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Abstract

The structure of BaThOs, obtained by solid state synthesis, was refined for the first time by
the Rietveld method using a combination of synchrotron X-ray and neutron powder
diffraction data. BaThOj3 has an orthorhombic structure at room temperature, in space group
Pbnm with a = 6.3491(5), b = 6.3796(4) and ¢ = 8.9907(7) A. Heating BaThOj3 to above 700
°C results in a continuous transition to a second orthorhombic structure, in space group
Ibmm, demonstrated by both in situ neutron and synchrotron X-ray powder diffraction
measurements. The coefficient of volumetric thermal expansion for BaThOj is determined to
be 1.04 x 10™°°C™ from 50 to 625 °C (Pbnm phase), and 9.43 x 10°°C™ from 800 to 1000 °C
(Ibmm phase). BaThO3; was found to decompose upon exposure to atmospheric moisture
resulting in the formation of ThO,. The thermal expansion of ThO,, which invariably co-

exists with BaThOs, is also described.
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Introduction

The stability and properties of actinide oxides are of interest in optimising the
utilisation of mixed oxide nuclear fuels as well as in the management and storage of spent
nuclear fuel *. That uranium can adopt a range of oxidation states (typically 4, 5 or 6 in
oxides) and coordination environments (coordination number 6-8) makes it attractive to solid
state chemists and a sizeable body of information on the crystal chemistry of uranium oxides

now exists 2>

. In comparison thorium is only found in the tetravalent state in oxides. This,
coupled with the relative technological importance of U compared with Th, has resulted in
considerably less interest in the crystal chemistry of Th oxides *. Whilst both U and Th are
radioactive they can be readily handled with appropriate care; the same cannot be said for the
heavier actinides all of which require demanding safety procedures. Understanding the
structural behaviour of the heavier actinides is important, since these will constitute a
significant proportion of high level active waste (HLW) from spent nuclear fuel.
Consequently Th and U often serve as surrogates for the structural behaviour of heavier

actinides despite the subtle differences in their chemistry.

Considering U(IV) and Th(IV) are expected to be markedly different from each other
in condensed phases, through the presence of 5f electrons in the former and absence in the
latter, it is pertinent to consider the crystal chemistry of ternary thorium oxide phases.
Thorium is most commonly encountered as ThO, and there are reports that this reacts with
5 6

BaCOg at high temperatures to form BaThOg3
although reduction of this can yield BaUO; " ®. Both BaThO; and BaUOQj; are described as

Under similar conditions BaUQO, forms,

adopting a perovskite structure, with BaThOs reported either as cubic in space group Pm3m
or orthorhombic (although no space group was assigned)™ ®. Establishing the appropriate
space group for perovskites requires examination of both the splitting of the main Bragg
reflections and the nature of any superlattice reflections that may arise due to tilting of the
corner sharing octahedra. For BaThOj3; the X-ray diffraction superlattice reflections are

expected to be extremely weak, and the modest peak shape resolution of laboratory powder
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X-ray diffractometers is often inadequate in detecting the splitting of the main Bragg

reflections.

Unlike most ABO; perovskites there is evidence that BaThO; decomposes on
exposure to the atmosphere® °. This together with the radioactivity of Th has been a barrier
to detailed structural analysis of BaThO3;. BaThO3; has been the subject of a number of

1112 and recently Lebedev ** predicted, using first-principles density

computational studies
functional theory (DFT), that the orthorhombic structure of BaThOg, in space group Pbnm,
will be the most stable and that a second orthorhombic form in Ibmm (described in the
alternate setting of Imma) is close in energy. These two orthorhombic structures differ in
terms of the nature of the cooperative tilting of the ThOg octahedra. The Pbnm structure is
described as a'a’c” in Glazer’s * notation having in-phase tilting about [001] and out-of-

phase tilting about [110]. The tilt system in Ibmm is a'a’c® indicating that there is no tilting
about [001]. Both structures are described by a V2 x v2 x 2 superstructure of the ~ 4 A
Pm3m parent structure and the transition between them is allowed, by group theory, to be

continuous .

Given the relatively small energy difference between the Pbnm and Ibmm structures
Lebedev ** asserted that a second order Pbnm - Ibmm transition would occur at a temperature
slightly above room temperature , although there is no experimental evidence to support this.

I. 1® showed no evidence for such

Indeed earlier heat capacity measurements by Krishnan et a
a transition below 547 °C. Lebedev™ postulated that this was a consequence of sample
purity, although he did not hypothesise how impurities would impact on the transition. It is
well established that chemical doping can alter the relative stability of the Pbnm and Ibmm
phases and can be used to tune the temperature at which a transition between them occurs "

8 The tolerance factor for BaThOs, defined as t = ﬁ’;f":g S where rp, g and rp are the ionic
BTIO

radii of the Ba®*, Th** and O% ions, is 0.910. By comparison with other well studied
perovskites, such as SrZrOs; with t = 0.947 *°, SrRuO; with t = 0.994%° or SrTcO; with t =
0.982 % 2 that exhibit a thermally induced Pbnm- Ibmm transition, it is reasonable to
propose that if the Pbnm - Ibmm transition occurs in BaThOs it will occur at temperatures

well above room temperature.

There is interest in establishing the structural and thermal behaviour of U and Th

oxides particularly in relation to spent fuel and waste forms resulting from future thorium

8, 24-26

reactors 2. As part of our current interest in U and Th oxides we have undertaken an



in-situ variable temperature structural study of BaThO3 using high-resolution synchrotron X-
ray and neutron powder diffraction methods. These measurements demonstrate for the first
time experimentally that the Pbnm - Ibmm transition does occur but at a much higher
temperature than that postulated by Lebedev'®.

Experimental

Caution. Thorium predominantly decays by « emission (4.083 MeV) with a half-life of 1.405
x 10™ years where the first progeny, Ra-228, decays by p emission (0.017 Mev) with a half-
life of 5.8 years Appropriate radioactive material handling precautions must be taken with

thorium.
Synthesis

BaThO3 was prepared through a solid state method in which excess BaCOj3 (with the
intention of it acting as a flux) was mixed with ThO,. ThO, was obtained from sintering high
purity thorium metal supplied by ANSTO Minerals, Lucas Heights, Australia. All necessary
precautions were taken when handling radioactive thorium materials. The powder mixture
was compacted into a pellet and heated to 1250 °C in air for 80 hours with intermittent
mixing. X-ray diffraction (XRD) measurements were taken using a Bruker D8 advance
diffractometer with Cu K, radiation at room temperature to monitor the generation of
BaThOs;. Attempts to prepare SrThO3 using similar solid state methods as those used for
BaThO3z or by high temperature/high pressure (4 GPa 900-1400 °C) methods using a
Voggenreiter LP 1000-540/50 instrument installed at IEK-6, Forschungszentrum Jilich, were
unsuccessful, with ThO, invariably being recovered (consistent with SrThO3z; having a

positive energy of formation as predicted by first-principles calculations®’).

Analysis

Synchrotron X-ray powder diffraction (S-XRD) data were collected using the powder
diffractometer at the beamline BL-10 of the Australian Synchrotron 2. The sample was
finely ground and housed in a sealed 0.2 mm diameter quartz capillary that was rotated
during the measurement. The wavelength was set at ~ 0.775 A, and the precise value of this
was determined using a NIST LaBg standard reference material to be 0.774506 A. Data were
collected from RT to 1000 °C at a heating rate of 5 °C /min using a Cyberstar hot-air blower.
Neutron powder diffraction (NPD) data were measured by the high-resolution powder
diffractometer Echidna at ANSTO’s OPAL reactor, using a wavelength of 1.622 A %, The
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sample was compacted into a pellet and placed in a cylindrical vanadium can which was
mounted in an ILL type high vacuum furnace employing niobium elements and operating at
< 10® torr. The sample container was not sealed during these measurements, such that the
sample was exposed to the vacuum. The temperature was increased at 10 °C /min from RT
to 1000 °C and data collected incrementally. The structures described here were refined by
the Rietveld method as implemented in the program GSAS/EXPGUI®” 3. The peak shapes
were modelled using a pseudo-Voigt function and the background was estimated using a 12-
18 term shifted Chebyschev function. The scale factor, detector zero point, lattice
parameters, atomic coordinates and atomic displacement parameters were refined together

with the peak profile parameters.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements were obtained using an SDT Q600 TGA from 25 to 600 °C using a constant air
flow. The samples were contained in quartz crucibles and measurements were obtained at
heating rates of 5 °C /min. Measurements were conducted on BaThO; immediately after

synthesis and also after prolonged exposure to the atmosphere.

Results and Discussion

X-ray diffraction patterns of the BaThO3z; samples showed these invariably contained

> %19 with the amount of this

ThO,, consistent with the observations of previous studies
increasing upon prolonged exposure of the powder sample to the atmosphere. The amount of
ThO; could be reduced somewhat by the use of excess BaCOj in the reaction mixture acting
as a flux, this method was shown to be successful in previous studies™ . Rietveld refinement
against the S-XRD data showed that the sample studied here contained 13.53(33) wt% of
ThO,. No reflections due to crystalline barium oxides or carbonates were apparent in the

diffraction patterns.

Whilst Nakamura ° established that BaThOs is orthorhombic, using a conventional X-
ray source, the space group and structural details were not determined.  Orthorhombic
symmetry is consistent with the low Goldschmidt tolerance factor of BaThOj3 (t = 0.910).
Oxides with such low tolerance factors require cooperative tilting of the corner sharing ThOg
octahedra, lowering the symmetry from cubic, to stabilise a perovskite type structure *°. Our
synchrotron X-ray diffraction data suggest the space group to be Pbnm through the
observation of diagnostic splitting of Bragg reflections indicative of orthorhombic symmetry



and of weak, but characteristic, superlattice reflections. The combination of resolved peak
splitting and the presence of superlattice reflections enabled precise determination of the

lattice parameters and atomic coordinates.

It is pertinent to comment on the superlattice reflections in BaThO;. For ABOg3
perovskites these are generally associated with the tilting of the octahedra, with R-point (k =
Y Y, ) softening of the Brillouin zone associated with out-of-phase tilting of the octahedra
and M-point (k = ¥ % 0) softening with in-phase tilting.  X-point reflections (k = 0 0 %)
require the presence of both R-point and M-point reflections, however these also gain
intensity from the displacement of the A-site cation from the equivalent (0, %2, ¥) position. In
the present case the displacement of the Ba cation is the major contributor to the intensity of
the X-point reflections. Consequently whilst X-ray diffraction data are relatively insensitive
to the displacement of the lighter anions, the X-point reflections have appreciable intensity in
Pbnm and are space group forbidden in Ibmm, and are thus sensitive to a transition between
these. The two strongest X-point reflections are the 021 reflection at 26 = 14.79 ° (d = 3.007
A) and 113 at 20 = 17.85 ° (d = 2.496 A), and these are noticeably stronger than the two
strongest M-point superlattice reflections: 120 reflection at 26 = 15.61 ° (d = 2.851 A) and
122 at 20 = 18.50 ° (d = 2.408 A). The R-point 121 reflection has intensity intermediate
between these, see Figure 1. Ultimately the orthorhombic structure was confirmed using
NPD. Refinement of the structure against the NPD set, illustrated in Figure 2, provides
accurate and precise atomic coordinates for anions and these are given in Table 1. The
structures of both the Pbnm and Ibmm forms of BaThO3 are shown in Figure 3 where the
differences in the octahedra tilting are illustrated. The lattice parameters refined against the
data recorded at room temperature a = 6.3491(5), b = 6.3796(4), ¢ = 8.9907(7) A are in good
agreement with the values calculated for BaThOs by Lebedev **, a = 6.345(2), b = 6.376(2)
and ¢ = 8.992(2) A, although the differences between the refined and calculated atomic

coordinates are larger.
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Figure 1. Observed, calculated and difference S-XRD profiles for BaThO; at room
temperature. The upper set of tick marks show the positions of the space group allowed
reflections for the Pbnm phase and the lower tick marks are for the ThO, impurity phase in
Fm3m. The inset highlights the presence of superlattice reflections associated with tilting of
the ThOg octahedra in BaThOs.
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Figure 2. Observed, calculated and difference NPD profiles for BaThO3 at room temperature.
The upper set of tick marks show the positions of the space group allowed reflections for the
Pbnm phase and the lower tick marks are for the ThO, impurity phase. The unfitted intensity
near 20 = 19° is from an unknown impurity phase and was lost upon heating and did not

reappear on cooling.
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Figure 3. Representations of the Pbnm and Ibmm variants of BaThO,, green, red and blue spheres
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respectiveily represent thorium, barium and oxygen, ThOg octahedra are shown as green octahedra.
The Pbnm to Ibmm transition involves the loss of the in-phase cooperative tilting of the ThOg around
the [001] axis, while the out-of-phase tilt about the [110] direction is present in both structures (the
inset highlights the larger out-of-phase tilt angle at RT in Pbnm than at 1000°C in Ibmm).



Table 1

Crystallographic parameters for BaThO3 at RT and 1000 °C refined against neutron powder

diffraction data. The structures are described in space group Pbnm and Ibmm at the lower and

higher temperatures respectively.

Structural parameters RT 1000 °C
Space Group Pbnm Ibmm
Lattice Parameters/A  a 6.3491(5) 6.4222(10)
b 6.3796(4) 6.4330(12)
c 8.9907(7) 9.0995(17)
Unit cell volume/A® 364.16(5) 375.94(12)
Ba X 0.0109(20)) -0.006(15)
y 0.5298(8) 0.5
z 0.25 0.25
100uiso/A%  0.29(11) 4.92(31)
Th X 0.0 0.0
y 0.0 0.0
z 0.0 0.0
100uiso/A%  0.32(4) 2.14(7)
01 X -0.0913(16) -0.037(11)
y -0.0237(15) 0
z 0.25 0.25
100u;2/A%*  0.95(43) 12.5(7)
100uy/A?  2.75(48) 18.5(6)
100uss/A?  1.09(49) 1.6(13)
100u;/A?  1.56(38) 0
100ue/A*  1.60 10.8
02 X 0.2073(10) 0.25
y 0.2905(10) 0.25
z 0.0457(7) 0.0421(26)
100uy /A% 1.44(25) 7.2(16)
100uy/A?  1.28(25) 6.5(18)
100usz/A®  1.14(26) 10.1(11)
100u;/A?  -0.74(26) -3.4(11)
100u3s/A*  0.38(19) 0
100u,3/A%/  -0.25(20) 0
100ue/A>  1.29 7.95

Pbnm. Ba, O1: 4c; Th: 4a; O2: 8d
Ibmm. Ba, O1: 4e; Th: 4a; O2: 8g
RT refinement: Rp = 0.036, Rwp = 0.053, 5* = 4.53 for 44 variables
1000 °C refinement: Rp = 0.040, Rwp = 0.055, y* = 5.93 for 35 variables



Table 2 Selected bond lengths for BaThO; in space group Pbnm at RT and Ibmm at 1000 °C
obtained from refinement against neutron powder diffraction data.

Cation Anion Bond length@ Bond length @
RT /A 1000 °C /A
Ba 01 2.921(11) 2.93(7)
O1 2.686(17) 3.226(13) x 2
02 2.695(9) x 2 3.48(4)x 4
02 3.056(10) x2
02 3.210(9)x 2 2.97(5) x 2
Th 01 2.3261(28) x 2  2.290(7) x 2
02 2.310(6) x 2 2.302(4) x 4
02 2.326(6) x 2

Heating the sample to above 700 °C resulted in the loss of the X-point reflections in
the S-XRD profiles, at the same time the M-point reflections are also lost. At 725 °C there is
still evidence for intensity associated with the R-point reflection and it appears that the
sample has transitioned to Ibmm near 700 °C, see Figure 4. These observations were
confirmed using NPD data collected at wider temperature intervals. Unfortunately the errors
in the intensities of the R-point reflection are relatively large, reflecting (i) that these gains
intensity from the displacement of the anions in the structure and (ii) they sit on “top” of the
strongly structured background associated with the capillary. This combination means it is
not possible to extract accurate intensities necessary to confirm if the transition is second
order. Accordingly the structures were refined using space group Pbnm for data collected at
or below 700 °C and in Ibmm for temperatures above this. Figure 5 summarises the

temperature dependence of the unit cell parameters and cell volume.
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Figure 4. Temperature dependence of a portion of the S-XRD profiles for BaThOs;
illustrating the loss of the X-point 113 reflection near 700 °C. The textured background is
due to the quartz capillary.
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Figure 5. Temperature dependence of the unit cell volume and equivalent primitive unit cell
parameters (a = v2a,; b = V2b,; ¢ = 2c,) for BaThO; deduced from Rietveld refinements

of synchrotron X-ray diffraction data. The anisotropic change in the unit cell parameters
around 700 °C is a consequence of the Pbnm -Ibmm transition.

Whilst it can be difficult to estimate the precise temperature of a continuous phase
transition from diffraction data, the loss of the tilts in BaThO3z near 700 °C results in a
dramatic change in the anisotropic thermal expansion of the cell, with the thermal expansion
of the a-parameter being weakly negative. Similar anomalies have been observed in other
perovskites including SrZrOs, SrTcOz and SrRuO; 2?2, The volume vs temperature curve
in Fig. 5 shows positive thermal expansion with a slight change in slope at the temperature of
the Pbnm — Ibmm phase transition, with the high-temperature phase having a lower thermal
expansion than the low-temperature phase. Evidently a volume strain is introduced by the

transition.  The linear thermal expansion coefficients (TEC) for the two phases were
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. Ayigh—a .« . . . . .
estimated as «a; = W, where i is the unit cell direction and AT the change in
High*

temperature, and given in Table 3. The volumetric TEC & was calculated in a similar manner

using the cube root of the volume. Negative thermal expansion has been observed in the

2

thorium oxy-phosphate Th,O(PO4)s * as well as in a number of perovskite related structures

% however the thermal expansion of BaThOj3 is unexceptional.

Table 3 Linear and volumetric thermal expansion coefficients for BaThO3 in space groups
Pbnm and Ibmm.

Pbnm (50-625 °C) | Ibmm (800-1000 °C)
s (°CH) 1.37 x 107 7.35x 10°
ap (°CH) 7.46 x 10° 8.40x 10°
o (°CH) 1.00 x 10® 1.25x 10®
@ (°C™) 1.04 x 10” 9.43x10°

180

Volume (A%
o
1

176

T T T T T T T T T T
0 200 400 600 800 1000
Temperature (°C)

Figure 6. Temperature dependence of the unit cell volume for the cubic ThO, phase present
in the BaThO3 sample.
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The presence of some ThO; in the sample provided information on the thermal
expansion behaviour of this. An unexpected observation of this is the very small anomaly
around 700 °C; that is near the phase transition of the major BaThOj3 phase, see Figure 6. It
appears that the strain associated with the Pbnm - Ibmm transition in BaThOj3 is reflected in
the thermal expansion of the ThO, impurity phase. The average linear TEC a for ThO; is

34, 35

derived as 1.01 x 10®° °C™, in reasonable agreement with the earlier studies and are

similar to values reported for other fluorite type materials .
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Figure 7. TGA (black) and DSC (red) measurements for freshly prepared (solid lines) and
aged (dashed lines) samples of BaThOz at 5 °C/min in air.

NPD measurements taken after a sample of BaThO3 had been exposed to the normal
laboratory atmosphere for several days showed a noticeable increase in background,
indicative of incoherent scattering suggesting the presence of hydrogen. Previous studies
have suggested that the instability of BaThOs; is a consequence of reacting with either
moisture or CO, " 1% 13" That this is associated with the absorption of moisture from the
atmosphere was also established using a combination of thermogravimetric analysis and
differential scanning calorimetry (TGA/DSC), Figure 7. Measurements were taken on a
sample immediately after synthesis and again after several days of exposure to the
atmosphere. The exposed sample displayed an approximate 14 wt% loss on heating between

50 °C and approximately 300 °C. In contrast there was no significant weight loss in the
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freshly prepared sample. The DSC showed two endothermic events at approximately 80 and
200 °C for the aged sample. The former is from the loss of physisorbed surface
water/moisture, whereas the second, at temperature above that of the boiling point of water, is
due to chemisorbed water. The NPD diffraction pattern of the exposed sample showed a
significant increase in the intensity of the peaks from ThO, and a concurrent reduction in the
intensity of the BaThO3; Bragg reflections. That BaThO;3 is unstable on exposure to the
atmosphere is unusual with the majority of stoichiometric ABO3; perovskites showing
remarkable stability. Consequently we explored the possibility of reducing the rate of
decomposition through the use of high pressure-temperature synthesis methods using
temperatures from 900 to 1400 °C and pressures up to 4 GPa. Unfortunately, all these
synthesis experiments failed to increase the stability of BaThO3. The reasons for the unusual
moisture sensitivity of BaThOs3 are not presently understood, although it has been established
that actinides dioxides are covered by amorphous hydroxide layers *®. Nevertheless the
instability of BaThO3 may have implications for the stability and storage of other actinides
with a perovskite-type lattice such that further studies into the structural chemistry of related

transuranic oxides are desirable.

The same high pressure / high temperature method, as well as the conventional solid
state method, was also used in attempts to synthesise SrThOs, but without success. The
existence of perovskite structured SrThO;3; is a debatable point with respect to previous
reports. SrThO3 from the Goldschmidt tolerance factor (0.858) perspective, exists on the
periphery of the perovskite stability region. Although the formation of SrThO;z; in a

monoclinic cell was reported, *° 40 4

careful examination of the XRD patterns reported in
these studies revealed that the patterns are essentially identical to that of the cubic structured
ThO, in space group Fm3m.* This is consistent with an experimental report by Subasri et al.
%3 that the solubility of ThO, in SrO is limited to 1mol% and the formation of pure ternary
phase was not achieved, as well as a theoretical study by Shein et al. > who predicted, using
first-principles calculations, that cubic SrThOs is unstable with respect to the constituent
binary oxides. The latter studies agree well with our failed attempts to synthesise SrThO3
using both the conventional solid state method and the unique high pressure / high
temperature route. So the validly of the actual SrThO; structure formation is questionable,
especially considering that the average linear thermal expansion coefficient (1.049 x 107 °C’

. ** is very close to our value for ThO, (1.01 x 10” °C™) and also to

34,35

1) reported by Purohit et a

other previous ThO; investigations.
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Conclusions

The room temperature structure of BaThO3; has been refined in orthorhombic Pbnm
using a combination of S-XRD and NPD data. BaThO3; was observed, for the first time, to
undergo a continuous reversible phase transformation to Ibmm structural type above 700 °C,
associated with the loss of the in-phase tilting of the corner sharing ThOg octahedra. BaThO3
was observed to decompose upon standing and TGA/DSC and NPD measurements suggest
that this is a consequence of reactivity with atmospheric moisture. The volumetric TEC & of
the Pbnm phase is greater than that of the Ibmm phase. Attempts to prepare SrThO3; were

unsuccessful.
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