pnma — I4;/amd in T1TcOy4
taken from synchrotron X-ray diffraction by Kennedy et al.,>® (b) 12/a — I4;/a in NANbO, taken from
neutron powder diffraction by Saura-Muzquiz et al.,?® (c) I12/b — I41/a in BiVO, taken from neutron
powder diffraction data, and (d) 12/a — I4;/a in HONbOy taken from neutron powder diffraction data.
The purple circles represent the low-temperature data, the orange circles represent the high-temperature
data, the dashed line indicates the phase transition temperature, and the dotted line is extrapolated from
the low-temperature data and is used to guide the eyes.

6.4.2 Short-Range Local Structure Neutron PDF Studies

The NPDF data of T1TcO4 at 50, 300, 450, and 600 K are plotted in Figure 6.13. At
all temperatures, the peak at ~1.72 A corresponds to the first Te—O pair within the
TcO, tetrahedra. This shows neither splitting nor broadening at any of the measured
temperatures. The first O—-O distances, corresponding to the edge of the TcO, tetrahedra,
results in a consistent peak at ~2.80 A. That neither the first Te-O, nor O-O distances
change over the measured temperature range implies the presence of rigid TcO, tetrahedra.
These tetrahedra were then modelled by placing restraints on the Tc-O bonds such that
they were equal and fixing the O—Tc—O bond angles within the TcOy, tetrahedra at 109.5 °.
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Figure 6.13: Variable temperature neutron pair distribution function data of T1TcO4 at 50 (blue), 300
(green), 450 (orange), and 600 K (red).

As seen in previous total scattering studies, such as the NaBi(WO,), double scheelites
in Chapter 4, and BiVO,; and PbWO, in Chapter 5, stereochemically active lone
pair electrons cause cations to disorder through well-defined displacements from their
centrosymmetric position (giving a static contribution to the ADPs) as well as increased
thermal motion (giving a dynamic contribution).?6%:66:67 The 50 K data was first modelled
to minimise the dynamic component. Fits were conducted using three models: the high
temperature tetragonal [4;/amd structure derived from the Bragg fits, the long-range
average orthorhombic Pnma structure derived from the Bragg fits, and the monoclinic
P2, /¢ structural model observed in TIReO4 (and previously used to model the local
structure of BiVO, and PbWO, in Chapter 5). These fits are shown in Figure 6.14
over a range of 1.2-30 A. Not surprisingly, the tetragonal I4; /amd model fits the data
poorly at both low and high . The fits to the orthorhombic Pnma structure provided an
adequate fit at high r consistent with the long-range Bragg fitting, but failed to provide
a satisfactory fit at low r. The monoclinic P2;/c model provides the best fit to both
the low and high r, implying that similar local features that were present in TIReO, —
the displacement of cations from their centrosymmetric positions and deformation of the

T10g polyhedra — are also present in T1TcOy.
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Figure 6.14: Neutron pair distribution function data of T1TcO4 measured at 50 K fitted to the (a)
tetragonal I4;/amd, (b) orthorhombic Pnma, and (c¢) monoclinic P2;/c structure. The blue circles
represent the data, the red line represents the small box fit to the data, and the green line represents the
difference between the two. The TcOy4 tetrahedra in the P2;/c model were constrained to be rigid.
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Figure 6.15: Variable temperature neutron pair distribution function data of T1TcOy4 at 50 K fitted to the
(a) tetragonal I4;/amd, (b) orthorhombic Pnma, and (c) monoclinic P2;/c structure with rigid TcOy
tetrahedra. The blue circles represent the data, the red line represents the small box fit to the data, and
the green line represents the difference between the two.
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To better understand the deformation of the T1Og polyhedra and its contributions to
the NPDF, partial PDFs of the orthorhombic Pnma and monoclinic P2;/c models were
plotted (Figure 6.15). Each model shows the peak at ~1.72 A being well fitted to the
Tc-O distance in the TcOy tetrahedra. The region from 2.5-3.5 A is comprised of O-O
distances across the TcOy4 tetrahedra and T10g polyhedra, as well as the T1-O distances
within the T1Og polyhedra. Most importantly, the strong peak at ~2.84 A is best fit
with a single O—O distance consistent with the rigid TcO, tetrahedra in the monoclinic
P2;/c model. As observed in the NPDF fits to the 50 K dataset, allowing for multiple
different OO distances as a result of the deformed TcO, tetrahedra results in poor fitting
of these features using either the tetragonal 14;/amd and orthorhombic Pnma models.
For both these mod