Chemistry

¢ Article

[norganic

Inorg. Chem. 2009, 48, 10553-10559 10553
DOI: 10.1021/ic900927j

In Situ Powder X-ray Diffraction, Synthesis, and Magnetic Properties of the Defect

Zircon Structure ScVO,_,

Shahid P. Shafi,' Matthew W. Kotyk,! Lachlan M. D. Cranswick,* Vladimir K. Michaelis,! Scott Kroeker, and

Mario Bieringer*!

"Department of Chemistry, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2, and
*Canadian Neutron Beam Centre, National Research Council Canada, Chalk River Laboratories,

Chalk River, Ontario, Canada K0J 1J0

Received May 12, 2009

We report the formation pathway of ScVOy, zircon from ScVOj bixbyite with emphasis on the synthesis and stability of
the novel intermediate defect zircon phase ScVO,—, (0.0 < x < 0.1). The formation pathway has been investigated by
means of thermogravimetric/differential thermal analysis and in situ powder X-ray diffraction. The oxidation of ScVO3 to
ScVO, involves two intermediates of composition ScVO35.,, (0.00 < y < 0.22) and the novel phase ScVO,—y.
ScVO,— crystallizes in the defect zircon structure in space group /44/amd (141) with a = 6.77761(5) A and ¢ =
6.14045(8) A. Oxygen defect concentrations in bulk ScVO,—, samples range from 0.0 < x < 0.1. ScVO,—_, is
compared with the fully oxidized zircon structure ScVO, using powder X-ray diffraction, neutron diffraction, and bulk
magnetic susceptibility data as well as *>Sc and *'V solid state NMR spectroscopy. ScVO,_, can only be obtained by
oxidation of ScVOg or ScVOj3 5., While the reduction of ScVO,4 does not yield the novel defect structure. Mechanistic
insights into the oxidative formation of ScVQ, via the defect structure are presented.

1. Introduction

Rare earth orthovanadates of compositions AVO, with
pentavalent vanadium and AVO; with trivalent vanadium
have been extensively studied due to their interesting mag-
netic, optical, and electronic properties' ¢ along with poten-
tial applications in secondary lithium ion batteries’ and
photocatalysis.® We are primarily interested in vanadate
redox chemistry with compounds of composition AVO,
where vanadium is the only paramagnetic cation in oxidation
states V2 ' (d*ions— S=1) and V** (d'ions — S=1/2) in the
presence of a trivalent diamagnetic A-cation. The solid state
oxidation pathway of AVO; (A = rare-earth or rare-earth
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like) bixbyite to AVOy zircon is of particular interest because
of the structural relations between oxidation intermediates
and the parent AVOz; and AVO, phases. The AVO; structure
types are primarily determined by the A*" cation sizes. Lu®*
is the smallest known A** cation capable of forming a stable
AVO; perovskite structure whereas smaller A** cations such
as Sc* and In*" form bixbyite phases’ !'! with A3"/V3*
disorder on the two available octahedral cation sites. AVOy,
(where A=La—Lu, Sc, Y) compounds are isostructural with
the tetragonal zircon phase, ZrSiO4 (space group /4,/amd). In
zircon type ScVOy, each Scion is coordinated to eight oxygen
atoms in a dodecahedral fashion, and the vanadium ion is
coordinated to four oxide ions forming VO, tetrahedra. The
AVO, series has been investigated especially for their mag-
netic,'? luminescent,"? and photocatalytic® properties. The
unit cell volumes of the AVO, phases scale with the A*"
cation sizes. Furthermore, a systematic decrease of the V—0O
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distances with decreasing A** cation size has been reported
for the zircon phases.'* At pressures of a few kilobars and
temperatures less than 600 °C the zircon type vanadates
transform to the denser scheelite structures, making them
suitable candidates for the investigation of polymorphism
among ABO-type compounds.'* Previous investigations of
AVO; bixbyite oxidations reported the occurrence of
AVOssy, (0.00 = y < 0.22) intermediate phases during
topotactic reactions.'™'> In contrast, the corresponding per-
ovskites undergo oxidation to the zircon type products with
no observable intermediate phases.'” Intrigued by the pre-
sence of the oxidation intermediate ScVOs 5., during ScVO;
oxidation we decided to investigate this process further using
in situ diffraction and thermal analytical methods. In situ
techniques are particularly suitable for the detailed under-
standing of solid state reaction pathways. Frequently ex situ
investigations cannot provide equivalent information and are
prone to missing significant intermediates. Using in situ
methods we can prove the occurrence of intermediates which
are subsequently prepared as bulk samples after optimization
of the preparative methods. Only very few defect zircon
structures such as RE,4CrOsgs (RE = Gd, Yb, Y)'® have
been reported and those are limited to simultaneous A-cation
and anion deficiencies; that is, the B-cation oxidation state is
unaltered. Anion deficient structures contain only partially
occupied energetically equivalent oxide-ion lattice sites,
which are required for good oxide-ion conductivity. These
materials find practical applications as solid state ion con-
ductors in solid oxide fuel cells (SOFC) and solid oxide
electrolyser cells (SOEC).

There are only four distinct compounds, namely, Sc,VOs,
ScVOy, ScVO3, and ScVO; 54, (0.00 < p < 0.22), reported so
far in the scandium vanadium oxygen phase diagram. We are
reporting for the first time the existence of the metastable
oxidation intermediate ScVO,4—, which was revealed by in
situ powder X-ray diffraction and simultaneous TGA/DTA
experiments. It is important to note that the oxidation from
AVO;s,, (0.00 = y < 0.22) to AVO, is not topotactic or
starting material dependent and involves complete recon-
struction of the crystal lattice. The cation disordered bixbyite
structures are built from oxygen bridged cation—oxygen
octahedra, whereas the zircon structure consists of isolated
vanadium—oxygen tetrahedra. The oxygen deficient
ScVO,—, zircon structure has been synthesized via low
temperature oxidation of ScVO;s., (0.00 < y =< 0.22).
ScVO,-—, crystallizes in space group I4;/amd (141) and
maintains the tetragonal zircon structure with disordered
oxide defects.

2. Experimental Section

Bulk samples were prepared via a four-step solid state
reaction synthesis. All materials were ground in acetone using
an agate mortar and pestle. Polycrystalline ScVO, was
synthesized from stoichiometric amounts of Sc,O5; (Alfa
Aesar: 99.99%) and NH4VO; (Cerac: 99.9%) in air at 1000 °C
for 12 h with one intermediate grinding, eq 1

Sc, O3 +2NH4 VO3 — 2ScVO4 + 2NH5 + H,O (1)

(14) Chakoumakos, B. C.; Abraham, M. M.; Boatner, L. A. J. Solid State
Chem. 1994, 109, 197.
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No impurities or traces of starting materials were observed by
powder X-ray diffraction. The polycrystalline ScVO, was
then reduced in a CO/Ar (1:3 volume ratio) flow at 600 °C
for 12 h,eq 2

ScVO4 + CO — ScVO; + CO;, (2)

The phase pure ScVOj3; was then oxidized topotactically in air
at 300 °C for 4 h according to eq 3

4ScVOs; + (1 + 2)0, — 4ScVO0s 54, 3)

ScVOs; 5., was partially oxidized to ScVO,4- at 500 °C for
12 h in flowing O,, eq 4

4SCVO3‘5+}, + (1 —2y _ZX)OQ — 4ScVOy4 -, (4)

Fully oxidized ScVO, powder was prepared directly from
ScVO; in oxygen flow at 1100 °C, eq 5.

2Sc¢VO;3 + 0, — 2ScVO, (5)

All polycrystalline products were identified with a Bragg-
Brentano powder X-ray diffractometer (PANalytical X Pert
Pro, diffractometer radius = 240 mm) using Cu Ka,, , radia-
tion (A = 1.54098 A, 1.544426 A) equipped with a diffracted
beam Ni-filter and an X’Celerator detector. Room tempera-
ture data sets were collected in the 20 range 10° to 90° in
0.0083° steps using a zero background quartz sample holder.
All diffracto%rams were analyzed by the Rietveld method
using GSAS."””

In situ powder X-ray diffraction experiments were carried
out on the same diffractometer using an Anton Paar
HTK2000 high temperature attachment equipped with a
platinum strip heater. The 20 min diffractograms were re-
corded for the angular range 26 = 8° to 79° using 0.0167°
steps. Samples were mounted as thin layers from acetone
slurries and heated in oxygen flow from 30 °C to 1000 °C at
10 °C increments. The in situ reduction of ScVO, in CO/He
(1:2 volume ratio) flow was carried out in 20 °C increments
from 20 °C to 900 °C. The temperature of the furnace is
accurate within at least 5°C between room temperature and
1200 °C.

Powder neutron diffraction data were collected on the
medium resolution 800 wire diffractometer C2 operated by
the National Research Council Canada at Chalk River at
room temperature.' *'® Diffractograms were measured using
a cylindrical vanadium sample container and neutron wave-
lengths A = 2.37043(5) A (5° < 20 < 85°)and 4 = 1.33003(2)
A (35° =26 = 115°) at 0.05° increments. Rietveld refinements
against powder X-ray and two powder neutron data sets were
performed with GSAS.'® The two neutron wavelengths were
refined during the three histogram refinements.

Simultaneous thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) experiments were con-
ducted with a Linseis L81 thermobalance. Polycrystalline
samples were either fully oxidized in O, or fully reduced in
CO/Ar with a linear heating rate of 25 °C/min from 25 °C to
1200 °C. All experiments were corrected for buoyancy and
were conducted in alumina crucibles with Al,O; powder
(similar mass as the sample) as the reference. All products
were identified by powder X-ray diffraction.
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Figure 1. In situ powder X-ray diffraction contour plot of ScVO;
oxidation in oxygen flow from 30 °C to 1000 °C at 10 °C increments.
Note the occurence of three transitions. The intensities of the contour lines
are shown as constant increments from blue (lowest intensity) to red
(highest intensity).

Bulk d.c. magnetic susceptibility measurements were car-
ried out with a Quantum Design MPMS SQUID magneto-
meter in the temperature range from 2 K to 325 K and using a
magnetic field of 0.1 T. The samples were contained in gelatin
capsules held in plastic straws. All data were corrected
for core diamagnetism and diamagnetic contribution of the
gelatin capsules.

Vanadium-51 (157.8 MHz) and scandium-45 (145.7 MHz)
NMR were acquired on a Varian Inova 600 (14.1 T) spectro-
meter using a Varian-Chemagnetics MAS 3.2 mm double-
resonance X-H(F) probe. Samples (37 to 41 mg) were ground
to a fine powder using an agate mortar and pestle and placed
into a 3.2 mm (outer diameter) zirconia rotor (22 4L volume).
Ambient temperature (25 °C) >'V MAS spectra were acquired
using a single-pulse (Bloch) sequence spinning at 22000 £ 5
Hz, collecting 256 co-added transients using a 22° tip angle
(vyr = 54kHz). ¥*Sc MAS spectra were acquired as described
for vanadium using a 14° tip angle (v,s = 32 kHz). T,
measurements were performed for >'V using a saturation
recovery sequence ({90°},—7—90°) with a saturation comb
of n = 24 pulses, spinning at 18 000 &+ 3 Hz, using a 1.8 us 90°
pulse. The spectra were referenced to a 0.16 M solution of
NaVOs3 (—574 ppm with respect to VOCl3) and 0.1 M solu-
tion of ScCl; (0 ppm).>°

3. Results and Discussion

a. Oxidation Pathway of ScVO3. ScVO; crystallizes in
the cubic bixbyite structure, space group la3 (206) with
scandium/vanadium disorder on the 8 and 24d sites.”*'°
In situ powder X-ray diffraction experiments, Figure 1,
and simultaneous thermogravimetric/differential thermal
analysis (TGA/DTA) data, Figure 2, of ScVOj; oxidation
in oxygen flow indicate that the oxidation to ScVOy,
proceeds through at least two intermediate phases. In
agreement with earlier reports,'®!” the cubic bixbyite
phase ScVOj; undergoes a topotactic oxidation to the
defect fluorite structure ScVO;s,, (0.00 < y < 0.22),
space group Fm3m (225). This process is evident from the
contour plot of the in situ powder X-ray diffraction
experiments at approximately 300 °C, that is, the disap-
pearance of the bixbyite peaks accompanied by the
appearance of the defect fluorite peaks. The exothermic

(20) Mason, J. Multinuclear NM R; Plenum Press: New York, 1987.
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Figure 2. TGA/DTA data showing the oxidation of ScVOj3 in oxygen
using a heating rate of 25 °C/min. Three exotherms, which are correlated
with mass gains, are clearly visible and can be assigned to the oxidation
sequence ScVO3; — ScVO;35,, — ScVO4— — ScVOy. The individual
features are discussed in the text.

peak A and the associated mass gain in the TGA/DTA
data in Figure 2 are in agreement with this reaction step.
The defect fluorite structure, ScVOs5 s, is made up from
(1 =2y)V* and g2y)VSJr cations, and all cations, that is,
Sc*t, V4, and V7, are disordered on the 4a site.'%!5 At
approximately 450 °C the fluorite structure disappears,
and a tetragonal phase consistent with space group
14, /amd similar to the zircon structure ScVOy is observed
in the in situ X-ray diffraction experiment, Figure 1. The
exotherm B and the associated mass gain in this tempera-
ture range in Figure 2 agree with this oxidation step. The
apparent sudden shift (A7 = 10 °C, At = 20 min) of the
tetragonal peaks towards lower diffraction angles with no
evidence of a space group change at 570 °C indicates unit
cell expansion. In fact, the peaks show significant shar-
pening while shifting toward lower diffraction angles. We
propose that the intermediate observed between 450 °C
and 570 °C is an oxygen defect zircon structure which
undergoes full oxidation to ScVO,4 at 570 °C in oxygen. A
mass gain of 0.54% (TGA) and a broad exothermic peak
C (DTA) between 500 °C and 750 °C in Figure 2 support
this additional oxygen uptake during the final reaction
step. Note that this transition occurs over a broad tem-
perature range during fast heating in the TGA/DTA
experiment while a narrow temperature range is observed
for slow heating during the in situ powder X-ray diffrac-
tion studies. Notably the diffraction peaks of the defect
fluorite and the defect zircon structures are significantly
broader than those for the bixbyite starting material and
the final zircon structure. This peak broadening is asso-
ciated with the presence of defects and the resulting
limited crystallinity of these polycrystalline phases. In
summary the thermogravimetric/differential thermal
analysis (TGA/DTA) data and in situ powder X-ray
diffraction data suggest that oxidation of ScVO; follows
the sequence ScVO3; — ScVO;354, (0 = y = 0.22) —
ScVO,—, (x = 0.10) = ScVO,. The total mass gain during
oxidation indicates that the starting material was
ScVOs3 g7¢2) and the third oxidation step with 0.54 % mass
gain suggests that the oxygen stoichiometry of the inter-
mediate zircon defect structure is ScVO3 g(2).
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Figure 3. Comparison of black ScVOj; 7, beige ScVO; 94, and white
ScVOy o9 sample colors.
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Figure 4. Rietveld plots of ScVO;394 room temperature refinement.
(a) Powder X-ray diffraction data with Cu Ko, » radiation and powder
neutron diffractogram (inset) with A = 2.37126(5) A. Red crosses =
experimental data, black line = best fit, blue line = difference, black tick
marks = Bragg positions. (b) Low angle range of powder X-ray diffrac-
tion data with Cu Ka, » radiation and short wavelength powder neutron
diffractogram (inset) with A = 1.32967(2) A. Red crosses = experimental
data, black line = best fit, blue line = difference, black tick marks =
Bragg positions.

b. ScVO,_, Bulk Sample. Phase pure bulk samples of
ScVO,-_, were obtained from single phase ScVO;s,
starting materials. It is noteworthy that samples prepared
directly from ScVO; resulted in impure products contain-
ing ScVO3 s5.,. ScVO; 5, is a black powder, ScVO,— . is
yellowish-brown, and ScVO, is cream colored: the con-
trasting sample colors are shown in Figure 3. The oxygen
stoichiometry of the oxygen defect bulk sample was
confirmed to be ScVOs3 g4(2) using TGA under oxidizing
(SeVO,4— + (x/2)O5, — ScVOy) and reducing (ScVO,— +
(1 = x)CO — ScVO;3 + (1 — x)CO,) conditions and was
compared with fully oxidized ScVO, with no oxygen
uptake during oxidation and an oxygen stoichiometry
of ScVOs3 991y as determined during reduction.

Shafi et al.

Table 1. Structural Parameters, Bond Angles, and Average Bond Distances for
ScVO,-, Zircon Defect Phase (space group: 14;/amd) As Obtained from Rietveld
Refinements against Two Neutron and One X-ray Diffraction Pattern Measured
at Room Temperature”

T (K) i 296 K
unit cell a(A) 6.77761 (5)
c(A) 6.14045 (8)
V(A% 282.067(5)
Sc (4a) U;/U, x 100 1.35
occ. 1.000
V (4b) U;/U. x 100 2.85
Occ. 1.01(3)
Ol (16h) x/a 0
y/b 0.4425 (1)
z/e 0.1971 (1)
U;/U, x 100 1.33
O—V—0 (deg) 114.34(3)
. 100.12(5)
d(V-0) (A) 4 x 1.7014(7)
O—Sc—0 (deg)
d(Sc—0) (A) 4 x 2.1308(7)
4 % 2.3694 (7)
composition (TGA) ScVO3.0402)
no. of parameters 11
R,: XRD R 4.19
NPD 4 = 2.37126(5) A 3.16
NPD 1 = 1.32967(2) A 3.19
powder totals 3.70
Ryp: XRD ) 5.56
NPD A = 2.37126(5) A 4.40
NPD 4 = 1.32967(2) A 4.17
powder totals 4.96
R(F?): XRD . 12.20
NPD A = 2.37043(5) A 3.56
NPD 4 = 1.33003(2)A 11.88
%% powder totals 4.031

9Sc** is located on site 4a (0, 3/4, 1/8) and V>* on 4b (0, 1/4, 3/8).
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Figure 5. Bulk d.c. magnetic susceptibility data of ScVO4 and ScVO,—
measured in a magnetic field of H = 0.1 T, corrected for core diamagnet-
ism. The inset shows the temperature dependent d.c. magnetic suscept-
ibility of ScVO,-, after subtraction of the ScVOy susceptibility; the solid
line is the Curie fit.

The combined Rietveld refinement against one powder
X-ray and two powder neutron diffractograms revealed
that ScVO4—, can be described as a zircon structure.
Unfortunately, the diffraction data sets did not permit
quantification of the minute oxygen defect concentra-
tions. Nevertheless, the average crystallographic struc-
ture has been unambiguously identified as a zircon
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Figure 6. °'V and “*Sc MAS NMR central transition peaks for ScVO, (a, ¢) and ScVO,_, (b, d).

structure with very reasonable bond lengths and structur-
al parameters during the multi-histogram refinements
against powder X-ray and neutron diffraction data: the
Rietveld plots are shown in Figure 4. The backgrounds
were fitted with a cubic spline between background points
during an early stage of the refinement but were held fixed
during the final refinement cycles. The tetragonal unit cell
constants, all zero points and peak shape parameters for
the pseudo-Voigt functions, were refined together with
the atomic coordinates of oxygen and all aniosotropic
temperature factors. The structural details are provided
in Table 1. In contrast to the earlier reported defect
fluorite structures, ScVO35,, (0 <y < 0.22),' the pow-
der neutron diffraction data of ScVO,_, did not reveal
any evidence of oxygen defect clustering.

Temperature dependent d.c. magnetic susceptibilities
of the fully oxidized ScVO, sample were subtracted from
magnetic susceptibilities of the ScVO,—, defect zircon
structure. The resulting difference revealed a small para-
magnetic signal consistent with small amounts of V4" in
the otherwise diamagnetic compound. Note that ScVOy,
and ScVO,—_, both showed the typical paramagnetic
temperature dependence due to miniscule amounts of
paramagnetic impurities in the starting materials; sub-
tracting the fully oxidized sample data from the defect
structure data eliminates the magnetic signal from the
starting material impurities, and thus the remaining
signal represents V** paramagnetism in the defect struc-
ture, Figure 5. The deviations from the Curie fit shown in
the inset of Figure 5 are most likely caused by small
differences of the sample holders used for the two experi-
ments. The d.c. magnetic susceptibility is consistent with a
minimum of 3% of V** in the sample.

Magic angle spinning solid state NMR spectroscopy
revealed significantly broader >'V peaks for V>-O, tetra-
hedral environments in the oxide defect structure ScVO,—
(1110 Hz), Figure 6b, than for the fully oxidized ScVO,
sample (655 Hz), Figure 6a. This broadening could be due
to increased disorder in the structure or to the presence of
paramagnetic centers. However, the >'V spin—lattice re-
laxation times (T;) decreased dramatically from 25(1) s to
1.0(1) s for the defect structure, betraying the influence of
paramagnetic cations. Furthermore, the absolute (mass-
normalized) integrated >'V signal intensity decreased by
approximately 7% from ScVO,4 to ScVO,_, supporting the
reduction of V> to paramagnetic V" in the defect sample
to form ScVO; o4. The **Sc solid state NMR spectrum for

(21) Kim, N.; Hsieh, C.-H.; Stebbins, J. F. Chem. Mater. 2002, 18, 3855.

ScVO,, Figure 6c, agrees with the data published by Kim
et al.?! of 8-fold coordinated scandium in ScVOy (S0 =
—33(1)ppm Cop=21.6(1) MHz, 7 £0.05). In ScVO,4_,, the
43Sc peak broadens by approx1mately 9 ppm (1300 Hz) due
to the proximity of paramagnetic V**, Figure 6d, and a
corresponding reduction in relaxation times is observed.

To evaluate the reversibility of the reduction—oxida-
tion cycle between ScVO, and ScVO; the in situ powder
X-ray diffraction reduction of ScVOy, in flowing CO/He
was followed. During this reduction no evidence of the
formation of any intermediates was observed. The reac-
tion occurs in a single step between 650 °C and 750 °C as
seen in the in situ X-ray diffraction data, Figure 7.
Figure 8 shows the TGA/DTA traces during the reduc-
tion of ScVO4 to ScVO; in CO/Ar with a single broad
exotherm and a single step mass loss. This oxidative
versus reductive hysteresis demonstrates that the
ScVO; 5., and ScVO,4_, phases are only formed from
appropriate starting materials, that is, during gentle
oxidation, but that they cannot be accessed directly via
reduction of ScVO, using conventional methods. This
serves as evidence of a strong structure—reactivity rela-
tion in the zircon—bixbyite system. In addition to the in
situ diffraction experiments ScVOj; oxidation reactions
were carried out at 500 °C in air and pure oxygen flow for
24 and 36 h and resulted in the partially oxidized yellow-
ish-brown ScVO,_, defect phase. Reduction of ScVO, in
carbon monoxide at 500 °C for 24 h resulted in the
formation of fully reduced black ScVOs.

The three steps of the oxidative pathway from ScVO; to
ScVO, can be rationalized in terms of structural simila-
rities during the topotactic processes as well as major
lattice reconstructions for the non-topotactic steps due to
poorly matching ionic radii. ScVO5 undergoes oxidation
by means of topotactic oxygen uptake at low tempera-
tures. The bixbyite structure is formally a largely oxygen
deficient fluorite structure with 25% of ordered oxide
defects. ScVO; 5, with 0 < x < 0.22 is an oxygen defect
fluorite structure that can accommodate disordered oxide
defects with concentrations ranging from 12.5%
(ScVO;.5) to 7% (ScVOs3.7,). The large concentration of
the small V> cation (44%) for ScVOs 7, destabilizes the
defect fluorite structure and results in the formation of an
oxygen deficient zircon structure ScVOy4—,. The recon-
structive oxidative transition involves major cation reor-
ganization. The final oxidative step follows a topotactic
route such that the disordered oxide defect positions will
be filled with oxide anions resulting in stoichiometric
ScVO,. Figure 9a shows the cation positions in bixbyite
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Figure 7. In situ powder X-ray diffraction contour plot of ScVOy,
reduction in CO/Ar flow from 20 °C to 900 °C at 20 °C increments.
The reduction proceeds in a single step from ScVO, to ScVOs. Diffraction
peak intensities are shown as constant increment contours from blue
(lowest intensity) to red (highest intensity).
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Figure 8. TGA/DTA reduction of ScVO,in CO/Ar flow using a heating
rate of 25 °C/min. Only one broad exotherm and mass loss due to the
single step reduction of ScVO, to ScVOs; is observed; the mass loss
corresponds to ScVOs; o, formation.

(red spheres) and fluorite (green spheres); the coordinates
have been adjusted to provide a common origin for both
structures. It is evident from Figure 9a that there are only
subtle changes in the cation positions during the transi-
tion from the bixbyite to the fluorite structure, thus
emphasizing the topotactic nature of the reaction step.
This topotactic oxidation of ScVO; to ScVOss,, has
been reported in the past.'®!® In contrast the oxidation
from the defect fluorite (ScVOss4,) to the defect zircon
structure (ScVO4—,) requires a major lattice reconstruc-
tion. Figure 9b illustrates the relationship of the cation
lattices between the fluorite and the zircon structure as
observed during oxidation. The disordered Sc*™ and V>
cations (green spheres) in the fluorite type structure
separate into two distinct cation lattices and form two
interpenetrating distorted diamond sublattices in the zir-
con structure (Sc** = blue, V¥ = yellow). Here we also
report the oxide deficient zircon type ScVOy_, structure
and its oxidative formation for the first time. We pro-
pose that during oxidation the defect fluorite structure
collapses and that the oxide defect zircon structure is
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Figure 9. (a) Schematic illustration of cation movement during the
transition from bixbyite to fluorite structure. Green = disordered cations
in fluorite structure; red = disordered cations in bixbyite structure. All
oxide positions have been omitted for the sake of clarity. (b) Schematic
illustration of reconstruction of the cation network during the structural
transition from fluorite to zircon. Green = disordered cations in fluorite
structure; blue, yellow = ordered cation network in the zircon structure.
All oxide positions have been omitted for the sake of clarity.

initially assembled with sufficient oxide and V°" concen-
trations to build a sustainable oxide network. During the
final oxidation step the oxide vacancies in ScVO,_, are
filled topotactically, resulting in stoichiometric ScVO,.
This mechanism appears to be driven by the V> cation
size. Pentavalent vanadium is too small to be accommo-
dated in the fluorite structure. Notably the final oxygen
uptake is a distinct step from the initial zircon network
formation. This contrasts with a formation mechanism
involving oxygen inhomogeneities through phase frac-
tion changes of ScVOj3 5 and ScVO,.

4. Conclusion

We have reported the synthesis, structure description, and
thermal stability of the novel defect zircon phase ScVO,_,.
The oxidation of ScVOj; proceeds through the topotactic
formation of ScVO;s,, (0.00 < y =< 0.22) defect fluorite,
followed by the occurrence of the novel ScVO,—, (x < 0.1)
defect zircon phase, and completes with the topotactic
oxidation to the ScVOy, zircon phase. The structure—reactiv-
ity relationship is evident from the contrasting single step
reduction of ScVO, to ScVO; with no observable intermedi-
ates. Consequently, following an appropriate route permits
the formation of novel phases with variable oxidation states;
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this is a significant step forward for solid state synthetic
methods. The phase transition from the defect fluorite to the
defect zircon structure is not driven by oxygen affinity but by
the decreasing average B-cation size during oxidation. In situ
methods have been crucial for the discovery of these reaction
pathways and will likely provide important insights into solid
state reactivity in the future.
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