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Abstract

Neutron powder diffraction data has been used to quantify the monoclinic (space group /2/a) to tetragonal (/41/a)
phase transition that occurs at 775 °C in HoNbO, and 1300 °C in HoTaOs. In both cases, deviation from second
order behavior is evident. The LnTaO4 (Ln = Tb—Er) family of oxides has the potential to adopt one of
monoclinic, /2/a or P2/c, structures depending on the synthesis conditions. The monoclinic P2/c polymorph of
HoTaO4 undergoes an irreversible first order phase transition to the high temperature /4\/a scheelite-type
structure upon heating, with the monoclinic /2/a phase recovered upon cooling. This is the first direct evidence
of this irreversible phase transition and implies a maximum heating temperature to synthesize the P2/c phase
for potential ionic conductivity applications. Heating a green powder mixture of Ho,O3 + Ta,Os revealed a
complex series of phase transformations, including the observation of a weberite-type HosTaO- intermediate
between 1200-1390 °C that was not observed upon cooling. Coupled with electrochemical impedance
spectroscopy measurements, this diffraction data provides a structural model that explains the higher mobility
of charge carriers in LnTaO4 materials that can be used to identify dopants and improve their ionic conductivity
and applicability. Undoped HoNbO4 and HoTaOj4 are poor conductors, and the activation energy of tetragonal
HoNbOj is greater than that of the monoclinic polymorph. Oxygen ion and proton conductivities of the undoped
structures occur via interstitial oxygen sites (~10° S cm™ at 800 °C), providing a potential avenue to improve

their application in practical devices such as solid oxide fuel cells.
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Introduction

The replacement of carbon-emitting energy sources with cleaner alternatives on an industrial scale is
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.
One such way is to develop ceramic ionic conductors for use in solid oxide fuel cells (SOFCs) that can
potentially produce carbon-neutral energy. SOFCs offer a technological alternative to fossil fuel
combustion by facilitating the 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 high thermal and chemical stability in a variety of different chemical

environments. !

One promising avenue for the development of ceramic ionic conductors is the family of 4BO4
materials.* > These oxide materials have also found applications in photocatalysis,® 7 thermal barrier
coatings,®° and as safe storage media for radioactive waste due to their low thermal conductivity and
high radiation stability.!® !' These oxides are stable in harsh, acidic environments such as carbon
dioxide- and hydrogen sulfide-containing fuels commonly used for SOFCs.? The crystal structures of
ABO4 materials are largely determined by the relative sizes of the ionic radii, 74, 73, and ro. As
described by Bastide, different charge and size combinations of 4 and B cations can lead to a wide
range of structures.!? For example, both CsTcO4 and CsReO4 exhibit an orthorhombic Pnma structure
at room temperature, whereas the corresponding KTcO4 and KReO4 oxides exhibit a tetragonal /41/a
structure.'> '* An additional property of 4BO4 materials, making them appealing SOFC candidates, is
the broad range of chemical doping combinations possible within their structure, leading to potential

chemical tuning and enhancement of their conductivity properties.

Various ABO4 materials have been studied intensively for their ionic conductivity. Although
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purely stoichiometric materials, such as LaNbO4 and SrWOs, display promising properties,
amounts of dopants increase their ionic conductivity by up to three orders of magnitude.!” LaNbOs is
a promising framework for both oxygen-ion and proton conductivity as the structure can accommodate
intrinsic point defects, such as interstitial oxygen ions, that are involved in ion migration.'8?® The
conductivity of these materials can be enhanced by either introducing interstitial oxygen ions through
cation doping (such as Mo- or W-doped LaNbO4.s displaying high oxygen ion conductivity),> !”-21-23
or by introducing oxygen vacancies (such as Ca-doped LaNbOs.s displaying high proton
conductivity).!% 20 2% 25 Increasing defect concentration enhances conductivity by increasing the

amount of charge carriers capable of migrating from one site to another.



Among the ABOs structural family, LnNbg o Wo,0s04+5 compounds (Ln*" = La, Pr, Nd) exhibit
large oxygen ion conductivities (up to 3 x 10 S cm™! at 800 °C in both dry and wet air).?? The highest
conductivities have been reported for LagsPbooWOs (4 x 102 S cm™ at 800 °C in air) and
CagcKoaWOss (7 x 102 S cm™ at 800 °C in air).?*?® These values are comparable to the ionic
conductivity of state-of-the-art electrolytes such as yttria-stabilized zirconia (Zross5Y0.1502-, 2 X 102 S
cm™! at 800 °C in air) and gadolinium-doped ceria (Ceo.9Gdo.102.5, 0.1 S cm™ at 800 °C in air)."? To
date, high proton conductivity has been reported in Ca- and Sr-doped LaNbO4 (~107 S cm™ for
Cag.01La0.9oNbO4 at 950 °C in wet air);'>2° about an order of magnitude less than the highest known
BaCeOs-based proton conductors (~102 S cm™ for Ln-doped BaCeOs at 600 °C in wet air). The latter

are known to decompose in carbon dioxide-containing atmospheres, limiting their practical use.?’

There is currently debate in the literature as to whether the lower temperature monoclinic
fergusonite-type or the higher temperature tetragonal scheelite-type structure possesses the greater
potential for ionic conductivity.?!: 3932 Work by Bayliss et al. suggested that the presence of oxygen
ions in the interstitial sites play a significant role, with CeNbOau+s recording higher ionic conductivity
than its stoichiometric CeNbOQ4 counterpart.®® To introduce oxygen ions into interstitial sites, dopant
cations (such as substituting Nb>" for W®") are often added to the structure.'® 2> 2> However, these
substitutions affect the ionic radii ratios proposed by Bastide,'? altering the behavior and structure of
the material at moderate operating SOFC temperatures (500-750 °C).! These substitutions can also
stabilize the high temperature tetragonal scheelite-type structure at room temperature,
circumnavigating the potential first order structural phase transition. At the same time, substitution
defects can act as trapping centers, attracting the charge carriers and hampering long-range ion
diffusion.!” 2! Molecular dynamics simulations have confirmed that the total conductivity of these
materials is affected by local structural distortions that are common in non-stoichiometric systems.!*:
3435 This results in complex relationships between the structural framework of the material and the

observed ionic conductivity.

In general, it is desirable to avoid first order structural phase transitions in SOFCs as these
could lead to performance issues. Such issues include hysteresis and discontinuities in volume
expansion, leading to induced strain and high degradation. This could significantly impinge the use of
LnNbO4 materials (Ln*" = lanthanoids La-Lu), as they display a monoclinic-to-tetragonal phase
transition within the operating temperature of SOFCs. Early work by Rooksby et al. identified that the
ANDbO4 materials crystallize in the monoclinic system, and undergo a reversible transition to a
tetragonal structure before 800 °C.*¢ Later, Stubi¢an identified the monoclinic /2/a to tetragonal 41/a

phase transition in several ANbO4 orthoniobates to be continuous and reversible ferroelastic phase

4



transitions, meaning it may not affect the performance of the material as ionic conductors.?’ This was
further supported by other studies that observed second order phase transition behavior, as well as its
ferroelastic properties.®*? However, more recent high-resolution synchrotron X-ray and neutron
powder diffraction studies have highlighted the coexistence of both the /2/a and /41/a phases at high
temperatures, as well as a small thermal hysteresis in the phase transition upon heating and cooling.**-
45 Hysteresis has also been noted in the stress-strain curves observed in single crystal studies of
LaNbO4 and NdNbO4.* These behaviors are inconsistent with a second order phase transition,
suggesting that the /2/a and /41/a transition may, in fact, possess first order characteristics that are

detrimental to the performance of the material as a component in a ceramic fuel cell.

An additional method of avoiding phase transitions in LnNbQO4-based ionic conductors is to
substitute for the analogous LnTaO4 materials. Whilst Nb>" and Ta>" are described as ‘inseparable
twins’ due to their almost identical ionic radii (0.64 A in octahedral coordination),*’ several differences
have been observed in their crystal chemistry, particularly in 4BOs-type structures.?> *® Whilst the
lanthanoid orthoniobates (LnNbQO4) are invariably reported to crystallize in the /2/a structure, the
lanthanoid orthotantalates (LrnTaO4) possess more structural flexibility, crystallizing in the monoclinic

)% A recent

space groups P2i/c, I2/a (termed “M-type”), or P2/c (termed “M’-type”) (see Figure 1
study by Mullens et al. also observed the synthesis of LnTaO4 (Ln = Tb—Ho) was sensitive to the
thermal history of the material, with lower temperatures favoring the P2/c structure and higher
temperatures favoring 12/a.* In addition to their crystal chemistry, LnTaO4 materials have shown
different behavior at elevated temperatures. The /2/a to I41/a phase transition has been reported in
several LnBO4 (B = Nb, Ta) compounds and is dependent on the size of the Ln>" cation (LaNbO4 T.. =
~480 °C, HoNbO4 T = ~810 °C) and on the choice of B-site cation (NdANbO4 T, = ~660 °C, NdTaO4
T.=~1220 °C).>7-4%5% The chemical tunability of both the 4 and B sites of the 4BO4 material presents
an opportunity to specifically tailor these materials for ionic conductivity by altering the temperature
of its first order phase transition, moving it outside of the operating temperature of SOFCs. Although
this has been extensively studied in LnNbO4 materials, the analogous LnTaOj4 structures present an

untapped potential to explore the effects of ionic conductivity in relation to their different room-

temperature polymorphs, phase transitions, and high stability at elevated temperatures.



Figure 1: Representations of the LnTaOy structures, with (a) the tetragonal scheelite /41/a, (b) the monoclinic fergusonite
12/a (M-type), and (c) the monoclinic P2/c (M’-type). The unit cell of each structure is indicated with a black box. In each
case, the Ln cations are shown as pink spheres, the Ta polyhedra are shown in brown, and the oxygen anions are shown as

red spheres.

There is often a disjoint between conductivity studies of metal oxides that are, by necessity,
conducted at high temperatures and structural studies that are typically measured either under ambient
conditions or using less sensitive X-ray methods. This work seeks to address this disconnect through
a comprehensive variable temperature neutron diffraction study of the monoclinic P2/c and I2/a phases
observed in the LnTaOs4 series, supplemented by electrochemical impedance spectroscopy
measurements. Our goal was to relate the /2/a and P2/c structures with the ionic and electronic
conductivities in undoped LnBO4 materials in order to provide tools for the identification of
compositions suitable for doping. This study first describes the variable temperature structural
behavior of HoNbO4 and HoTaO4 using neutron powder diffraction (NPD), filling a previous gap in
the literature by determining the nature of the irreversible P2/c to [41/a phase transition. A variable
temperature NPD experiment was then carried out on a stoichiometric mix of Ho2O3 + Ta;Os green
powder to determine the optimal synthesis conditions of either the /2/a or P2/c phases of HoTaO4
using a solid-state reaction. Finally, in light of the NPD studies, the ionic conductivity of the undoped
12/a and P2/c phases of HoTaO4 were compared to that of HONbO4, which possesses a phase transition
within the operating temperature of SOFCs.



Experimental Section

Samples with the composition HoBO4 (B>" = Nb, Ta) were prepared using a conventional solid state
synthesis route. The metal oxides Ho,0O3 (Aithaca Chemicals, 99.999%), Nb2Os (Aithaca Chemicals,
99.99%), and Ta>Os (Aithaca Chemicals, 99.99%) were dried at 1000 °C for 15 hours to remove
adsorbed water and carbon dioxide. Stoichiometric amounts of the starting reagents, sufficient to
prepare 5 g of each sample, were weighed and mixed in acetone until a slurry was formed. The slurry
was finely mixed by hand in an agate mortar before the dried powder was placed into an alumina
crucible and heated to 1000 °C for 24 hours. After hand mixing again, the samples were pressed into
rods using a hydrostatic press at 200 bar for 10 minutes. The rods were then heated in air at 1200 °C
for 24 hours and 1400 °C for 48 hours, with intermittent grinding and repressing. To synthesize
HoTaOs in the 12/a space group for ionic conductivity measurements, a sample of HoTaOs (in the P2/c
space group, prepared by heating to 1400 °C) was pressed into a rod and heated in air at 1450 °C for a
further 24 hours. As an additional experiment, a green powder of Ho,O3 + Ta>,Os was prepared by
milling with ethanol (1 g:1 mL mixture) in a planetary ball mill at 250 rpm for 1 hour before being
thoroughly reground in an agate mortar and pestle. The compositions were confirmed by X-ray

fluorescence; see Tables S1-3 of the supplementary information.

NPD experiments were performed with neutrons of wavelength 1.541(1) A, obtained with a
Ge [335] monochromator on Wombat, the high intensity neutron diffractometer at the Open Pool
Australian Lightwater (OPAL) reactor.’! Single phase polycrystalline samples of HoNbO4 and
HoTaO4 were pressed into rods and sintered at 1000 °C in air for 24 hours before diffraction
measurements to remove any absorbed water or carbon dioxide. Each sample was then cooled at 5 °©
min"!. The mixed oxide green powder was pressed into a rod but was not preheated to avoid any
potential reaction. The sample of HONbO4 was loaded into a 6 mm diameter vanadium can and affixed
to a sample stick made of tantalum. The HoTaO4 and Ho20O3 + Ta>Os green powder samples were
loaded into 6 mm diameter open niobium cans, with the top of the can covered with a niobium wire
mesh. Each sample was formed into a rod using a hydrostatic press to ensure minimal reaction or
cation exchange between the samples and the Nb can. For each measurement, the whole assembly was
placed in an ILL-type high-vacuum furnace fitted with Nb heating elements and operated at <10 Pa
during the measurements. The temperature was measured using a thermocouple positioned within the
sample stick, adjacent to where the samples were affixed. Variable temperature NPD data were
collected on both heating and cooling of the samples. There was no significant change in the
background of the NPD patterns throughout the measurements, indicating there was little, if any,

hydrogen-containing species such as water lost during the measurements. Data were collected for
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periods of four minutes. More details on the heating and cooling rates are given in the supporting

information (SI).

The structures were refined using the Rietveld method as implemented in TOPAS6.%? The peak
shapes were modelled using the Thompson-Cox-Hastings profile parameters,”® and the background
was estimated using a 6M-order Chebyshev function. An additional peak was observed across all
datasets at ~37 © 26 due to the Nb heating elements of the furnace, which was modelled using an extra
pseudo-Voigt background peak. Reflections from the Nb can were modelled using the Le Bail fitting
method. The space groups of each material were established by considering the cell metric and
systematic absences. The background, scale factor, detector zero-point, lattice parameters, atomic
coordinates, and isotropic atomic displacement parameters (ADPs) were refined together with the peak
profile parameters. The Rietveld refinements were then performed sequentially, with the structure
updated after each refinement. The sequential refinements were undertaken starting from both the low
temperature monoclinic region and the high temperature tetragonal region, for data measured on both

heating and cooling. The crystal structures were drawn using VESTA >4

For the conductivity measurements, the samples were pressed into pellets at 5 MPa for 15
minutes using an isostatic press. These were then sintered in air at 1550 °C (HoNbO4 and HoTaO4
I2/a) or 1350 °C (HoTaO4 P2/c) before being cooled to room temperature at a rate of 3 ° min™'. Two
or more pellets of each sample were obtained with 1.0—1.5 mm thickness and 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 high precision electronic balance
for the mass. The relative density was calculated as the ratio of the experimental density and the
theoretical density of the sample obtained from previous synchrotron X-ray diffraction
measurements.*®- 3> The relative densities are reported in the SI (Table S4). 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 calibrated thermocouple was
placed immediately next to the sample, and the reported temperatures were the measured values, rather
than the experimental setpoints. A gas flow rate of 1 L hr'! was selected for the measurements in air
(80% N2, 20% O:. pH20 <0.1%. Air Liquide), Ar (Air Liquide), wet Ar, and wet 5% H; in Ar (Air
Liquide), with the gas prewarmed before entering the sample space. The wet atmosphere was obtained
by flowing the gases through a water bubbler at room temperature (i.e., 2.3% water partial pressure,

100% relative humidity at 20 °C). The setup was inserted into a vertical furnace to perform



electrochemical impedance spectroscopy (EIS) measurements between 850—600 °C at 25 °C intervals
while cooling. A minimum temperature of 600 °C was selected as the impedance in Ar, below this
threshold exceeded the equipment entry resistance (~2 x 107 Q), leading to unreliable results.
Impedance spectra were recorded in the 10°-0.1 Hz frequency range using a Solartron 1260 model
potentiostat with an AC amplitude of 100 mV. The EIS spectra were fitted in ZView®, and the obtained
resistance values were normalized over the pellet thickness and the active surface area to calculate the

conductivity in S cm’!.



Results and Discussion

(i) In Situ Neutron Diffraction Measurements of HoONbQOy: Observation of the Reversible 12/a

to 14,/a Phase Transition

The structures of HONbO4 at 50 and 1000 °C were established using Rietveld refinement against the
NPD datasets (see Figure 2, Table S5). The fergusonite model in the monoclinic /2/a space group was
successfully fit to the 50 °C data, consistent with previous studies.’> >® In this monoclinic structure,
the Nb cations are surrounded by four close oxygen ions, two O(1) and two O(2) with Nb—O bond
distances of 1.847(4) A and 1.930(4) A respectively, as well as two additional O(2”) ions with Nb—O
bond distances of 2.437(4) A. Bond valence sums (BVS) were calculated for the Nb°* cation
coordinated as both tetrahedra (NbOs) and octahedra (NbOg) to determine the optimal coordination

environment. The BVS, §;;, was calculated by considering the valences of the individual bonds using

R, — R
Sij = ZeXp[ - b U]

where Ry is a tabulated parameter of the ‘ideal’ bond length, R;; is the observed bond length, and b is
an empirical constant equal to 0.37.573® Including the two long O(2’) contacts in the Bond Valence
Sum (BVS) calculations increased the Nb°>" BVS from 4.29 to 4.77 meaning the Nb>* sites are best
described as heavily distorted NbOg octahedra.’” Previous computational studies have also highlighted

the importance of these additional long B—O contacts.>

The tetragonal scheelite /41/a model was successfully refined to the diffraction pattern measured
at 1000 °C. 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 Nb-O bond angles (O-Nb—O = 105.9
and 116.9 °), it is appropriate to describe NbOjs as distorted tetrahedra. The BVS of NbOy is 4.26,
meaning Nb>" is significantly underbonded. It has been hypothesized from previous density functional
theory (DFT) studies and maximum entropy method (MEM) analysis that this may facilitate the

occupancy of nearby interstitial sites, enhancing oxygen ion conductivity.?% 33 21.59
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Figure 2: Rietveld refinement results for neutron powder diffraction data of HONbO4, measured at 1.541(1) A. Below 775
°C, the structures were refined using a monoclinic /2/a model and above 775 °C, the structures were refined using a
tetragonal /4:/a model. In both cases, the black circles represent the observed data, the solid red line represents the fit to
the measured data, and the lower green line represents the difference between the observed and calculated data. The blue

vertical tick marks show the positions of the space group allowed Bragg reflections.

The temperature dependence of the NPD patterns and the refined lattice parameters for HONbO4
are shown in Figures 3-4 (and in Figures S2—4). Upon heating, the monoclinic cell undergoes
anisotropic expansion, with the monoclinic a parameter decreasing whilst the ¢ parameter increases.
A phase transition is observed at approximately 775 °C where the a and c lattice parameters become
equal, indicating an increase in symmetry (Figure 4a). That the background in the NPD patterns did
not significantly change during heating demonstrates there were no hydrogen species such as water
present in the sample, recalling that hydrogen is a large incoherent neutron scatterer which increases
the background of the diffraction patterns. This is consistent with the lack of any apparent
discontinuities in the lattice parameters or unit cell volume upon heating that would accompany the
loss of intercalated water; a conclusion further supported by ex sifu thermogravimetric analysis (Figure
S1). The unit cell volume also increases linearly in both the monoclinic and tetragonal phases, with a
small change in the expansion rate at the phase transition (Figure 4b). This is accompanied by a
decrease in the monoclinic £ angle approaching 90 °, as expected for a monoclinic /2/a to tetragonal

141/a phase transition (Figure 4c). Similar behavior was observed in a recent study of the 12/a to I41/a
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phase transition in NdNbQO4.* The y atomic coordinates of Ho®>* and Nb>" also change upon heating,
with the cations moving from the general (1/4, y, 0) and (1/4, y’, 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
(Figure S3). Plotting the monoclinic # angle against the y positional parameter of the Nb>* cation

reveals a linear relationship, demonstrating a strong coupling between the atomic structure and the unit

cell parameters (Figure S4).
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Figure 3: Portions of the temperature dependent neutron powder diffraction patterns for HoONbO4 measured on heating to

1000 °C. The 12/a to I41/a phase transition temperature is indicated by the dashed line. The data were collected at 1.541(1)
A
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Figure 4: Temperature dependence of the unit cell parameters for HONbO4 obtained by Rietveld refinements against
neutron powder diffraction data. The data were collected as the sample was heated from room temperature to 1000 °C. The

error bars are smaller than the symbols. The solid line in © is a fit described in the text.

The nature of the monoclinic /2/a to tetragonal /41/a phase transition in 4BO4 oxides has been
discussed previously, with earlier studies suggesting that the phase transition was purely ferroelastic
in nature.’3#! However, Arulnesan et al. concluded that the phase transition was first order due to the
breaking of the longer Nb—O(2”) bonds upon heating.*® This conclusion was supported in recent studies
by Saura-Muzquiz et al. and Auckett et al. that identified the I} mode as a primary order parameter
responsible for the change in bonding of the NbOg polyhedra.?!: * This is also observed in the current
study of HoNbOg4 (Figure 4d), with a ‘breaking’ of the longer Nb—O(2’) occurring across the phase

transition. More details of the nature of the /2/a to I41/a phase transition are outlined below.

In the present work, the possibility of a first order phase transition was investigated by attempting
to fit a two-phase model between the temperatures of 750—778 °C. The coexistence of the monoclinic
and tetragonal phases has been observed in several recent high resolution diffraction studies of related
ANbO4 systems.* 5 €0 First order phase transitions are characterized 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 transition temperature. Initially, the patterns at 750 and 778 °C were plotted
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against each other to determine any regions of interest indicative of the monoclinic-to-tetragonal phase
transition. At 26 ~45 °, four reflections associated with the /2/a phase merge to become a single (213)
reflection in the /41/a phase. Similarly, at 26 ~49 °, three reflections associated with the /2/a phase
merge to become a single (220) reflection in the /41/a phase. In these ranges, there was no indication
of a coexistence of the sets of reflections, indicating the absence of a two-phase region. This was
further investigated by plotting the Rwp values across this temperature range. The values appear to vary
systematically across the transition, indicating that the refinement does not require the inclusion of an
additional phase to accurately model the data (Figure S5). The transition was also investigated by
differential scanning calorimetry (DSC); however, no transition enthalpy was observed (Figure S1),
consistent with other similar compounds that display the same phase transition.®! % That no two-phase
region is observed upon heating or cooling, or the absence of a transition enthalpy spike in the DSC,

suggests that the transition may be continuous (either second order or tricritical) and reversible.

The nature of the phase transition in the present oxides was further investigated using the
framework of Landau mean-field theory. The /2/a to I41/a phase transition has been described as purely
ferroelastic in previous Raman spectroscopy studies.’® ¢ % The existence of a soft acoustic mode
belonging to the B, irreducible representation was identified by Gu ef al. using Brillouin scattering.
This is the primary order parameter of the phase transition and corresponds to both the (e; — €,) and
€¢ strain components.® 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 /41/a phases. A full derivation is found in the SI and summarized in Table S6. The Gibbs
free energy difference consists of three contributions: G, from the ferroelastic order parameters

describing the strains of Bg symmetry, G, describing the atomic displacements of B, symmetry, and

G, describing the coupling between the two.

Previous work by Wada et al. suggested the €4 strain component to be the primary order parameter,
with 7 denoting the amplitude of the order parameter describing atomic displacements produced by
the optic phonon of B, symmetry.%® The symmetrized elastic contribution may be approximated as

A 2 B 4
Ge(€6) = E(T - Tc)eﬁ + ZEG

where 4 and B are constant (positive) coefficients. As there are only two potential phases, the
expansion is limited to the fourth order with respect to €,. If the phase transition is driven by this strain
component, the B coefficient may be taken as sufficiently small (relative to 4) such that it may be

neglected. This leads to a proportionality of €5 o« (T — T.)?, where £ is the critical exponent, and
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may be taken as 0.5 for second order behavior. The coupling term in the Gibbs free energy difference
expansion, G., accounts for the interactions between the acoustic and optic modes of B, symmetry.

This is given as

Go(€6,1) = —Cr€6(€1 — €3) — o661 — C3€Z(€1 + €3 + €3)
where ¢, ¢2, and c; are constants, and the (¢; + €, + €3) term is the volume variation.

The effect of the coupling term means there are several possible choices for the order parameter.
As a consequence of the medium peak-shape resolution of the neutron diffractometer and previous
studies, the €4 strain component was analyzed due to the accuracy of the structural data and its linear
coupling to the order parameter (Figure 5a). Fits to other parameters, such as the Nb(y) atomic
coordinate, the (€; — €,) strain parameter, and the monoclinic £ angle are found in the SI (Figures S6—

8).

Initially, it was attempted to fit the temperature dependence of the € strain parameter over the
entire measured temperature range with a critical exponent f = 0.5. This resulted in poor fits, however
least-squares fitting to the general expressionn o« €5 = A(T, — T)? provided an acceptable fit with
S =0.441 and 7. = 772 °C (Figure 5a). This value is similar to that reported in previous studies, with
Sarin et al. reporting 0.350 < f < 0.405 for other ANbO4 oxides (4 = La, Dy, Y) and with g = 0.398
reported by Saura-Muzquiz et al. for NANbOs4, although it should be noted that these studies treated
the monoclinic f angle as the primary order parameter. Fits to the monoclinic f angle returned a critical
exponent = 0.390 and 7. = 768 °C (Figure S8a).** % If the fitting temperature range is reduced to
within ~50 °C of the phase transition, a fit of # = 0.5 with 774 °C is achieved, implying Landau mean-
field theory-type behavior close to the phase transition, and a departure from mean-field behavior far

from 7. (Figure 5b).
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Figure 5: Fits to the €4 strain parameter of HONbO4 variable temperature data using the power law as described in the text,
(a) fitted over the entire measured temperature range, and (b) fitted within 50 °C of the phase transition temperature.

Although the fit was performed over the entire temperature range, the plots show from 400-800 °C for clarity.

As the critical exponent f # 0.5 when fitting 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 behavior far from T.. It is thought that coupling between the second order ferroelastic
displacements of the NbOg groups and the first order breaking of the long Nb—O(2”) bond occurs. Upon
cooling, no two-phase region was observed between the tetragonal /41/a and monoclinic /2/a phases.
However, a small hysteresis was observed, with 7. = 768 °C upon heating and 7. = 761 °C upon
cooling. This suggests a small discontinuity in the enthalpy of the phase transition that was not apparent
in the DSC. The Landau analysis indicates that the transition is not strictly second order, noting that

bond breaking is a first order process.
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(ii) In Situ Neutron Diffraction Measurements of HoTaQy.: Observation of the Irreversible

P2/c to 141/a Phase Transition

The structures of HoTaOs at 50, 1500, and 50 °C upon cooling were established by Rietveld
refinements against the NPD data (Figure S9, Table S7). The monoclinic P2/c structure was
successfully refined to the room temperature data consistent with previous studies.>> ¢’ Refinements
where the oxygen vacancies were allowed to vary showed no evidence for either measurable oxygen
non-stoichiometry, nor occupancy of interstitial sites. Furthermore, the atomic displacement
parameters, that correlate with oxygen vacancies for the anion sites, were unremarkable. It should be
noted it is unexpected for HoNbO4 and HoTaOs to crystallize into different space groups, given the
similar Shannon ionic radii of Nb>* and Ta>".*’ Similar to the 12/a monoclinic structure observed for
HoNbOy4, the Ta>" cations are surrounded by four close oxygen ions, two O(1) at 1.882(5) A and two
O(2) at 2.015(5) A, giving an average Ta—O bond length of 1.949(2) A. However, there are two
additional O(2’) ions with Ta—O bond distances of 2.222(5) A. These are much closer than the
additional O(2’) bonds seen in HoONbO4. Inclusion of these additional contacts raises the BVS from
3.80 for TaOs4 to 4.72 for TaOe, which indicates a better model of its coordination environment.>’

Previous DFT studies have identified the importance of these longer Ta—O(2’) contacts, with

significant covalent character observed due to the radial extension of the Ta(5d) orbitals.>

The tetragonal scheelite-type /41/a structure was successfully refined against the diffraction pattern
measured at 1500 °C, as observed above for HoONbO4 at 1000 °C. In the tetragonal 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 (O-Ta—O = 105.9 and 116.8 °). The BVS of TaOg is 4.72,

meaning that Ta>" is slightly underbonded, as was observed for the corresponding HoNbOj structure.

Upon cooling, HoTaO4 crystallizes into a different space group, and the reflections indicative of
the primitive monoclinic cell were absent (Figure S10). The monoclinic /2/a fergusonite-type model
was successfully refined against the NPD data (Table S7). Therefore, it appears that heating HoTaO4
from P2/c through the high temperature /41/a phase causes it to recrystallize in the /2/a phase that is
isostructural to that seen for HONbO4. This is the first in situ analysis of this phase transformation.
Comparing isostructural HoONbO4 and HoTaOy4 at similar temperatures reveals these have comparable
bond lengths with similar atomic coordinates. The same phenomenon has been previously observed,

where the B—O(2’) long bond is shorter in TaOs than the corresponding NbOs polyhedra (Table 1).**
49,55
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Table 1: Comparison of the NbOgs and TaOs polyhedra environments in isostructural, /2/a, HONbO4 (upon heating) and

HoTaOj4 (upon cooling) at 120 °C.

HoNbOs (SG I2/a) HoTaOs (SG I2/a)
B-0(1) (A) 1.847(4) 1.845(7)
B-0(2) (A) 1.930(4) 1.955(7)
B-0(2) (A) 2.437(4) 2.362(7)

B-O Average (3) 2.0715(17) 2.0539(19)

BOs Volume (A%) 10.35 10.33

BOs BVS 4.77 4.88

The temperature dependence of the appropriately scaled lattice parameters is shown (Figure 6).

Upon heating, the P2/c phase undergoes expansion in all three lattice directions. This is accompanied

by a decrease in the monoclinic £ angle and an increase in unit cell volume (Figures S11-12). At~1423

°C, an additional reflection was observed between the (111) and (111) reflections of the P2/c phase.

This reflection was fitted through the introduction of the tetragonal /4i/a scheelite-type phase.

Additional reflections between 40—60 ° 260 were observed upon further heating, and these were also

fitted to the /41/a phase.
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Figure 6: Temperature dependence of the unit cell parameters for HoTaO4 obtained by Rietveld refinements against neutron

powder diffraction data. The data were collected as the sample was heated from room temperature to 1500 °C, then cooled

to room temperature. For ease of comparison, the unit cell parameters of the /-centered cell have been appropriately

rescaled. The error bars are smaller than the symbols. The two-phase region is indicated by a grey shaded area, whereas

the phase transition upon cooling is indicated by a dashed line.
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The reflections from the /41/a phase continued to grow in intensity as those from the P2/c phase
decreased, indicating that a first order phase transition was occurring. The corresponding two-phase
model was refined until the peaks around 21-26 ° and the intense peak between 50-53 ° 260 were
indistinguishable from the background. This was observed to be ~1464 °C, after which a single phase
tetragonal /41/a model was refined until 1500 °C. The phase fraction of the P2/c and /41/a phases is
plotted in Figure 7. Isothermal measurements were conducted at the highest investigated temperature
for one hour, and the diffraction data showed no significant changes over this time, indicating the

samples rapidly reached equilibrium.
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Figure 7: Phase fraction of the two-phase first order phase transition in HoTaO4 upon heating. The two-phase region is

highlighted in the shaded area.
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Upon cooling, the tetragonal /41/a phase displayed unsurprising lattice contraction. At ~1300
°C, additional reflections began to emerge around 45—60 ° 26. These reflections appeared in different
ranges to those observed for the P2/c phase, indicating that HoTaO4 was transitioning to a different
phase upon cooling. The additional reflections were fitted following the introduction of a monoclinic
I2/a phase to the refinement model. This phase transition occurred without a two-phase region,
indicating it is possibly continuous in nature. However, a similar Landau mean-field theory analysis
of the strain components and monoclinic § angle demonstrated that the phase transition was not strictly
second order or tricritical, with the critical exponent = 0.370 and 7. = 1301 °C for € (Figures S13—
15). The P2/c phase was not detected upon cooling, indicating that the monoclinic P2/c to tetragonal
141/a phase transition is irreversible. The /41/a to 12/a phase transition that occurred upon cooling very
closely followed the behavior observed by HoNbOs, despite occurring at almost twice the temperature,
with similar anisotropic contraction of the unit cell parameters and an increase in the monoclinic f

angle (Figure 6, and Figures S11-15).
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(iii)  In Situ Neutron Diffraction Measurements of Ho>O3 + Ta>Os Green Powder.: Observation

of an Intermediate C222; Phase

NPD patterns were measured for the two starting reagents before a stoichiometric mixture of Ho2O3
and Ta>Os was pressed as a rod, after ball milling to ensure adequate mixing of the two oxide powders.
Rietveld analysis of the NPD patterns confirmed that both starting reagents were crystalline and single
phase (Figure S16), with the expected stoichiometry also confirmed using X-ray fluorescence

spectroscopy (Table S3).

At room temperature, Ho2Os has a cubic structure (SG a3, #206) with lattice parameter a =
10.623(4) A, as reported previously.®® ¢ The structure of Ta,Os is more complex. Previous X-ray
studies of Ta>Os have reported a reversible phase transition around 1360 °C, and earlier studies
suggested that this structure is sensitive to the heat treatment of the material.”® It was subsequently
established that at room temperature Ta;Os has an incommensurate modulated structure featuring
distortion planes. Stephenson and Roth proposed that this could be adequately described by an
‘average’ orthorhombic unit cell in space group P2mm (#25) with a-, b-, and c-axis dimensions of
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>" cations were
constrained to be equal, as were those of the 33 unique O atoms. This resulted in an acceptable fit to
the pattern measured at room temperature, and this model was employed in the subsequent variable

temperature studies.

Analysis of the NPD patterns of the green powder measured as the temperature was increased from
room temperature to 1500 °C revealed a series of transformations. To avoid overparameterization,
several constraints were placed on the refinement process. A single Be; 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 separate phases. Due to the modest peak-shape resolution

of the diffractometer, size and strain parameters were not refined.
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The thermal evolution of the NPD can be separated into five stages upon heating, with an additional

process evident upon cooling. These stages are depicted in Figure 8 and are summarized as follows:
Stage 1: Thermal expansion of Ho,O3 and Ta>Os from room temperature to 1145 °C

Upon heating to 1145 °C, little change was initially seen in the diffraction patterns, and the only
crystalline phases identified were the cubic Ho20O3 and orthorhombic Ta>Os phases, together with
reflections from the Nb can used to contain the sample. Both oxides showed conventional positive
thermal expansion. A small decrease in the phase fraction of Nb was detected upon heating,
presumably due to sintering and/or increasing crystallinity of the metal oxide. Normalized lattice
parameters are shown in Figure S17. The Rietveld refinements demonstrate that both Ho.O3 and

Ta>Os 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 several reflections, as well
as additional reflections that could not be fitted using the three phase (Ho203, Ta;0Os, and Nb)
model employed in Stage 1. This was most apparent in the ~20-50 ° 20 region where the relatively
strong reflection at ~22 ° 26 from the Ta>Os phase began to lose intensity, and additional reflections
emerged at ~29 and ~52 © 26. These additional reflections were sharp, indicating the formation of
anew crystalline phase. These reflections were fitted using a P2/c monoclinic phase, corresponding
to HoTaOs4, and inclusion of this in the Rietveld refinements lowered the Ry, value (from 4.92%
to 4.39% at 1145 °C), indicating a better fit to the data. The phase fractions of Ho.O3 and TaxOs
were observed to decrease, while the phase fraction of HoTaO4 (P2/c) increased. This indicated

that the 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 fit to the four-
phase model (H0203 + TaxOs + P2/c HoTaOs + Nb). The appearance of these new reflections was
accompanied by a noticeable reduction in the intensity of the most prominent reflections from
Ho,03, indicating a reaction to form an additional phase was occurring. Examination of the
Inorganic Crystal Structure Database (ICSD) for other materials in the Ho.0O3—Ta>Os 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 A4-site cation
and synthesis conditions. The larger lanthanoids (4°" = La-Nd) are reported to adopt an

orthorhombic structure in the Cmcm space group, whereas the C222; space group is favored for
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the remainder of the lanthanoids (noting that a cubic structure in Fm3m has been described for 4>
= Ho).”! Both structures were tested and were found to give similar quality of fits. Since previous
work by Gussev ef al. has shown the need for neutron total scattering measurements to differentiate
between these closely related structures, the C222; space group structure was adopted in line with
their suggestion.”>”® The addition of this phase to the refinement model successfully accounted for
the additional reflections, and at ~1234 °C the sample is a mixture of HoTaO4 (P2/c) and Ho3TaO7
together with unreacted Ta,0s. Further heating resulted in a gradual decrease in the intensity of the
reflections from Ta,Os and these became indistinguishable from the background at around ~1340

°C.

The formation of Ho3TaO7 is unusual. The orthorhombic weberite-type structure is an ordered
A3BO7 superstructure of fluorite, formed by a combination of cation ordering and the presence of
anion vacancies.”> Previous studies have suggested that final annealing temperatures between
1200-1350 °C are necessary to successfully synthesize this phase.”" 7> These annealing
temperatures are in line with the current in situ measurements, as the formation of Ho;TaO7 from
Ho,03; and TaxOs reagents occurs within this temperature range (Figure 8). The weberite-type
phase also forms with little temperature dwell time, in line with other solid state synthesis in situ

studies of similar materials.”
Stage 4: Two-phase region of HoTaO4 (P2/c) and weberite-type HosTaO7 from 13401390 °C

With continued heating, the phase fraction of Ho3TaO7 decreases while that of HoTaO4 (P2/c)
increases until ~1390 °C, where peaks diagnostic of HozTaO7 become indistinguishable from the
background. The fact that neither the reagent metal oxide, nor Ho3TaO7, are detected in situ above
1390 °C matches with previous ex situ studies that found pure HoTaO4 (P2/c structure) formed

upon cooling after annealing at 1400 °C for 48 hours.>
Stage 5: Conversion to the high temperature HoTaOj4 (/41/a) phase from 1390 °C

Heating the sample above 1390 °C results in the appearance of weak reflections diagnostic of the
tetragonal scheelite-type structure. There is a wide temperature window from 1390-1450 °C in
which the two phases (P2/c and /41/a) coexist, similar to that described above in Part ii. The large
two-phase region indicates this transformation is sluggish, suggesting that incomplete conversion
of P2/c to I41/a is possible. This was previously seen in an ex situ heating study of ErTaO4, where
a mixed /2/a + P2/c sample was recovered upon cooling to room temperature.*” Further heating of

the sample results in the complete conversion to the /41/a scheelite-type structure around ~1450
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°C, and Rietveld refinement showed this to be phase pure to 1500 °C (with the exception of the Nb

can). This is in line with previous ex situ observations.>>
Stage 6: Cooling the high temperature HoTaOs4 (/41/a) phase back to HoTaO4 (12/a)

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 were collected during the cooling
and the patterns displayed very similar characteristics to that described in Part ii of this manuscript
for HoTaO4. The sample transformed from the high temperature /4i/a structure to the low

temperature /2/a phase at ~1300 °C, Figure S18.7

It is interesting to note that, as described in Part ii above, the /2/a phase was only observed
upon cooling from the /41/a structure and was not evident at any stage during the heating of the
Ho0203 + Ta;Os green powder. The inability of the /4i/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 further stated there is no simple mechanism to facilitate this transformation,
meaning the higher energy metastable /2/a state is preferentially formed upon cooling. This has
also been found in computational studies, where for HoTaO4 the P2/c phase was found to have a

lower ground state energy than the I2/a structure.’® Our data supports these findings.
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Figure 8: Refined phase fraction values extracted from in situ neutron powder diffraction studies of the Ho,O3 and Ta;Os
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'!) to 1500 °C.
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(iv)  lonic Conductivity Studies of P2/c and 12/a Fergusonite-Type Structures

The conductivities of HONbO4 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). Each ionic
conductivity measurement was performed over a period of 5 minutes after thermally equilibrating the
sample for 20 minutes to ensure sufficient diffusion time for defect stabilization. This is significantly
longer than the NPD experiment where datasets were collected every four minutes. Although defects
are expected to be small in number and have limited impact on the structure established using neutron
diffraction, they are crucial in conductivity measurements. Measurements in wet conditions were
performed with extremely slow cooling ramps (i.e., -10 ° hr'!, rather than -200 ° hr! for dry tests) to
provide extra time for proton incorporation into the bulk of the dense pellets. Further verification of
defect stabilization was performed by repeating EIS acquisitions after an additional 20 minutes at 800
°C, 700 °C, and 600 °C by introducing a 0.1 V bias. No significant differences between the results
with or without bias were observed, also confirming the results fall within the linear domain of the 7/V
curves. After collecting the data in wet hydrogen, the measurements in air were systematically repeated
to verify the sample stability and to regenerate the Pt cables and electrodes. Comparing the two
measurements showed good data reproducibility and, therefore, excellent reliability. The resulting
impedance spectra were fitted by the equivalent circuit method (ECM) to analyze the resistive

contributions.

A single contribution composed of a resistance (R) in parallel with a constant phase element (CPE)
is necessary to fit the HoNbO4 and HoTaOs (12/a) results. Conversely, the HoTaO4 (P2/c) fitting
requires two R//CPE contributions. Nyquist plots at 850 °C reporting the EIS data normalized over
geometrical parameters of the pellets, along with the ECM models and fitting results for all the samples
in different gas conditions, are presented in Figure S19. Warburg spikes are not observed as the large
magnitude of the resistivity dominates the contribution of ion diffusion towards the electrode interface.
To associate the resistive contributions with physical phenomena, the equivalent capacitances were
calculated for each contribution.”® The high-frequency contributions present capacitances between 10°
"and 1072 F cm’!, identifying them as bulk resistances.”” A single high-frequency contribution is
present for HONbO4 and HoTaOs (/2/a), meaning that bulk resistances dominate the conduction. For
HoTaO4 (P2/c), a second resistive contribution is observed in a similar frequency range. This second
contribution presents comparable capacitances to the first (0.5-1.0 x 10"'! F cm™) in air, Ar, and wet
Ar. Since the activation energies are similar, the two phenomena are considered bulk resistivities.
Conversely, results in wet 5% H> in Ar show larger capacitance values for the second contribution (5—

8 x 10 F cm™), suggesting the contribution of grain boundary resistivity.”” However, the subtraction
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of this grain boundary contribution does not influence the total resistivity as the bulk contribution

dominates the conduction.

The total conductivity of each sample was calculated using the resistance extracted from the
equivalence circuit method in the respective Nyquist plots (Figure S19). The results are reported in
Figure 9 as Arrhenius plots with the conductivity presented on a logarithmic scale. The conductivity
values obtained were 10°-10% S cm™' within the 850-585 °C temperature range for all gas
environments. The results show 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 9: Conductivity results of HoNbO4 12/a (filled blue symbols), HoTaO4 12/a (filled green symbols), and HoTaO4
P2/c (filled red symbols) in Arrhenius plots with a logarithmic scale as a function of the inverse of the temperature

measured at 600-850 °C in (a) air, (b) Ar, (c) wet Ar, and (d) wet 5% H, in Ar.

The conductivity values are in line with other undoped LnNbO4 compounds.?® 3! 7% 7 LaNbO4
presents conductivity of ~10 S cm™ at 800 °C in wet H2.%° The conductivity of undoped AWO4 (4"
=Sr, Ba) is ~107 S cm™ at 800 °C in wet Hz, while AM0O4 (42" = Ca, Sr, Ba) reaches as high as 10
S cm™.* 16 The Mo- and W-based 4804 compounds also present activation energies higher than 1 eV.

Although these values are insufficient for practical application in SOFCs, the possibility of doping and
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short synthesis times makes these compounds a promising framework for structural modifications.
Under dry conditions, the highest conductivities were observed for HoTaO4 (/2/a), followed by
HoTaO4 (P2/c) and HoNbO4 (12/a), reaching 3.2, 1.4, and 0.9 x 10°® S cm™ in air at 850 °C
respectively. Slightly larger values are observed in air compared to Ar at high temperatures (Figure
10). This may suggest a possible p-type conductivity contribution that becomes negligible below 600
°C. Results in wet Ar (Figure 9¢) show an increase compared to dry Ar, attributed to the proton
conductivity contribution. The same trend in conductivity is observed in both wet and dry Ar [i.e.,
HoTaO4 (12/a) > HoTaO4 (P2/c) > HoNbO4 (I2/a)]. The maximum value of 8.9 x 107 S cm™! is
obtained for HoTaO4 (I2/a) at 850 °C. Evidently, changing the B-site cation from Nb’" to Ta’*
increases the conductivity of the /2/a phase. Furthermore, the conductivities in wet Hy in Ar are
essentially identical for the three samples (Figure 9d) and reach a maximum of 2.4 x 10° S cm™ at 850
°C. Comparing the conductivities as a function of the gas environment highlights the variation between
reducing and oxidizing conditions for each sample (Figure 10). The notable increase of conductivity
under reducing conditions suggests the presence of n-type conductivity contribution. A possible
explanation for the observed n-type conductivity in these phases is the partial reduction of the
Nb>*/Ta>* cations, which is favored by the underbonding of the B-site cation. Further studies are
necessary to confirm this hypothesis. Such electronic conduction should be avoided to fully exploit

the electrical potential for the ionic/protonic transfer.
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Figure 10: 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) HONbOs, (b) HoTaO4 I2/a, and (¢) HoTaO4 P2/c. For HoNbOj that exhibits

a phase transition, the activation energy of both the I12/a and /4/a phases are plotted.
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Both phases of HoTaO4 (12/a and P2/c) show linear Arrhenius plots under all the investigated
atmospheres. A change in the slope of the Arrhenius plot was observed for HoNbO4 in the
measurements conducted in air, Ar, and wet Ar around 775 °C associated with the /2/a to /41/a phase
transition. The high temperature phase (/41/a) has a higher activation energy, in contrast to the initial
hypothesis that the conductivity will be greater in the high temperature tetragonal phase because of the
Nb>* underbonding. The increase of the activation energy (Eact) above the phase transition is contrary
to the literature results for pure and 4-site doped LaNbOs, suggesting the size of the A-site cation may
play a role as Ho>" is smaller than La*".?%3!:8! A corresponding change in slope was not observed for
HoTaO4 materials as the phase transition occurs at a much higher temperature than the measured ionic
conductivity range (Figure 6). Although measuring the conductivity across the P2/c—I41/a phase
transition of HoTaO4 would be interesting, the experimental procedure is extremely challenging 3 %

In addition, the phase transition temperature of 1300 °C is outside the moderate SOFC operating

temperature of 500—750 °C.

The atmosphere dependent Eact. values are illustrated in Figure 10 (and listed in Table S4). Figure
10a contains an additional curve for HONbO4 showing both the monoclinic /2/a and tetragonal /4/a
phases. A remarkable increase in Ea. was observed for the tetragonal phase under all gaseous
environments except for wet 5% H: in Ar, for which the Ea... Of both phases are equal. The lowest
value of Eac. for HONbOy4 is found in wet hydrogen (0.82 eV). This is similar to the trend observed for
the two HoTaO4 phases (0.74 and 0.78 eV for 12/a and P2/c respectively). For all samples, a slight
increase in Eact 1s observed in wet Ar with respect to Ho, with the values increasing further under Ar,
and finally reaching a maximum FE,. in air. That adding water to the gases systematically reduces Eact.
Is a clear indication of protonic conductivity. Although the E, values are quite large,®* the Eyet of
proton conductivity contribution in Ar, calculated as the difference between wet and dry Ar
conductivities, are between 0.64-0.71 eV. These values are similar to the Eacc of pure bulk proton
conductivity around 0.5 eV.* This suggests that the activation energy of the tetragonal /41/a phase of
HoNbOy is larger than that of the monoclinic /2/a phase, possibly suggesting stabilization of the low

temperature phase is preferable for ionic conductivity applications.

The existence of proton conductivity and a lack of phase transition in the undoped phases is a
promising indication to consider LnTaO4 materials as a framework for further modifications. A
possible strategy to improve conductivity by acceptor doping was proposed by Haugsrud et al. and
Norby et al. for LaNbO4.!> 2% 25 86 The introduction of acceptor dopants increases the number of
positive point defects (mainly oxygen vacancies) due to charge compensation, resulting in an

enhancement of conductivity. These oxygen vacancies are filled during water incorporation by
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hydroxide ions (OHgy) with protons in the interstitial positions. Proton diffusion occurs via the
Grotthuss mechanism through inter-and intra-tetrahedral hopping of H; bonded to oxygens. For
LaNbOs, proton migration is limited by the inter-tetrahedral step, and the addition of dopants may also
introduce potential sites for proton trapping.?* Therefore, the fact that the intrinsic defects in HoTaO4
are mostly interstitial oxygens may contribute additional migration paths for proton hopping that are
alternatives to the inter-tetrahedra ones. Increasing interstitial oxygen via doping small hexavalent

cations is a viable option to enhance proton conductivity whilst limiting the proton trapping effect.

Finally, an analysis of the potential conduction pathways was undertaken based on the structures
obtained from NPD. Previous studies have highlighted the potential for oxygen ions to move via
interstitial sites within 4BOs-type materials.®> 8”38 Huse et al. identified a correlation between ionic
conductivity and the O-O distances separating the different NbOs polyhedra in LaNbO4.%° A similar
analysis was conducted with the O(1)-O(1) and O(1)-O(2) distances determined from the study of the
NPD data, used to estimate the size of the conduction pathway (Figure S20). These values are presented
(Table S8) and show a correlation between the average O—O distance and activation energy in air
(Figure S21). Evidently, the conclusions drawn by Huse ef al. extend to other LeNbO4 and LnTaO4
oxides. Mullens et al. previously highlighted that in LnBO4 (B°" = Nb, Ta) structures, the Nb>* and
Ta>" cations are at slightly different positions in the isostructural 12/a phases due to the differences in
the 4d and 5d orbitals.* This leads to a larger B—B separation in B°" = Ta compared to Nb, potentially
contributing to the higher ionic conductivity exhibited in the HoTaO4 structures. The conductivity
pathway is different in the P2/c structure as a consequence of the different arrangement of the TaOs
chains (Figure 1), potentially explaining the difference in conductivity between the /2/a and P2/c
structures. Further studies of other LnTaOs materials in both the /2/a and P2/c space groups are

required to confirm this.
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Conclusions

The present study of the variable temperature structure evolution of the two oxides HoNbO4 and
HoTaOs establishes a number of important facts. Firstly, the monoclinic /2/a to tetragonal /41/a phase
transition is not strictly second order in either oxide, with the larger displacement of the cations from
their high symmetry equivalent position correlated with both the magnitude of the monoclinic
distortion and the transition temperature. Secondly, a second monoclinic polymorph of HoTaOu,
described in the P2/c space group, can be isolated, and the transition of this structure to the tetragonal
I41/a structure at ~1300 °C is clearly first order with the two phases coexisting over an extended
temperature range. This transition is irreversible, and cooling the sample results in the formation of
the higher energy /2/a polymorph. Neither HoTaO4 nor HoNbO4 exhibits classical Landau mean field-
type behavior far from the /2/a to I41/a phase transition, suggesting these transformations are not
entirely second order and their presence below the operating temperature of SOFCs will potentially

restrict their use as ionic conductors.

Heating a mixture of Ho2O3 + Ta>Os results in a complex series of reactions and provides the first
direct evidence for the formation of a weberite-type HozTaO7 intermediate. /n sifu methods showed
that the /2/a phase only forms upon cooling from the high temperature tetragonal /41/a phase. That the
Hos3;TaO7 phase only exists between 1200—1390 °C suggests a possible strategy for the formation of
this phase, using solid state methods with minimal heating dwell time. Interestingly, the analogous
HosNbO7 compound does not appear to have been reported in the literature, and it is of interest to
establish if this can be observed using fast in situ measurements to aid understanding of the differences

between Nb>" and Ta>".%°

Surprisingly, the activation energy for HoNbO4 was found to be higher in the high temperature
tetragonal /41/a phase than in the low temperature monoclinic /12/a phase, suggesting future studies of
ionic conductors should focus on the stabilization of the low-temperature monoclinic phase. Replacing
Nb>* with Ta>* exhibits great promise for potential ionic conductor studies, as the potentially
detrimental phase transition occurs well above the proposed operating temperature of SOFCs. This
study further identified tunable characteristics key to improving the mobility of charge carriers within
these ABOs structures, such as large 4-site cations to ‘open up’ the O—O channels within the structure,
avoiding phase transitions to the high-temperature tetragonal /41/a structure, and the use of Ta>* on the
B site to increase the B—B separation. Once the mobility of the charge carriers is optimized within this
structural framework, future work can focus on increasing the number of charge carriers by either

inducing oxygen vacancies (by substituting Ta’" for Fe*", Ge**, or Si*" for example) or inducing
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additional interstitial oxygen ions (by substituting Ta>" for Mo®" or W%" for example). As there are
limited ionic conductivity studies concerned with Ta-containing metal oxides, this presents a possible
direction in designing new robust ionic conductors for SOFCs that exhibit excellent conductivity and

stability in harsh environments.
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Furnace Program using Wombat:

In Situ Neutron Diffraction Measurements of HoONbOy:

Temperature Range (° C) Heating Rate (° hr'') | Approx. Time (hr)
50—-400 180 2
400 — 1000 60 10
1000 °C Hold -- 1
1000 — 400 60 10
400 - 100 180 2
Total Time ~ 25 hours

In Situ Neutron Diffraction Measurements of HoTaQO4 (P2/c):

Temperature Range (° C) Heating Rate (° hr'!) | Approx. Time (hr)
100 — 1200 180 6
1200 — 1500 60 5
1500 °C Hold -- 1
1500 — 1200 60 5
1200 — 100 360 3
Total Time ~ 20 hours

In Situ Neutron Diffraction Measurements of Ho>03 + Ta>0Os Green Powder:

Temperature Range (° C) Heating Rate (° hr'!)) | Approx. Time (hr)
100 — 1200 180 6
1200 — 1500 30 10
1500 °C Hold -- 4
1500 — 1200 60 5
1200 — 100 360 3
Total Time ~ 28 hours




Thermogravimetric Analysis and Differential Scanning Calorimetry Analysis

Combined thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements were performed using a Netzsch STA 449F3. Approximately 15 mg of HoNbO4 and
HoTaO4 samples were weighed onto a platinum/rhodium pan with an Al,O3 liner and heated from
room temperature to 1000 °C at a rate of 10 °C min™! in air (80% Nz, 20% O,. 20 mL min™") before
being cooled to 350 °C. The measurement was then repeated after switching to an argon environment
(20 mL min™).
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Figure S1: Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) for (a,c) HoNbO4 and (b,d)
HoTaO4 (P2/c). The blue line represents the DSC, whereas the red line represents the TGA. For (a,b), each sample was
measured in air (80% N> and 20% O,), whereas for (c,d) each sample was measured in argon. The small bumps at around
500-700 °C are below the observed I2/a to I4i/a phase transition and are suspected to be instrumental artifacts. The high
temperature peak in the DSC is an artifact related to the gas change.



X-ray Fluorescence Analysis

Table S1: Cation ratios of Ho:Nb, derived using X-ray fluorescence (XRF) analysis. The sample is the measured HoONbO4

sample, the standard was a 1:1 molar ratio of Ho,O3:Nb,Os mix, and the expected is from the calculated molar ratio.

Sample (%) Standard (%) Expected (%)
Ho203 61.4 55.7 58.7
Nb20s 37.1 429 41.3

Table S2: Cation ratios of Ho:Ta, derived using X-ray fluorescence (XRF) analysis. The sample is the measured HoTaO4

sample, the standard was a 1:1 molar ratio of Ho,0O3:Ta,0Os mix, and the expected is from the calculated molar ratio.

Sample (%) Standard (%) Expected (%)
Ho:03 47.5 48.7 46.1
Ta20s 52.0 50.9 53.9

Table S3: Cation ratios of Ho:Ta, derived using X-ray fluorescence (XRF) analysis. The sample is the measured Ho,O3 +
Ta,0s green powder sample, the standard was a 1:1 molar ratio of H0,03:Ta,0s mix, and the expected is from the calculated

molar ratio.

Sample (%) Standard (%) Expected (%)
Ho0203 46.3 48.7 46.1
TaxOs 53.2 50.9 53.9

Table S4: Relative densities of the pallets and Calculated activation energies of the HONbO4 and HoTaO4 materials from

the Arrhenius plots of the electrochemical impedance spectroscopy data.

HoNbOg4 HoNbOg4 HoTaO4 HoTaOg4
Eact. (eV)
(12/a) (141/a) (12/a) (P2/c)

Wet 5% H: in Ar 0.82 0.74 0.78
Ar 1.08 1.58 0.97 1.01

Wet Ar 0.91 1.23 0.77 0.86

Air 1.22 1.42 1.25 1.09

Relative Density (%) 78 71 65




(i) In Situ Neutron Diffraction Measurements of HoONbQOy.: Observation of the Reversible 12/a

to 14,/a Phase Transition

Table S5: Refined parameters for HONbOj4 at low and high temperatures.

Figure S2: Temperature dependence of the lattice parameters b and ¢ for HONbO4 obtained by Rietveld refinements against

neutron powder diffraction data. The data were collected as the sample was heated from room temperature to 1000 °C,

HoNbOs (50 °C) HoNbO4 (1000 °C)
Space Group 2/a (#15) 141/a (#88)
a(A) 5.3074(3) 5.2339(2)
b (A) 10.9756(8) =a
c(A) 5.0813(3) 11.1193(9)
£ ) 94.444(6) =90
Volume (A3) 295.11(3) 304.60(4)
Hoy 0.6202(3) =3/8
Nb y 0.1430(3) =1/8
Ho-O (A) 2.307(4) 2.354(3)
Ho-O (A) 2.338(4) -
Ho-O (A) 2.367(5) 2.393(3)
Ho-O (&) 2.420(4) —
HoOs Vol. (A3) 22.75 23.47
Nb-O(1) (A) 1.847(4) 1.888(3)
Nb-O(2) (A) 1.930(4) —
Nb-O(2°) (A) 2.437(4) 2.803(3)
BVS NbO4 4.29 4.25
BVS NbOs 4.77 4.61
11.15
" b-I2/a
Il ® c-14/a
11.10
oL
é
Q
E 1105
©
o
g
£ 11.00-
-l
10.95 . . . ! - . .
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with a phase transition from /2/a to [4:/a observed at ~775 °C. The error bars are smaller than the symbols.
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Figure S3: Temperature dependence of the Ho and Nb y atomic position parameter. As HONbOy transforms from 72/a to

141/a, the y atomic position parameters approach the special symmetric positions of 5/8 (0.625) and 1/8 (0.125) respectively.

0.020

0.015 -
©
5 0.0104 2
)
2 ' %

d) O
0.005 - 0 B
o _o
© (0]
0-000 L} I T I T I T ' T
0 1 2 3 4
(p-90)/°

Figure S4: Temperature dependence of the Nb(y) atomic coordinate and the monoclinic £ angle in HoNbO4 obtained

from Rietveld refinements against the NPD data.
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Figure S5: Plotted R,,, values from the variable temperature refinement of HoNbOs. The region of 750-778 °C was taken
as the area of interest, with 7. = 768 °C. Systematic variance across the refinements in /2/a imply that no two-phase region

is necessary to fit the diffraction data across the phase transition.



Technical Details on the 12/a to 141/a Phase Transition Order Parameter
The mechanical representation of the HoNbOs tetragonal scheelite /41/a structure (I;,, k = 0)
decomposed to the irreps of the group is
Ho: 2B, ®2E, ¢ 2A, & 2E,
[=14 Nb: 2B, ® 2E, @ 24, @ 2E,
Q- .-_.‘f;E;_,L; s .[',B:; fart HE_G & 64, 68, @ 3£'g
which demonstrates that all atoms of the are displaced by the B, phonons. The atomic displacements

associated with the B, soft optic mode are summarized in Table S2.

Table S6: Atomic displacements allowed by the B, phonon in space group /2/a of the low temperature HoNbOs structure.

ox oy 0z

Ho 0 ai 0

Nb 0 by 0

o) ci el di
0(Q) d> () 2

Each of these displacements should behave according to mean-field Landau theory, at least in a

temperature range close to, but below, the phase transition.

The Gibbs free energy difference expansion is corrected to account for interactions between
the soft optic mode and the strain modes, which belong to either the By or A, irreducible
representations. The symmetry adapted strain components are (€; + €, + €3) (corresponding to
volume expansion) for A.-type strains, as well as (€; — €;) and €¢4 for the Be-type strains. These

components have the following expressions

_ 05 By (am + i)

6 V2(ag + ¢o)

where am, cm, and S, are the lattice parameters of the low-temperature monoclinic /2/a phase, and ao

and co are the extrapolated values from the high-temperature tetragonal /41/a phase.



Fits to the following parameters are shown below:

Temperature / °C

Temperature / °C

0.018
0.016 a) B =0.382 0.008 b) B=0.5
0.014 - 0
o 0012- 0.006 - .
N ) O
~ 0.010- o o
o ] o o
' 0.008- 0.004 - . °
£ ]
s 0.006 - OQg o 4
= i 3
0.004 - o 0.002 -
| 05
0.002 -
coo0+———m——+—+—+—F— 11114 0.000 —/——F+F—F——o
400 450 500 550 600 650 700 750 800 730 740 750 760 770 780

Figure S6: Atomic coordinate analysis based on the variable temperature Rietveld refinement of HoNbO4, (a) fitted over
the whole measured temperature range, and (b) the fit performed in a range 50 °C below 7. with the critical exponent § =

0.5. Although the data was fit down to 100 °C, the plots show from 400-800 °C for clarity.
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Figure S7: Strain component analysis based on the lattice parameters from the variable temperature Rietveld refinement of
HoNDbOy, (a) fitted over the whole measured temperature range, and (b) the fit performed in a range 50 °C below T, with
the critical exponent 5 = 0.5. Although the data was fit down to 100 °C, the plots show from 400-800 °C for clarity.
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Figure S8: Monoclinic § angle analysis based on the variable temperature Rietveld refinement of HoNbOs, (a) fitted over
the whole measured temperature range, and (b) the fit performed in a range 50 °C below 7. with the critical exponent § =

0.5. Although the data was fit down to 100 °C, the plots show from 400-800 °C for clarity.



(ii) In Situ Neutron Diffraction Measurements of HoTaQy.: Observation of the Irreversible

P2/c to 141/a Phase Transition

HoTaO, Cooled to 50 °C
SG: 12/a
) A WA . !
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2
] _ AR SO - oo
: LU | [ LR O e B R A N AN LT T 1 I I (1 N | (AR R I (NN A A
B e e s e A
E 1 1 L | L | 1 | 1 |
& HoTaO, at 50 °C
- SG: P2/c
20 40 60 80 100 120

20/°

Figure S9: Rietveld refinement results for neutron powder diffraction data, measured at 1.541(1) A. At room temperature,
the structures were refined to the monoclinic P2/c, at high temperature the tetragonal /4,/a, and upon cooling to 50 °C the
monoclinic /2/a space groups. In all cases, the black crosses represent the observed data, the solid red line represents the

fit to the measured profile, and the lower blue line represents the difference between the observed and calculated profiles.

The vertical tick marks show the positions of the space group allowed Bragg reflections.



Table S7: Refined parameters for HoTaO4 at low and high temperatures.

HoTaO4 (50 °C) HoTaO4 (1500 °C) HoTaO4 (50 °C)
(S;lr’;‘fl; P2/c (#13) I41/a (#88) Dia (#15)
aA) 5.1444(4) 5.2803(3) 5.3660(5)
b(A) 5.4926(5) =b 11.0257(12)
c(A) 5.3343(4) 11.2061(10) 5.0948(5)
5 96.407(6) =90 95.320(9)
Volume (A3) 149.79(2) 312.45(4) 300.13(5)
Ho y 0.2333(7) ~1/8 0.6198(5)
Nb y 0.3043(7) —1/8 0.1472(5)
Ho-O (&) 2.304(5) 2.366(3) 2.336(6)
Ho-O (A) 2311(5) ~ 2.340(7)
Ho-O (&) 2.357(5) 2.412(3) 2.404(7)
Ho-O (&) 2.554(5) — 2.472(7)
H"&g’“l' 23.05 23.86 23.48
Ta-0(1) (A) 1.882(5) 1.918(4) 1.845(7)
Ta-0(2) (A) 2.015(5) ~ 1.955(7)
Ta-02’) (A) 2.222(5) 2.809(3) 2.362(7)
BVS TaOs 3.80 472 427
BVS TaOs 472 ~ 4.88
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Figure S10: Portions of the temperature dependent neutron powder diffraction patterns for HoTaO4 measured on heating
from 1200 °C to 1500 °C and then re-cooling to 1200 °C. The P2/c and /4/a two-phase region observed upon heating is

indicated by two dotted lines, and the /4/a to I2/a phase transition observed upon cooling is indicated by a dashed line.
The data were collected at 1.541(1) A.
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Figure S11: Temperature dependence of the unit cell volume for HoTaO, obtained by Rietveld refinements against neutron
powder diffraction data. Here, the unit cell volume of the P2/c phase has been doubled for comparison. The data were

collected as the sample was heated from room temperature to 1500 °C, and then as the sample was re-cooled to room

temperature. The error bars are smaller than the symbols.
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Figure S12: Beta angle (f) of the monoclinic P2/c phase upon heating, and the monoclinic /2/a phase upon cooling.
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Figure S13: Strain component (€; — €,) analysis based on the lattice parameters from the variable temperature Rietveld
refinement of HoTaOs, (a) fitted over the whole measured temperature range, and (b) the fit performed in a range 50 °C
below T. with the critical exponent = 0.5. Although the data was fit down to 100 °C, the plots show from 700-1300 °C

for clarity.
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Figure S14: Strain component €4 analysis based on the lattice parameters from the variable temperature Rietveld refinement
of HoTaOy, (a) fitted over the 800-1300 °C temperature range, and (b) the fit performed in a range 50 °C below 7. with the

critical exponent 5 = 0.5. Data was fit over a reduced region due to the saturation of the strain component.
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Figure S15: The monoclinic § angle analysis based on the lattice parameters from the variable temperature Rietveld
refinement of HoTaOs, (a) fitted over the whole measured temperature range, and (b) the fit performed in a range 50 °C

below T. with the critical exponent = 0.5. Although the data was fit down to 100 °C, the plots show from 700-1300 °C

for clarity.



(iii)  In Situ Neutron Diffraction Measurements of Ho>O3 + Ta>Os Green Powder.: Observation

of an Intermediate C222; Phase

Ho,0; (SG: /a3)
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Figure S16: Rietveld refinement results for room temperature neutron powder diffraction data, measured at 1.541(1) A. In
all cases, the black crosses represent the observed data, the solid red line represents the fit to the measured profile, the

lower blue line represents the difference between the observed and calculated profiles. The vertical tick marks show the

positions of the space group allowed Bragg reflections.
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Figure S17: (Top) Normalized lattice parameters for Ho,O3 and Ta>Os evolving with temperature. (Bottom) Normalized

unit cell volume for Ho,O3 and Ta,Os, showing thermal expansion.
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Figure S18: Temperature dependence of the monoclinic § angle of /2/a against temperature for HoTaO4 upon cooling. The

black circles are the refined values, and the solid red line is the fit to the expression f(T) = A(T; — T)", where A4 is a

general prefactor, T is the observed temperature, 7, is the transition temperature, and 7 is a fitting exponent.



(iv)  lonic Conductivity Studies of P2/c and 12/a Fergusonite-Type Structures
HoNbO, - 2/a - 850 °C HoTaO, - I2/a - 850 °C HoTaO, - P2/c - 850 °C
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Figure S19: Impedance results in Nyquist plots for HoONbO4 - 12/a (a), HONbO4 - I2/a (b), and HoONbO4 - P2/c (c) for

different atmospheres at 850 °C. The ECM fittings and the circuit used for the simulations are also reported.

Table S1: Bond distances derived from the Rietveld refinements to the NPD data of HoONbO4 and HoTaOs4.

HoNbO4 HoNbO4 HoTaO4 HoTaO4
(12/a) (I41/a) (12/a) (P2/c)
o-0(1
(oM 2.798(3) 2.738(2) 2.826(4) 2.814(3)
A)
o()-0(1
(1)-0) 2.921(7) 2.875(7) 2.871(11) 3.005(8)
A)
O()-0(2
(1-0() 2.891(5) 2.835(7) 2.900(8) 2.895(6)
A)
A
verase 2.87(4) 2.82(4) 2.87(2) 2.93(6)
A)
B-B
@& 4.110(6) 3.818(2) 4.211(9) 4.276(7)




Figure S20: Refined structure of HoTaOj4 (/2/a) at room temperature. The green and orange lines represent the O(1)-O(1)
distances, whilst the purple line represents the O(1)-O(2) distance.
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Figure S21: Relationship between the activation energy calculated from the air electrochemical impedance spectroscopy

and the average O-O distances taken from the Rietveld refinements to the NPD datasets.
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