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Abstract

The defect-fluorite yttrium niobate Y3;NbO; and pyrochlore yttrium titanate Y,Ti,0O; solid
solutions have been synthesized via solid state synthesis route. The resulting stoichiometry of the
oxides are Y,.xTi.0NbsO7, where x = 0 to x = 1. All of the samples were single-phase, however
for these with predominant fluorite phase, a small amount of additional pyrochlore phase were
detected. The volume of the solid solutions unit cells is linearly increasing with increasing
yttrium niobate content. The water uptake is increasing with (x), and the protonic defects
concentration reaches almost 4.5 x 103 mol/mol at 300°C. The calculated enthalpy of formation
from oxides suggest strong stability for all of the compositions, with values of enthalpy ranging
from -84.6 to -114.3 kJ/mol. The total conductivity does not have a visible dependence on
Y;NbO; content. For each compound, the total conductivity is higher in wet air. Interestingly, for
samples where x < 0.5, ratio of conductivity in hydrogen to air is increasing with increasing

temperature, while for x > 0.5, the trend is opposite.

Introduction

Solid solutions of oxides form when cations of one oxide occupy sites of the host oxide
lattice, leading to occupancy by two or more species with potentially different states of short and
long range order. For decades, the formation of solid solutions between various oxides has
attracted much attention since this procedure enables tailoring structural and functional properties
of materials. For example, in solid solutions of lead zirconate and titanate piezoelectric properties

were optimized !, in Ce-Zr-O system - catalytic properties 2, Sr(Ti,Fe)Os-, - optical * and electrical
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properties, while Ba(Zr,Ce,Y)O;_ have been studied to elaborate a proton-conducting electrolyte
for applications in various electrochemical devices 4. In this work, structure, energetics of
formation, water uptake and electrical properties of the (Y3;NbO;)«(Y,Ti,07); yttrium niobate -
yttrium titanate solid solutions are presented. In the further text the equivalent Y,.4T1,,xNbO;

formula of the oxide will be used, where x signifies the mole fraction of yttrium niobate.

In oxides, similar to alloys in which Hume-Rothery rules describe the ability of elements to form
a solid solution 7, the solubility limits depend mainly on the size, as commonly described by ionic
radii, of the cations and preferred crystal structures of the oxides. In Y, Ti,.,xNb,O; cations that
are expected to substitute for each other in the solid solution are niobium and titanium. Both Nb>*
in Y3;NbO; and Ti*" in Y,Ti,07 occupy the sites with eightfold coordination and have the same
ionic radii (0.74 A) 8. A comparison of crystal structures of the end members of the solid solution
is less straightforward, however, both are, at least at the long range scale, high symmetry FCC
structures. Yttrium niobate, Y3NbO-, crystallizes in the cubic defect fluorite structure — (Fm3m
)°, whereas Y,Ti,O,, in the cubic pyrochlore structure (Fd3m), so that they differ only in a
symmetry plane. Unit cells of both oxides are presented in Fig. 1. The unit cell parameters of
Y;NbO; and Y,Ti,O7 are 5.2495(1) A and 10.095(1) A, respectively 111, Since the pyrochlore
unit cell contains eight whereas fluorite contains four molecules per unit cell, to compare unit cell
parameters, that for the fluorite should be multiplied by 2. Therefore, the structural properties of
Y;NbO; and Y,Ti,O; suggest that forming a solid solution of these two oxides should be
possible. Moreover, due to the cation ordering, pyrochlore may be regarded as 2 x 2 x 2

superstructure of the defect fluorite '> with chemical formula Y 5Tig 50,9 5.
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Figure 1 a) Y3NbO; defect fluorite structure (Fm3m). b) Y,Ti,O; pyrochlore structure (Fd3m).
Colors: blue — yttrium, green — niobium, red — oxygen, white — oxygen vacancies, purple —
titanium. Unit cell edges are marked with thick white lines. Pictures prepared by Vesta

Software!3.

Electrical properties of the Y, Ti,,xNbyO7 yttrium niobate and yttrium titanate solid solutions
are expected to depend on the mole fraction (x) and electrical properties of the constituent oxides.
Both Y;NbO; and Y,Ti,O; are considered as oxygen ion and/or mixed ionic-electronic
conductors. Yttrium niobate is recognized as an oxygen ion conductor in a wide oxygen partial
pressures range’, whereas in Y,Ti,07 at low pO, electronic conductivity surpasses ionic'4. In both
oxides, oxygen ion conduction occurs through oxygen vacancies, so that comparison of oxygen
vacancy properties is relevant for conduction phenomena in the solid solution materials. In
Y;NbO;, forming a defect fluorite structure, structural oxygen vacancies are present, which
occupy different oxygen positions. Figure 1 schematically indicates that the vacancies are
distributed randomly between the oxygen sites, however, Marrocchelli et al. 1 suggested they are
likely to be close to yttrium 3+ rather than to niobium 5+ because the lower charge difference
would be beneficial from the lattice energetics point of view. They found that in Y;NbO; the Y-O
bonds are weaker than the Nb-O so that oxygen vacancy formation requires lower energy in the
neighborhood of yttrium. They also showed that the oxygen ions located in tetrahedral sites with
all the vertices occupied by Y3* cations are immobile 5. In the RE,O3; — CeQ, defect fluorites,
oxygen vacancies tend to become ordered depending on the cation radii in the nearest
neighborhood '°. Holliday et al. have shown that in the defect fluorite curium doped La,Zr,0O,
the presence of randomly distributed oxygen vacancies '7 leads to many possibilities of forming

closely related cation sites.

To enhance the ionic conductivity of yttrium niobate, substitutions that can increase the
concentration of oxygen vacancies may be applied. In our previous work, we showed that
Y;Nb;,TiyO75 for x = 0 to x = 0.15 exhibits protonic conductivity!?. Yttrium titanate also
contains structural oxygen vacancies, however, in contrast to Y;NbO; they occupy only one type
of site, i.e. 8a (1/8, 1/8, 1/8). Moreover, as found by Xiao et al. with ab initio methods, these sites
can also be occupied by cations !8. The total conductivity of Y,Ti,O7 in humidified air is higher

than in dry air, indicating protonic conductivity, which was shown in a Ph.D. thesis '°. The
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protonic conductivity is around 50 % of the total conductivity between 400 and 500 °C, and

decreases with increasing temperature, to 1 % at 800 °C.

The aim of this work is the in-depth analysis of the influence of formation energetics on oxygen
ion and proton conductivity to understand the relations between the complex solid solution
structure, thermodynamics, and their electrical properties. This work is partially based on the
thermodynamics of the Ce,Oy,.om defect fluorites (where n and m are integers, n > m) 2° and

RE,Zr,07 pyrochlores — defect fluorites (RE = Sm, Eu, Gd) ?!.

Experimental Methods

The samples of Y, Ti,.,xNb,O; for x = 1; 0.9; 0.8; 0.7; 0.6; 0.5; 0.4; 0.3; 0.2; 0.1 and 0, were
prepared through a solid-state synthesis route. The following precursors of metal oxides were
used and mixed in an agate mortar: Y,0; (Alfa Aesar, 99.99 %); Nb,Os (Alfa Aesar, 99.9985 %),
and TiO, (VWR, 99 %). The resultant powders were uniaxially pressed into pellets, which were
calcined in three steps: at 1350 °C for 8 h, then 1400° C for 12 h and the final sintering was
performed at 1500 °C for 14 h. Between each annealing step, pellets were ground in an agate

mortar and re-pelletized.

X-ray diffraction (XRD) was performed on a Phillips X'Pert PRO diffractometer with Cu Ka
radiation (A = 1.541 A). The Rietveld refinement was carried out in HighScore Plus software. A
pseudo-Voigt profile function was used to fit the data. As an initial point of the analysis, unit cell
parameters of the fluorite and pyrochlore structure were used respectively (space group no. 225,
and 227) 2> 23, Thermogravimetric analysis (TGA) was performed on sample powders using a
Netzsch Jupiter® 449 FI1. In each case, the mass of the specimen was approximately 2 g.
Powders were heated to 1000 °C and held at this temperature for 0.5 h under dry synthetic air
(N,/O, 80/20) to remove residual water and possible surface carbon dioxide. The samples after
drying were cooled to 300 °C in dry gas. After 2 hours of stabilization, dry gas was switched to
the humidified gas (pH,O = 0.023 atm.), then after an additional 2 h, the gas was switched back
to the dry gas. High-temperature oxide melt solution calorimetry was performed using a Tian
Calvet twin-type calorimeter AlexSYS (Setaram, France) at 800 °C. The samples were pressed
into pellets and dropped into a platinum crucible containing molten sodium molybdate

3Na,0-4Mo0O; solvent. Oxygen gas was flushed over the solvent at 90 ml/min and bubbled
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through it at 5 ml/min. The calorimeter was calibrated against the heat content of 5 mg pellets of

AlLO;. This methodology is well established and has been described previously 24

Electrochemical impedance spectroscopy data (EIS) were obtained with a Gamry Reference 3000

Potentiostat/Galvanostat in the frequency range 1Hz — IMHz and temperature range 400 — 800

°C with 50 °C steps. Measurements were taken in dry/wet air and dry/wet hydrogen. Nyquist

plots were fitted using ZView software (Scribner Associates) with an R/(RQ)/(RQ) equivalent

circuit model.

Results and Discussion

Figure 2a depicts the X-ray diffractograms of yttrium niobate - yttrium titanate solid solutions.
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Figure 2 a) X-ray diffractograms of synthesized Y, T1,.,xNbsO5 solid solutions. Black diamonds

mark the reflections around 38° and 47° which correspond to additional pyrochlore ordering, b)

normalized volume of the unit cell of Y5, T15Nb,O1.

The results show that the investigated system forms a single-phase solid solution in the whole

range of (x), although they crystalize in different systems: defect fluorite and pyrochlore. The

structural analysis shows that the solid solution samples for x between 0 to 0.4, exhibit

pyrochlore structure, while for 0.5 to 1 show defect fluorite structure. However, for the

Y2.5Ti1‘0Nb0.507, Y2~6Ti0.8Nbo_607, Y2_7Tio_6Nb()‘707, and Yz.gTi().4Nb()~gO7 sarnples, additional very

weak reflections around 38 © and 47 °© are visible. The reflections may be attributed to the
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pyrochlore structure, however, they suggest additional ordering in the cation sublattice, not the
presence of the pyrochlore secondary phase. Such a phenomenon has been previously reported
for RE;NbO; (RE =Y, Er, Yb, Lu) rare earth niobates by Lopez-Conesa °, who suggested the
presence of domains with short-range pyrochlore ordering in the structure. Also in the
Gdy(Zr, 5Cey5)O7 defect-fluorite high energy electron microscopy investigations showed the
presence of small pyrochlore domains 2. Similarly, for zirconia, hafnia, ceria and similar fluorite-

type oxides, it has been shown that pyrochlore microdomains are forming locally?®.

Generally, oxides forming the defect fluorite and pyrochlore structures present a variety of
interesting structural properties. For example, they often form solid solutions. Liu et al., have
shown that, depending on the zirconium content in Y»(Zr,Ti,.,),07 ?’, the compounds crystallize
in defect fluorite or pyrochlore structure but appear to form a solid solution in the whole range.
In the case of (1-x)-ZrO, — x-GdO s, the solid solution forms for x between 0.33 and 0.6 ?%. On
the other hand, in the case of single-phase solid solutions of Gdy(Zr,Ce,)O; system, the
structure changes from pyrochlore (x < 0.25) to defect-fluorite (x = 0.5, 0.75) with increasing

cerium content 23,

Figure 2b presents the normalized unit cell volume of the synthesized solid-solutions. To
compare the volumes, since the pyrochlore unit cell contains more molecules per unit cell than
fluorite, the volume of the latter has been multiplied by 8. One can see that despite the change of
the structure symmetry, the dependence of the unit cell volume vs x is continuous and linear in
the whole range, with no indication of any discontinuity at the symmetry change. This
observation supports treating the whole system as a single solid solution. This continuity can be
explained by the fact that in both of the structures the BOg4 octahedra have a major influence on
the size of the unit cell 2° and both of the B-site cations, namely Ti*" and Nb%*, have the same

radii.

The unit cell volume depends linearly on x, the volumetric chemical expansion coefficient of
Y;NbO; dissolution in Y,Ti,07, can be calculated by fitting the formula into the unit cell volume

dataset (1) 3°:

<
|

<
o

RlR

Bais. =5 7 (1)
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Where x is Y3NbO; mole fraction, V is the normalized unit cell volume for x, and V) is the
volume determined for x = 0. [4;s is a refinable parameter representing the slope of relative
volume increase plotted as a function of x and it is the chemical expansion coefficient of
dissolution. The volume increases linearly for the whole range, therefore the chemical expansion
coefficient is constant in the whole range and equals S4;;, = 0.127 + 0.004. In comparison, the
chemical expansion coefficient for fluorite CeO,-;5 is around 0.1 3!, however the coefficient was

estimated from expansion changes as a function of the stoichiometry of oxygen ions 9.

The water uptake has been studied by thermogravimetry, in which the mass gain upon switching
from dry to wet air at 300 °C has been determined. For the whole system, protonic defects form

when water vapor reacts with the material, according to equation (2).
Hy04) + V5 + 06—20H) )
On this basis, the proton concentration [OH b] has been calculated using equation (3):

[ —— 3)
where M is the molar mass of the compound, Am is the difference between the mass of the
hydrated sample and mass before the gas switch, My,¢ is the molar mass of water and m is the
mass of the sample. The water uptake and resulting proton concentration are presented in Figure
3. The water uptake in Y,.T1,,xNbsO; compounds increases with increasing (x). The protonic
defect concentration in Y3;NbO; is almost 4.5-10-3 mol/mol, whereas for Y,Ti,O5 itis around 1073
mol/mol. Nevertheless, the water uptake for the solid solution is quite low and smaller than that
observed for barium zirconate - barium cerate solid solutions®?. In comparison, the water uptake
effect in fluorite-pyrochlore (La;-,Cay),(Ce;-Zry),O07-5 compounds is higher for more disordered
systems, contrary to our samples 33. On the other hand, the water uptake is of the same order of
magnitude as for the lanthanum orthoniobate system which exhibits considerable protonic
conductivity in a wide range of temperature and oxygen partial pressures 34 33, For the La,Ce,O;
pyrochlore, the protonic defects concentration at 300 °C is around 3-10-? mol/mol %, In rare-earth
niobates RE;NbO; (RE =Y, Yb, Lu, Gd, and La) the water uptake increases with decreasing RE
ionic radius 7. The enthalpy of proton migration for these compounds decreases for a bigger

ionic radius. That is in accordance with the conductivity data for these compounds — the observed
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conductivity is lower for the larger rare-earth cation. Therefore, we suggest that the size and the
content of yttrium apart from transport- may influence also the thermal properties of Y., Ti,.
2xNbxO7. In our previous work we have shown that in the Y3;Nb, ,Ti,O75 system, the hydration
was higher in samples with larger Ti content '° since titanium in yttrium niobate was an acceptor-
type substitution causing the increase of oxygen vacancies. That implies that not only the
structure but also the cation composition itself may influence the hydration process and protonic

defect concentration in fluorite-pyrochlore systems.
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Figure 3 a) Thermograms of investigated samples under the isothermal switch between dry and

wet gas. b) protonic defect concentration vs Y;NbO; mole fraction.

Figure 4 shows the enthalpy of drop solution and the enthalpy of formation from oxides
versus Y3;NbO; content. The enthalpy of formation was calculated using the thermodynamic
cycles presented in Table 1. The drop solution enthalpy of all compounds, the enthalpy of
formation from oxides, and the enthalpy of mixing of the Y, Ti,,xNb,O; are summarized in
Table 2. The enthalpies of mixing in the solid solution system are calculated as the difference

between the drop solution enthalpies of the solid solution and the weighted average of the end-

members.

Table 1 Thermodynamic cycles used to determine the enthalpies of formation from oxides.

Y4, TizNbO5 (s, 25 °C) — (2+%)/2 Y505 (dis, 800 °C) + (2-2x) TiO, (dis, 800 °C) + xNb,Os
(dis, 800 °C) AHg
Y203 (S, 25 OC) — Y203 (diS, 800 OC) AHz
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TiO, (g, 25 °C) — TiO, (dis, 800 °C) AH;
Nb,Os (g, 25 °C) — Nb,Os (dis, 800 °C) AH,

(2+x)/2 Y105 (s, 25 °C) + (2-2x) TiO; (s, 25 °C) + xNb,Os (s, 25 °C) — Y14, Tiz2NbO5 (s, 25
oc) AHf,ox

AHg o, = -AHy, + (2+x)/2AH, + (2-2x)AH; + yAH,

Table 2 Average drop solution enthalpies at 800 °C for all compounds and their constituent
oxides; enthalpies of formation from oxides (AHsx) and enthalpies of mixing of Y, T1,,xNbO-.
Uncertainties are two standard deviations of the mean.

Compound Structure AHjgs kJ/mol AHg ox kJ/mol AH,ix kJ/mol
Y,Ti,04 Fd-3m 134.28 + 1.27 -103.84 + 1.89 0
Y,.1Ti; §Nby ;04 Fd-3m 118.84 + 1.34 -102.51 £ 1.95 -21.06 £3.12
Y,,Ti; sNbg,07 Fd-3m 101.25 £ 0.61 -99.04 £ 1.57 -25.87+£2.54
Y, 3Ti; 4Nby 307 Fd-3m 82.71 £ 1.01 -94.61 +1.79 -19.81£2.23
Y, .4Ti; ,Nby 407 Fd-3m 71.53 £0.88 -97.55 £ 1.75 -14.08 £2.12
Y, 5Ti; )Nby 507 Fm-3m 66.09 = 0.94 -106.22 +1.82 -12.04 £ 1.91
Y,.6Ti9sNbg 07 Fm-3m 52.09+0.92 -106.33 £ 1.82 -1.43 £ 1.69
Y, 7TipsNby ;07 Fm-3m 41.77+0.47 -110.13 £ 1.72 344 +£1.63
Y, 5Tip4Nbg 3O Fm-3m 31.79+£0.59 -114.26 £ 1.81 0.94+1.34
Y,.9Tip,Nbg 0O Fm-3m 10.93 £1.45 -107.52 £ 2.29 -0.61 £1.79
Y;NbO,® Fm-3m -26.17 +3.07 -84.53 £3.45 0
Y,0538 -116.30 £ 1.20
TiO, 73.37+£0.36
Nb,Os* 127.50 £ 0.80
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Figure 4 Enthalpies of drop solution and formation from binary oxides (top), enthalpies of mixing
(bottom) of Y;NbO; - Y,Ti,07 solid solutions. The error is two standard deviations of the mean.

The line represents the 3" degree polynomial fit of the achieved data.

Figure 4 presents the energetics of formation and mixing of investigated solid solutions. The
measured AHgo is strongly exothermic for all compositions, which means thermodynamic
stability with respect to their binary oxides. For 8-fold coordination, the ionic radii of Nb*>* and
Ti*" are the same, therefore size difference would produce only small changes in the energetics of
formation. Bigger changes are observed with changing sample structure. Such relationships have
been observed previously for rare earth niobates*’. In the present system, a linear change of
formation enthalpy with increasing with changing the mole fraction of Y;NbO; is observed in the
enthalpies of formation from oxides, even though the structure changes from Y,Ti,O; pyrochlore
to defect fluorite for Y;NbO- 33. The changes in the values of enthalpy of formation from oxides
for investigated solid solutions can be attributed to a slightly less stable pyrochlore structure, then
while the system becomes defect-fluorite structure. The enthalpy becomes the most exothermic

reaching the minimum for x = 0.8. This suggests the greatest stability at that composition.

Page 10 of 29



Page 11 of 29

Dalton Transactions

The heats of drop solution are presented in Table 2. Their values depend on the mole fraction of
Y;3NbO5, thus it is possible to calculate the quantitative enthalpy of mixing of this system.
Enthalpy of mixing of the Y;NbO; - Y,Ti,0; solid solutions is presented in Fig. 4 against the
mole fraction of Y3;NbO;. It has been shown that the positive heat of mixing is associated with
cation size mismatch 4!, as quantified by Davies and Navrotsky for a variety of oxide systems 38,
Considering the complete solution observed via X-ray diffraction, the mismatch induced by small
cation ionic radius difference will produce close to zero heat of mixing. The subregular solution
model (3" degree of polynomial) has been used to fit pyrochlore and fluorite phase solid
solutions separately due to differences in enthalpy of mixing being small positive for fluorite
phases containing higher amounts of niobate phase. We can fit the whole range of compositions
with one 3™ degree polynomial fit, which is in line with the structural data showing no abrupt
changes while the structure changes. From the other point of view, almost zero or small positive
heats of mixing for the compositions with disordered defect fluorite structure (x = 0.5 to 1.0)
indicate that these compositions are energetically less stable as single-phase than the physical
mixture of their end members. The X-ray diffraction results in the present study have shown
additional weak reflections around 38 and 47 ° in the compositions with x = 0.5 to 0.8,
suggesting local ordering. The heats of mixing also can suggest the presence of two phases at the
nanoscale. Since the additional weak reflections could not be refined with either pyrochlore or
defect fluorite structure, the local ordering may occur with two different fluorite related ordered
structures e.g. pyrochlore microdomains °. Such two-phase pyrochlore and/or weberite-type
ordered domains at nanoscale have been observed in the solid solution between fluorite related
Ho,Ti,0; and Ho,Zr,0; oxides 4> 43. Neutron diffraction experiments and pair distribution
function analysis of Y,Ti,07-Y3NbO; solid solutions would give further understandings of the

structure on different length scales .

A representative complex impedance plot is presented for Y, ¢Tip,Nbg9O7 in Fig.5. Two
separate semicircles may be distinguished, which can be described by an R(RQ)(RQ) equivalent
circuit (expressed in Circuit Description Code #4). The constant phase element Q depends on the
impedance according to the formula Z/= Y = Qy(iw)", where the admittance Q, and the angle of
misalignment, »n, are the fitted parameters. From these parameters and the measured resistance,

pseudo-capacitances C were calculated for each semicircle by using the equation (4):
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c=grt ™ )

The first (RQ) element, representing the semicircle observed for higher frequencies, has
capacitance in the order of magnitude around 10-'! F-cm™' which reflects the bulk conduction
processes. The other semicircle at lower frequencies, which capacitance is around 107 F-cm!,
may be attributed to electrode response 4. Therefore, only the response associated with bulk

conductivity has been analyzed.

40

Ry R R3 O x=0.9@ 750°C Wet air
——Fit

CPE:1 CPE-=

Figure 5 Typical complex impedance data (open symbols) with the fit (line) and corresponding

equivalent circuit exemplified for Y, ¢Tig,Nbg¢O7.
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Figure 6 Total conductivity as a function of oxygen partial pressure. The black line with 1/6

slope illustrates the model case with interstitial oxygens O; compensated with holes h°.

Total conductivity measured as a function of oxygen partial pressure in dry atmospheres is
presented in Fig. 6. The results show that conductivity of Y;NbOy is virtually independent of the
pressure at high oxygen partial pressures (from 10 to 10! atm.). Only the conductivity in O,
(pressure 10° atm.) at 800 °C is slightly higher. This indicates that material is oxygen ion
conductor in this pO, region, while as the pressure increases, and exceeds 1 bar of O,, p-type
conductivity may become dominant 4, These findings adhere well to results from the literature.
For instance, the mean square displacement calculations of ions in Y3;NbO; performed by
Norberg clearly show that oxygen ions are mobile, whilst cations present no diffusive behavior 7.
Another interesting observation from that work is that in yttrium niobate only a small number of
oxygen ions are mobile, whereas the others almost do not take part in conduction. This explains
the low values of conductivity observed in the measurement and implies a tightly bonded

structure.

A different situation is observed in Y,Ti,0;, where the conductivity increases with oxygen
pressure, which indicates partial hole conductivity. This confirms the expectations since the

electron hole hopping between Ti** and Ti*" cations is rather typical conductivity mechanism of
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titanates 4% 4°. The most probable reaction occurring in Y,Ti,O7 in oxidizing atmospheres is that

the excess oxygen ions occupy the interstitial positions, following equation:
1 n L]
202(9)=0i + 2h (5)

The negatively charged oxygen ions are compensated by electron holes, increasing p-type partial
conductivity, however, the conductivity dependence has much smaller slope than 1/6. We
believe this is a transition region between ionic- and p-type electronic conduction mechanism and

we expect the slope of 1/6 in higher pO,.

In hydrogen, both yttrium niobate and yttrium titanate exhibit total conductivity one order of
magnitude higher than in the intermediate range of pO,. The reaction which probably dominates

in low pO; region is the reduction of oxygen species:
X oo ’ 1
0p=vy +2e + 502(9) (6)

Therefore the charge compensation rule causes two electrons to be generated for each reduced
oxygen, giving a noticeable rise in total conductivity. This indicates that n-type conductivity

dominates in hydrogen atmosphere.

So far, 6(pO,) dependencies for yttrium niobates and titanates have been reported only for
Y3NbO; 37, Yo 3Nby-0; 7 %° and Y,Ti,07 3133, In the case of Y,:,Zry.,,Nb,O7 solid solutions, the
conductivity dependence on oxygen partial pressure varied for different samples 3*. In these
compounds, for low-yttria pyrochlores (x = 0.2, x = 0.3 and x = 0.4) , the conductivity is oxygen-
ion type, whereas, for cubic fluorite samples (x = 0.6, x = 0.8 and x = 1), the n-type conductivity
surpasses the ionic conductivity between 10'% and 10® Pa. End members exhibit electronic
conductivity in reducing atmospheres, and yttrium titanate also exhibits p-type conductivity in
pure oxygen. In similar ternary systems consisting of ZrO,-Y,05-Ti0,, increasing yttrium content
provides slightly higher electronic and significantly lower ionic conductivity % 3¢, For
Y.2Tig 182196019 at 930 °C, the highest electronic conductivity 2-10-'S-cm™' was reported .
Moreover, the dependence of total conductivity on oxygen partial pressure was similar to that

observed in Y3NbO; and Y,Ti,07 — c.f. Fig.6.
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The total conductivities as a function of temperature for selected samples, measured in dry/wet

air and dry/wet hydrogen atmospheres are shown in Figs. 7 and 8, respectively.
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Temperature (°C)
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Figure 7 Total conductivity as a function of inverse temperature for Y,.4T1,,xNbO7 samples,
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Figure 8 Total conductivity as a function of inverse temperature for Y,.4Ti; 2,NbsO7 samples,

collected in dry hydrogen (open squares) and wet hydrogen (red circles)

Generally, the conductivities of yttrium niobate and yttrium titanate are relatively low. In all
cases, the total conductivity is higher in wet than it is in dry air. For example, for x = 0.4 at 500
°C, conductivity is 8.08x10® S-cm! in dry air and 1.33x107 S-cm™! in wet air. The maximum
conductivity in the air at 800 °C is observed for Y;¢Tig2NbgoO7 and equals to 3.02x10~ S-cm™'.
Higher total conductivity in wet air suggests that mobile protonic defects are present, as hinted by
thermogravimetric data — (see Fig. 3a, b). The activation energies (Tab.3) were calculated from
the Arrhenius type conductivity equation in higher (600 — 800 °C) and lower (400 — 550 °C)

temperature ranges.

Table 3 Activation energies E, at higher and lower temperatures in air and hydrogen with total
conductivity ¢ at 600°C in air and hydrogen

Page 16 of 29

-10-6 105
600 - S00-C 100" S50°C (Sa':‘?"l) 600" S00-C 400" 5500 s :‘?"l)
Sample 600°C 600°C
Wetair Dryair Wetair Dryair Dryair WetH, DryH, WetH, DryH, DryH,
Y;NbO;, 1.31(1) 1.39(1) 0.94(5) 1.17(4) 1.05(1) 1.73(2) 1.83(2) 0.85(4) 0.96(5) 0.18(1)
Y29Tig2NbooO7; 1.31(1) 1.36(1) 0.99(4) 1.193) 1.28(1) L.61(1) 1.56(4) 1.38(4) 1.64(1) 5.8(3)
Y25Tig4sNbosO7; 1.24(1) 1.29(1) 0.99(3) [1.153) 1.48(1) 1.56(1) 1.55(2) 1.4(1) 1.591) 11.9(6)
Y,,Tig6Nbo7,O7; 1.20(1) 1.23(1) 1.002) 1.19(1) 0.88(1) 1.36(2) 1.352) 1.33(2) 1.39(2) 1.99(1)
YTiosNbogO;  1.20(1) 121(1) 1.042) L.16(1) 1.54(1) 127(1) 1243) 131(1) 134(1) 14.4(7)
Y,5Ti oNbosO; 1.18(1) 1.19(1) 1.06(1) 1.18(1) 0.78(1) 1.16(2) 1.17(3) 1.23(1) 1.27(1) 28.6(1)
Y24Ti12Nbo 407  1.38(1) 1.46(2) 1.0(1) 1.3(1) 0.80(1)  1.24(1) 1.242) 09(2) 1.19(1) 91.5(5)
Y,;TiNbos0;  1.42(1)  1.503) 127(6) 122) 051(1) L11(1) 1.092) 1.13(1) L11(1) 158(16)
Y2,TigNby,0;  1.39(2) 1.46(2) 1.16(8) 1.17(2) 0.13(1)  1.05(6) 0.87(5) 1.20(1) 1.25@8)  827(1)
Y,1Ti sNbo O; 1.50(5) 1.78(9) 0.7(1) 1.06(4) 037(1) 096(1) 0.89(1) 1.09(1) 1.02(2) 337(1)
Y, Ti,0, 1.42(1)  145(1) 1.053) 123(5) 643(1) 1472) 13(1) 1.0(1) 1.614) 2.00(1)

The influence of temperature and atmosphere on activation energies of conductivity is not
straightforward. In the lower temperature range, the activation energy is higher in dry atmosphere
for the majority of the samples, while at high temperatures it is opposite. This suggests that two
different mechanisms of conduction may dominate in the low- and high-temperature ranges.

Interestingly, the activation energies are much higher than for typical ionic conductors 376!
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(related both to oxygen ionic and protonic conductivity). This indicates that either the energy
barrier for mobility is high (i.e. enthalpy of mobility) or the enthalpy of defect formation is high,
or both. In either case, it indicates a strongly bonded and stable structure. Moreover, this is also
supported by the low values of total conductivity itself. These findings may be connected with
the strongly exothermic enthalpies of formation of yttrium niobate and titanate, that is, -84.6
kJ/mol and -103.84 kJ/mol, respectively, 3® which suggests their strongly bonded crystal structure
and low mobility of ions. It has been shown for multiple fluorite systems that oxygen
conductivity is strongly correlated with the enthalpy of formation from binary oxides®?>-%4. For
example, in rare-earth-doped ceria systems, Avila-Paredes et al. have shown the correlation
between the maximum of ionic conductivity and maximum of enthalpy of formation which
indicates destabilization of this system®. For the thoria system, a similar relationship has been
reported, where the formation enthalpy from oxides is positive over the composition range and a
maximum is observed at 0.23 mol fraction of LaO, s and 0.13 mol fraction of YO, 5. The reported
position of the conductivity maximum varies between 0.12 and 0.14 mol fraction of YO, 5 and is
close to measured enthalpy maximum®. Similar behavior has been observed also for proton

conductors, e.g. the barium zirconate system®.

The total conductivities of Y, Ti,.2xNb,O5 solid solutions at each temperature vary by two orders
of magnitude for different x values. Another observation is that the total conductivity and
activation energies exhibit non-monotonic change with x. Similar characteristics were found by
Norberg et al. in the Yo(Ti;<Zry),07 system®’. They postulated that larger x leads to an increase
in the degree of disorder within the anion sublattice thus increasing the ionic conductivity. On
the other hand, Marrocchelli et al. !> found that, in the (Y3;NbO)(Y»Zr,07), solid solution,
increasing content of Nb>* ions, by introducing strain into the cation sublattice, increases the
tendency of oxygen ion trapping, which decreases the ion mobility. The observed non-monotonic
dependence of total conductivity on X in Y,.T1,,xNb,O7 solid solutions may be related to the

competition between these two effects.

The total conductivities in solid solution samples are noticeably higher in hydrogen than in air
(cf. Figs 7 and 8). For instance, in Y;;Ti; ¢Nbj,07 at 600 °C, the conductivity in dry hydrogen is
almost five orders of magnitude higher than in dry air. This significant difference is probably

caused by the electronic contribution originating from reduced oxygen species, which overcomes



Dalton Transactions

the ionic part. In general, the conductivities in hydrogen are higher in samples with higher
titanium content. However, in this atmosphere, Y,Ti,0; conductivity is not as high as in other
examined pyrochlores (see. Table 3). The relationship between the structural ordering in the
crystal structure and the electrical properties was discussed previously for similar Y- Zr-Nb
ternary systems and their solid solutions. In Y,:,Zr2.2Nb,O7 47 and Y 6+2.4xZ13 4-3.4xNbxO7 72.0 72
>4 the total conductivity decreases with increasing x. On the other hand, in Y., Tiy»NbO;
system investigated by us, the total conductivity changes non-monotonically with x, however the
defect fluorite end member (x = 1) exhibits lower conductivity in air and hydrogen than the
pyrochlore end member (x = 0), like in Y,:+xZ1;,xNbyO7 and Y ¢+2.4x213.4.3.4xNbxO7.72.0.72x. In the
temperature range between 600 and 800 °C the activation energies of the total conductivity in wet
hydrogen atmosphere exceed those in dry H,. This suggests that electronic contribution is higher
than protonic contribution to the total conductivity. However, we cannot clearly exclude the
proton conductivity in hydrogen, since in lower temperature range (400 — 550°C) in almost every

case the activation energies are lower in wet H,.

To analyze the relations between different charge carriers in the total conductivity in different
materials and temperature regions, the ratios of conductivities in dry hydrogen and air are plotted
in Fig. 9.
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Figure 9 Temperature dependence of the ratio of conductivity in dry hydrogen and dry air for the

solid solutions with different Y3;NbO; mole fractions (x).

Similar characteristics have been obtained for humidified atmospheres. It can be seen that the
Y;NbO; mole fraction (x) influences the conductivity ratio as well as the temperature
dependence. The protonic conductivity for investigated solid solutions is relatively small, hence
the ratio of conductivities depends mainly on the relation between the oxygen ion - and electronic
conductivity. As can be seen, the ratio of conductivities is higher in the pyrochlore samples than
in defect-fluorites. What is interesting, for Y, sTi;(NbysO;, i.e. the sample with equimolar
contents of yttrium niobate and titanate, the slope of the temperature dependence of conductivity
ratio is almost zero. Therefore, in this compound, the contributions of the oxygen ion and
electronic conductivities do not vary with temperature. In this case, the conductivity in hydrogen
is around 400 times higher than in air. For samples with lower titanium content, the ratio
increases with increasing temperature. For samples where x < 0.5, the conductivity ratio
decreases with increasing temperature. These relations depend on the activation energy in air and
in hydrogen. The activation energy depends on the enthalpies of mobility of dominating charge
carriers, namely the electrons in reducing, and oxygen ions in oxidizing atmospheres and in the
intermediate range of pO,. Therefore the changes in slope for x < 0.5 and x > 0.5 result from the
contribution of electronic part of conductivity, which is higher in samples with more titanium
content. On the other hand, for samples where niobium content is larger than 0.5, the total
conductivity in dry air is higher than in dry hydrogen, which suggests that the ionic part in these
samples overcomes the electronic. As can be seen from Fig. 9, the slope of the temperature
dependence of conductivity ratio between 550 and 750 °C is the steepest for x = 0.1, and x = 0.8,
which shows that for these samples, the enthalpies of mobility in hydrogen differ the most from
the enthalpies of mobility in air, compared with other samples. It is interesting that the Y, Ti,.
2xNbyO7 end members do not match the trend shown by the other samples. The ratio of
conductivities merely exceeds 5 and 4 for yttrium niobate and yttrium titanate, respectively For
these samples, the slope of the conductivity ratio vs temperature is non-monotonic. This indicates
that not only the yttrium content, which occupies A-site in Y, Ti,,,NbsO5 solid solutions, but
also the Nb/Ti cations, which substitute each other on B-site, influence the conduction

mechanism in oxidizing and reducing atmospheres. Moreover, niobium and titanium for 8-fold
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coordination have the same ionic radius, hence it may be stated that the ionic radii do not

significantly influence the electrical properties of the investigated system.

Protonic conductivity was an important part of this study. To further analyze it, we have

Owet — Odry

estimated the contribution of protons to total conductivity using the following formula

Owet ’
where o,¢; and o4, denote total conductivity measured in wet and dry air, respectively. This can
be done only for materials for which in dry conditions electrical conductivity is dominated by
oxygen ion transport and in which the hydration reaction dominates in wet atmospheres. In
yttrium titanate the conductivity at pO, = 10° atm. is higher than that at intermediate oxygen
partial pressures hence this material showed hole conductivity in air, while yttrium niobate did
not (cf. Fig. 6). Considerable water uptake is observed only for the samples with higher Nb
contents (cf. Figs.3a,b). Therefore, protonic conductivity estimations were performed only for
high Nb-content specimens (x = 0.5). Fig. 10 shows the estimated relative protonic contribution
. The values increase with Y;NbO; mole fraction and are higher at lower temperatures. Generally,
for oxides exhibiting protonic conductivity like in Y,:4Ti;2xNbsO7, the protonic contribution to
total conductivity is higher at lower temperatures (cf. Fig.7). The mobility and concentration of
protonic species are a function of temperature, and with decreasing temperature, the increasing
concentration greatly overcomes the decreasing mobility ®8. In effect, the protonic conductivity
goes through a maximum as a function of temperature. On the other hand, in pyrochlore samples,
for x < 0.5, the total conductivity is also higher in wet than in dry air, however, no strict

dependence of relative protonic contribution was found.
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Figure 10 M ratio vs Y3;NbO; mole fraction (x) for samples with x > 0.5.

Ow,

In our previous work on Y;3;Nb,,Ti,O7,s the water uptake, as well as protonic defect
concentration, were both higher for the samples with higher Ti content!?. The opposite trend is
observed in the Y, Ti;2xNbyO7 solid solutions, where higher Ti content yields lower protonic
contribution. In these compounds, however, the role of titanium is different from that in Y;Nb;.
«11,075. It is not an acceptor-type constituent, therefore in the Y, Ti,,xNbsO5 solid solutions
only intrinsic defects are present, the concentration of which is typically orders of magnitude
lower than in doped systems. Therefore, the Ti/Nb ratio affects protonic conductivity differently.

Three possible factors related to the Y3;NbO; mole fraction (x) can affect the protonic

contribution:
L. Structural changes, from pyrochlore to defect fluorite, enforced by changing Nb
content.
II. Decreasing hole concentration, which is detrimental to proton incorporation due to

hole-proton interactions®, as the Ti content decreases.
III. Chemical properties of the cations themselves, e.g. electronegativity or ionic radii of

Ti and Nb, which influence chemical bonding and stability of protonic defects 7% 7!,

At this stage, it can be hypothesized that either the first or the second or both factors are relevant
for the protonic conductivity changes with x. The third one is unlikely since in these compounds
ionic radii of Ti*" and Nb°' are the same and the electronegativity of the elements is almost

identical.

Conclusions

The solid solutions of defect-fluorite Y3;NbO; and pyrochlore Y,Ti,O; were synthesized via a
solid-state reaction method. The resulting stoichiometry of the compounds is Y+, Ti;,xNb,O7,
where 0 < x < 1. All of the samples were single-phase, however, in a few defect-fluorite samples,
additional pyrochlore ordering was present in the structure, which may be attributed to
pyrochlore nanodomain formation. Each of the examined materials hydrate in humidified
atmosphere at 300 °C. The estimated protonic defect concentration increases with x, exceeding

4.0-103 mol/mol for Y3NbO;. All investigated compositions exhibit strongly exothermic
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enthalpies of formation from binary oxides and negative or close to zero enthalpies of mixing
which confirm that the crystal structure is tightly bonded. Solid solution end members are oxygen
ion conductors, exhibiting electronic conductivity in hydrogen, where conductivities are a few
orders of magnitude higher than in air. The temperature-dependent ratio of conductivity in
hydrogen and air was found, suggesting that not the yttrium, but rather the Nb/Ti content is
crucial in the conduction mechanism, and ionic radii do not show significant influence on total
conductivity. For x < 0.5 and x > 0.5, The changes in slope in the ratio of conductivities result

from enthalpies of mobility of major charge carriers which dominate in reducing or oxidizing

Owet — Odry

atmospheres. The calculated conductivity ratio increases with decreasing temperature

Owet
suggesting that protonic species are more dominant at lower temperatures, because of their
concentration. What is more, in defect fluorite samples (x = 0.5) the protonic conductivity is

predominant in wet air.
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