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The electrical properties of the entropy stabilized oxides: ZrgNb,O17, ZrsTa,0;7, HfgNb,O;7 and HfTa,0,; were characterized.
The results and the electrical properties of the products (i.e. ZrO,, HfO,, Nb,Os and Ta,0s) led us to hypothesize the A¢B,0,7
family is a series of mixed ionic-electronic conductors. Conductivity measurements in varying oxygen partial pressure were
performed on AgNb,O,; and AgTa,0,;. The results indicate that electrons are involved in conduction in A¢Nb,O;; while holes
play a role in conduction of AgTa,0;7. Between 900 °C-950 °C, the charge transport in the A¢B,0O;; system increases in Ar
atmosphere. A combination of DTA/DSC and in situ high temperature X-ray diffraction was performed to identify a potential
mechanism for this increase. In-situ high temperature X-ray diffraction in Ar does not show any phase transformation. Based on
this, it is hypothesized that a change in the oxygen sub-lattice is the cause for the shift in high temperature conduction above
900 °C-950 °C. This could be: (i) Nb(Ta)**- oxygen vacancy associate formation/dissociation, (ii) formation of oxygen/oxygen
vacancy complexes (iii) ordering/disordering of oxygen vacancies and/or (iv) oxygen-based superstructure commensurate or
incommensurate transitions. In-situ high temperature neutron diffraction up to 1050 °C is required to help elucidate the origins of
this large increase in conductivity.
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Mixed oxides among the (ZrO,, HfO,):(Nb,Os, Ta,0s) system have
been known for more than 60 years. Since Roth and Coughanour
proposed the first ZrO,—Nb,Os phase diagram and found that
6Zr0,-Nb0s forms a single-phase orthorhombic structure,’ several
results have been published. So far, mainly structural and thermo-
dynamic groperties of AgB>O7 (A = Zr, Hf, B = Nb, Ta) have been
studied.>”’ The orthorhombic unit cell of AgB,O,; the compounds is a
commensurate superlattice structure built using three distinctive dis-
torted polyhedra, with coordination numbers of six, seven, and eight.
Cation-oxygen bond lengths in all four oxides are similar regardless of
cation and polyhedron coordination. In ZrgNb,O;;, bond lengths are
between 2.086 and 2.177 A,® while in Hf¢Ta,0,;, Hf¢Nb,O;, and
ZrgTa,0,; bonds range from 2.056 to 2.148 A, 2.074 to 2.159 A and
2.077 to 2.161 A, respectively.” Such similarities may be expected to
enable the formation of several configurational variants of the structure
with different numbers of six, seven and eight coordinated polyhedra.
The cation sublattice in these structures is nearly identical, especially
since the A and B cations are disordered. For example, A4B,0;5 and
AgB>0,; compounds were synthesised.m’“ Others have also identified
similar structures such as er_szzozm,‘O ZrsNb,O1s,'2 Hf3Ta,0y;,
HfsTa,O,5 and Hf;Ta,0,7."% All these structures are very similar and,
in most cases, can only be distinguished by the change in the oxygen
sublattice. This variety of structures indicates that the oxygen sublattice
within the AgB,0;7 system may be easily changed.

Voskanyan et al. measured the enthalpy of formation of these
AgB,0;7 compounds and showed that they were positive with
respect to their components (6AO, and B,Os). This indicating that
they are entropy stabilized above a critical temsperature (decomposi-
tion temperature).'* R. Jackson Spurling et al.'” performed in situ X-
ray diffraction to observe the formation temperature of the A¢B,0;7
compounds from the their components. Both the measured
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decomposition temperature and formation temperature followed
similar trends, with Hf¢Ta,O;; having the highest temperature
followed by ZI'6T212017, Hf6Nb2017, Zrﬁszon.

Until now, only a few functional properties of A¢B,O,7 relevant to
engineering applications have been studied. For example, HfsTa,0,;
showed good corrosion resistance as a coating for 33CaO- 9MgO-
13A10, 5—45Si0,.'%!7 The same material has been also evaluated as
possible high-k gate dielectrics for CMOS technology'® and a sintering
crucible in pyroprocessing.® ZrgTa,0+/8 YSZ double-ceramic-layer
displayed good thermal shock resistance.'® Additionally, semiconductor
heterojunctions of ZrgNb,O,; and Nb,Os or ZrO, nanoparticles were
studied for their photocatalytic activity.”® Electrochemical properties
relevant to the use of HfgTa,0,7 as supercapacitor electrodes have been
reported by Xue et al.>! To the best of our knowledge, electrical
conductivity measurements in the AgB,O;; oxides have not been
reported.

The search for new materials which exhibit desired electrical
properties remains one of the most important goals of modern
materials engineering. In recent years, materials with high chemical
and/or structural complexity have gained a lot of attention in respect
to their electrical conductivity or other interesting phenomena which
can be used e.g. in production of electrochemical, thermochemical
and many other devices.”> Therefore, we decided to study this
particular system to examine whether it can be of use for future
applications. The first step of finding new materials for any
application is always to understand the underlining phenomena
behind effects like charge transport or structural phase transitions.

To understand the electrical properties of A¢B,0O;7, one should
first examine its components: ZrO,, HfO,, Nb,Os and Ta,0s. ZrO,
undoped and acceptor-doped are ion conductors with some electron/
electron-hole contribution to conductivity in a low and high oxygen
pressure, respectively. Acceptor-doped ZrO, is a widely used solid
electrolyte with mobile oxygen vacancies. On the other hand,
Moshtaghioun et al. proposed that in the orthorhombic donor-doped
Zr0,, Zr*" cations are the mobile charge carriers.”®> The electrical
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properties of undoped HfO, have recently attracted much attention
owing to its ap}glication in resistive-switching elements as well as
gate dielectrics.”* The resistive switching in HfO, dielectric film
occurs as a result of oxide ion diffusion induced by an electric field,
leading to the formation of a conductive filament.>> Ta,Os is
considered one of the best high-k dielectrics for energy storage
capacitors. Its conductivity is predominantly ionic at oxygen partial
pressure above 10~*atm and n-type at lower oxygen pressures.
Nb,Os has been considered a substitute for Ta,Os in solid-state
capacitors. It is mainly an electronic conductor with conductivity
related to defects, e.g. oxygen vacancies.”” Thus, since ZrO, and
HfO, are mainly oxide-ion conductors,”® Ta,0s is a mixed ionic-
electronic conductor and Nb,Os is mainly an electronic conductor, it
is expected that compounds in the AgB,O;; series will be mixed
ionic-electronic conductors.

In this work, we present and discuss the electrical properties of
Zr6Nb2017, HfﬁNb2017, ZrﬁTa2017 and Hf6T32017 (The A6B2017
series) up to 1050 °C in synthetic air (20% 0O,/80% N,) and Ar,
along with thermogravimetric analysis and in situ X-ray diffraction
in an attempt to elucidate mechanisms. For the first time complex
charge transport properties within the AgB,0O;7 system have been
studied, providing insight into how structural complexity can greatly
influence electrical transport properties.

Experimental

AgB,0y7; compounds were synthesized using the Steric
Entrapment Method.”** ACl,, where A = Hf (99.9%, Sigma
Aldrich), Zr (99.99%, Sigma Aldrich), was dissolved in DI water.
BCls, where B = Ta (99.9%, Sigma Aldrich, Nb (99.9%, Sigma
Aldrich), was dissolved in HPLC Grade Isopropyl alcohol. Solutions
of ACl, and BCls were then mixed and allowed to homogenize.
Ethylene Glycol (99.8%, Sigma Aldrich) was added in a 4:1 cation
to OH" ratio. The mixture was heated and stirred on a hotplate until
reduced to a clear gel. The gel was dried in a vented oven overnight
at 400 °C. Dried product was then ground in an Yttria Stabilized
(YSZ) mortar and pestle and calcined in a lidded YSZ crucible at
1050 °C for 12 h. The product was then pressed into a 20 mm pellet
at 155 MPa using an MTI cold isostatic hydraulic press. The pellet
was then annealed at 1300 °C for 12 h in a lidded YSZ crucible with
a heating and cooling rate of 5°C min~'. Phase identification of
synthesized powders was determined using a Bruker D-8 X-ray

Diffractometer (Copper K-a, A = 1.5406 A ). Chemical purity was
checked using a Rigaku X-ray Fluorescence spectrometer using
Boric Acid substrate shells (5 mm, Vprep Corp). To prepare dense
pellets, the powders were pressed using 300 MPa and sintered at
1500 °C for two hours. The densities of pellets were determined
using the Archimedes law with kerosene as liquid medium. As for
the ZrgNb,O;7 and HfgNb,O,; pellets the relative density was 97%
and 86%, respectively, while that of ZrgTa,O,7 and Hf¢Ta,0,; is
lower, between 67% and 69%. It is also worth mentioning that the
colour of the samples after sintering slightly differed. The samples
with Ta in the structure were white while the ones with Nb were off-
white. The cause behind that can be quite complex, from the
differences in cation chemistry to colour centre formation.

The microstructure of the samples was examined using the FEI
Quanta FEG 250 scanning microscope (SEM). The micrographs
were obtained based on the signal from secondary electrons (SE),
which was recorded using Everhart-Thornley Detector (ETD). The
imagining was carried out in high-vacuum mode with an accelera-
tion voltage of 30 kV. For better quality of the images, all samples
were gold coated.

Temperature dependence of conductivity was studied with
electrochemical impedance spectroscopy (EIS) in the temperature
range of 600-1050 °C in synthetic air (20% oxygen, 80% nitrogen)
and argon atmospheres. Platinum electrodes were applied to
cylindrical pellets with a diameter of ~1cm using Pt-paste (ESL
5542) and heated at a temperature of 930 °C for 3 h. Thus, the
electrical studies were performed in the Pt/sample/Pt cells prepared

in this way. It is worth noting that all electrical measurements for a
specific chemical composition were performed on one prepared cell.
EIS measurements were performed using Gamry Reference 3000
potentiostat in the frequency range from 1 Hz to 1 MHz with signal
amplitude (100 mV-1V) depending on sample resistance.
Additionally, the oxygen partial pressure dependence of conductivity
was studied in pure oxygen (pO, = 1 atm), pure nitrogen (pO, =
10~%atm) and their mixtures. The frequency range and signal
amplitude were adjusted according to resistance level.

The total resistances and capacitances obtained from the analysis
of the impedance spectra allowed for the determination of con-
ductivities using Eq. 1.

(1]

Oror =

n |~

1
Rior
where R, is total resistance, o,,,—total electrical conductivity, [ -
the thickness of the sample and S - the surface area of the electrodes.
The Bruggeman asymmetric model was applied for porosity correc-
tion of the total electrical conductivity.*'

To study shifts in oxygen stoichiometry, thermogravimetric
analysis (TGA) was carried out. Measurements in air were under-
taken using Netzsch Tarsus thermobalance at a temperature range of
RT-900 °C. Measurements in argon were performed using Netzsch
STA 449 at a temperature range of RT-1100 °C. In both measure-
ments, the temperature was increased at a rate of 5 °C min~' with a
purge/protective gas flow rate of 20/40 mlmin~'. Blanks were
performed before each measurement to account for the buoyancy
effect.

To verify phase composition between 25-1050 °C in argon,
in situ high-temperature diffractometry was performed using a
Philips X’pert Pro MPD system equipped with an Anthon Paar
HTK1200 camera.

Results and Discussion

In Fig. 1, the cross-section images of the microstructure of all
studied samples are presented.

It can be seen that all the ceramics exhibit a grain size between
~1—4 pum. The grains of the samples with Nb (Figs. 1a and Ic) are
larger than those in the samples containing Ta. Moreover, grains in
Zr¢Nb,O7 and HfgNb,O;; have different shapes from the other
ceramics. The samples containing niobium have lower porosity than
samples with tantalum. This observation is consistent with the
results obtained from density measurements.

The results of EIS experiments obtained in an Ar atmosphere
were used to produce Nyquist plots of ZrgNb,Oy7, ZrgTay0y7,
Hf¢Nb,O,7, Hf¢Ta,O,; densified pellets. Figure 2 shows
Zr¢Nb,Oy;7 along with the circuits used to model the impedance.
The Nyquist plots obtained for HfgTa,O;7, Zr¢Ta,O;; and
Hf¢Nb,O,; are shown in Figs. S1-S3 in the supplementary
information file. In the low-temperature range (Fig. 2a) three
semicircles which are seen in the plot were represented by the R,,
Ry, and R, resistors paired with the CPE,, CPE,;, and CPE, constant
phase elements, respectively. The g, gb and e subscripts signify
grain, grain boundary and electrode components. The semicircle of
grain impedance (R, and CPE,) is observed in the high-frequency
range while the low-frequency ones correspond to grain boundaries
(Rgp and CPEg;,) and the electrode (R, and CPE,). In the case of the
studied samples, we did not observe an electrical response from the
grains in the high-temperature range (see Fig. 2b), hence the model
simply uses one R, resistor instead of R, and CPE,.

Figure 3 depicts the temperature dependence of the total con-
ductivity of the AgB,O7 compounds between 600 and 1050 °C in air
and argon atmospheres, as measured by EIS. In the A¢B,O,; systems,
the total conductivity increases with temperature, indicating thermally
activated charge carrier transport. In an Argon atmosphere, a rapid
increase in conductivity above ~950°C is observed. The total
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Figure 1. SEM cross-section images of (a) ZrgNb,Oy7, (b) ZrgTa;0;7, (¢) HfgNb,Oy7 and (d) HfsTa,047.
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Figure 2. The impedance Nyquist plots of ZrgNb,O,7 in an argon atmosphere at 650 °C (a) and 850 °C (b). The plots for ZrgTa,0;7, HfgNb,O,; and HfsTa,0,7

are shown in the supplementary materials (Figs. S1-S3).

conductivity in argon atmosphere at 1050°C in HfsTa,0,7,
ZrﬁNb2017, HféNb2017 and ZT6T32017 and was 13, 22, 36 and 49
times higher than that in air, respectively. For thermally activated
transport in oxides, several transport mechanisms may be responsible
e.g. ionic conduction, polaron hopping or electron/hole band transport.
The slope of the logo (1/T) plots shown in Fig. 3 were used to
determine the apparent activation energies for charge transport and are
tabulated in Table 1. These apparent activation energies are between 1
and 1.8eV. The rapid increase in conductivity in argon at high
temperatures which was described by “E,” between 2 and 6 eV is a
very interesting phenomenon.

The key electrical transport trends as measured from EIS for the

AB>017 compounds can be summarized as follows:

ey
©))

3

The conductivity of A¢Nb,Oy7 is higher than that of AgTa,0,7;
The conductivity in air of HfsB,O;; is higher than that of
Zr¢B,015. The same relation is observed for AgNb,O,7 in argon
whereas the conductivity of ZrgTa,O,; in argon is slightly
higher than that of HfsTa,0O7.

In AgNb,O5 apparent activation energy of conduction in air at
lower temperatures is higher than at higher temperatures,
whereas in AgTa,047 it is either lower or the same.
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Table 1. Apparent activation energies and values of total conductivity in different conditions.

Low temperatures

High temperatures

(700 °C) E. (1050 °C)

Sample Atmosphere E, (eV) 1076 Scm™! €eV) 1076 Scm™!

Hf¢Nb,O,7 Air 1.77 49 1.48 790
Argon 1.55 45 2.9Y 28300

10)

ZreNb,O 7 Air 1.96 14 1.54 410
Argon 1.46 17 1.99 9200

HfgTa,0;; Air 0.98 1.15 1.34 28
Argon 0.95 0.95 6.0V 360

ZrsTa,047 Air 1.44 0.32 1.44 24®
Argon 1.04 12 1.8V 1040

a) E, values in the high-temperature range in the argon atmosphere should not be treated as activation energies of conduction. b) The conductivity of
ZreTa,017 at 1050 °C in the air was approximated based on the temperature dependence measured up to 1000 °C.

(4) The total conductivity of ZrgNb,O7, HfgNb,O17 and ZrgTa,0,;
below 900 °C in air is lower than that in argon, whereas the
conductivity of Hf¢Ta,0,; is higher in air.

The difference between the conductivities of AgNb,O;; and
AgTay047 is between approximately 0.5 and 1 order of magnitude.
The influence of the A-cation, i.e. Zr and Hf, on the total conductivity
of either AgNb,O,7 or A¢Ta,0,7 is weaker. Hf and Zr have almost the
same ionic radii and ionization energies so all redox and defect-related

properties are quite similar.** Different ion masses may be expected to
influence properties related to vibrations. E.g. activation energy of
thermally activated phenomena may be expected to be different. It may
be one of the reasons for the lower apparent activation energy of total
conductivity in air for Hf¢B,O;7 in comparison to that of ZrgB,O,7.
With a much higher atomic mass of Hf in comparison to Zr, one may
assume that the frequencies of phonons related to the Hf-O bonds are
lower than those of Zr-O. There is also evidence for this based on the
stability of the A¢B,O;; compounds. As was mentioned earlier,
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Hf¢Ta,0,;7 has the highest decomposition temperature followed by
ZrgTay017, HfgNb,O,7 and ZrgNb,O,5. This tendency agrees well with
the changes in the average cation electronegativity which for
Hf6T8.20]7, ZI'6T8.20]7, Hf6Nb2017 and Zrﬁszow are 1.255, 1.247,
1.230 and 1.222 in Allred-Rochov scale, respectively. Thus, one can
say that the AgTa,0O,; are less stable and form more covalent cation-
oxide bonds than the AgNb,O;;. These differences are not large but
may be one of the reasons for differences in electrical properties.

To understand the electrical properties of A¢B,O;7, one should
examine its components: ZrO,, HfO, and Nb,Os and Ta,0s. As it
was mentioned earlier, ZrO, and HfO, are mainly oxide-ion
conductors,?® Ta,Os is a mixed ionic-electronic conductor®® whereas
Nb,Os is mainly an electronic conductor.?” Thus, it is expected that
the AgB,0O,; series will be mixed ionic-electronic conductors. The
defects which predominantly form in ZrO, and HfO,_ and determine
their conductivity are oxygen vacancies. Also, Nb,Os and Ta,Os
tend to be oxygen-deficient. Oxygen deficiency may be related to the
presence of either oxygen vacancies compensated by the reduction
of the Nb/Ta valence state from 54 to 44, or cation interstitial
defects. The latter is considered less probable®® though cannot be
neglected. For example, TiO, is an oxygen-deficient oxide with a
multivalent metal, similar to the A¢gB,0,; compounds. When TiO, is
exposed to intermediate oxygen partial pressures, oxygen vacancies
tend to dominate, while at low oxygen partial pressures, titanium
interstitials tend to dominate.>® Thus, mixed defects should be taken
into consideration for the AgB,0O;; structure. Moreover, Nb,Os and
Ta,Os5 inevitably contain acceptor impurities which further promote
the formation of oxygen vacancies. Xue et al. found that annealing
HfsTa,0;7 in reducing atmospheres leads to an increase in oxygen
vacancy concentration.”' They also found that in the process of
reduction, the tantalum oxidation state decreased while the unit cell
parameters and volume did not change as expected.

The interesting point, in the chase of zirconium-based systems,
was mentioned by Moshtaghioun et al. in their study on tantalum
doped orthorhombic zirconia. They suggest the possibility of
zirconium ion diffusion, with substantially low activation energy,
in ceramics. This can possibility be a minor effect in zirconium
containing system, however, we are more inclined, based on the
activation energy values, to attribute the conductivity to oxygen than
cation diffusion.”® Thus, we propose that the main defects which
form in HfﬁTaQOn, Zr6Nb2017, HfﬁszOw and Zr(,Ta2017 are
oxygen vacancies whose charge is compensated by the reduction
of Nb and Ta, as described by reaction (2).

. ) 1
05‘ o V5 + 2Nb' (Ta) ey + 502 [2]

Where O is the lattice oxygen ion, V;,' - doubly ionized oxygen
vacancy and 2Nb’(Ta)yyr, — 4+ Nb or Ta ion in its lattice

position. This is consistent with the previously stated expectation
that the AgB,017 series are mixed conductors with mobile electrons/
holes and oxide ions.

To gain more information regarding the possible reduction and
oxidation of oxides in the AgB,0;; series and the influence of the
atmosphere on the structural and electrical properties, thermogravi-
metric analysis and in situ high temperature X-ray powder diffrac-
tion (XRPD) were performed. The results of the thermogravimetric
analysis in air and argon atmospheres are shown in Fig. 4, and the
high temperature XRPD in Fig. 5. The mass of the synthesized
AgB>0y7 powders while heated in air, increases with increasing
temperature, until saturation, and then above approximately 700 °C
decreases. Of the four compounds, only Hf¢Ta,0;; appears to be
reduced in the studied temperature range, the other compositions’
mass after increase during thermal oxidation goes back to the initial
mass value at 900 °C. Subsequent heating in the air leads to re-
oxidation and the mass increases above the initial value.

The change in the mass of A¢B,O,; oxide powders in air
demonstrates that the oxygen stoichiometry can change. However, the
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Figure 5. X-ray diffractograms of Zr¢Ta,O,; at different temperatures
below 1050 °C in argon and expanded region of 260 ~ 30° showing the
main, (811), reflection (a), and temperature dependence of unit cell
parameters and volume (b).

mass change in Ar is comparatively small. A key observation is that
within the temperature range of 900-950 °C, where the dramatic increase
in conductivity was observed, the mass change is nearly constant.

In-situ high temperature X-ray diffraction of Zr¢Ta,O;; was
performed from room temperature to 1050 °C in argon (Fig. 5). Over
the temperatures studied, the X-ray diffraction patterns remain the
same while the unit cell parameters increase nearly linearly with
temperature. Since the TGA highlights that the conductivity increase
is not directly related to reduction or change in oxygen non-
stoichiometry and the HT-XRD of Zr¢Ta,0,; from room tempera-
ture up to 1050 °C in argon indicate no observable change in
structure, so the rapid conductivity increase must be driven by a
different mechanism.

Thus, the mechanism related to the change in observed charge
transport at elevated temperature in Ar may be a subtle structural
change, such as: (i) Nb(Ta)*"- oxygen vacancy associate formation/
dissociation, (ii) formation of oxygen/oxygen vacancy complexes
(iii) ordering/disordering of oxygen vacancies and/or (iv) oxygen-
based superstructure commensurate or incommensurate transitions,
which cannot be detected by XRD. We believe such changes in the
oxygen sublattice structure are responsible for the observed increase
in total conductivity at high temperatures in argon. In-situ high-
temperature neutron diffraction studies are required to probe the
oxygen sublattice in the AgB,O;; series in argon and air above
950 °C to help elucidate possible mechanisms.

EIS measurements were also conducted on HfgNb,O,; and
HfcTa,O;7 below 900 °C to determine the effect of oxygen partial
pressure. The results are displayed in Fig. 6.
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Figure 6. Total conductivity of (a) Hf¢Nb,O; and (b) HfsTa,0,; at 600,
700 and 800 °C as a function of oxygen partial pressure.

The total conductivity is not constant in a wide range of the
oxygen partial pressures. In agreement with the results shown in
Fig. 3 the conductivity of HfgNb,O;; increases whereas that of
HfsTa,0,; decreases with decreasing oxygen partial pressure. Apart
from oxide ions, this indicates that the charge carriers that play an
important role in conduction are electrons in AgNb,O;; and holes in
AgTay017. The observed dependence of conductivity on the pO,

(o ~(p02)r]1 where % ~ —0.117 at 800 °C) for Hf{Nb,O;; does not
follow known simple models. Typically, n = —6 (5 ~ —0.167) is

expected in low oxygen partial pressures if the oxygen vacancies are
charge compensated by electrons.* Thus, the charge carrier which
dominates conduction cannot be unambiguously stated. These types
of deviations have been observed in other systems. For example,
ZrO,, which is considered a model system, typically has a (pO,)"®
and (p02)7”6 dependence which dominates respectively at high and
low oxygen partial pressures. However, other experiments by Kim
et al. found ~0.17 and —0.13 exponents at high and low oxygen
partial pressures, respectively.> The only conditions in which the
conductivitﬁy is quasi-independent of the oxygen partial pressure are
below 107" atm at some temperatures. This supports the hypothesis
that the AgB,0O;; oxides in most of the conditions studied in this
work are mixed ionic-electronic conductors. An unusual oxygen
partial pressure dependence of conductivity suggests more complex
transport properties. Again, these results suggest that the observed
conductivity is driven by the oxygen sublattice. The proposed earlier
processes, i.e. oxygen vacancy associate formation/dissociation,
formation of oxygen/oxygen vacancy complexes, ordering/disor-
dering of oxygen vacancies and/or oxygen-based superstructure
commensurate or incommensurate transitions, may occur at different
temperatures and/or oxygen partial pressures. These most likely
influence both the concentration and mobility of charge carriers.
Therefore, although the A¢B,O,; structures are similar to one
another, subtle differences in structural, thermal, and electronic
structure may alter electrical properties. What is more, these
differences most likely affect both ionic and electronic-type con-
ductivities.

The structural features important for oxide-ion conductivity are
the number and energy of available positions between which ions
may jump, the energy barrier height between them, defect associa-
tion energy etc. We assume the vacancy mechanism, typical of ZrO,
and HfO,, is also most probable in oxygen-deficient A¢B,O;7. For
vacancy-type ionic conductivity, a random distribution of oxygen
vacancies around equivalent sites is the most favourable

environment. Structural studies show two features important for
ionic conduction: (i) the cations are 6-, 7- and 8-fold coordinated and
(ii) there are 7 different positions for oxygen in the unit cell
of A¢B,0;7. The possibility of different coordination numbers of
cations should favour oxide ion mobility whereas the presence of
inequivalent sites is expected to hinder migration, increasing its
activation energy. The structural properties of the A¢B,O;7 series are
surprisingly similar, most significant difference relevant to ion
conduction is the much higher temperature factor for oxygen in
HfgTa,0,, compared to the other three oxides.” It may indicate
higher mobility of the oxide ions and could be one of the reasons
why the apparent activation energy of conduction in Hf¢Ta,0,; is
the lowest. Further studies, in particular theoretical calculations, are
necessary to find the most probable migration path of the oxygen
vacancies.

To discuss electronic conductivity, the electronic structure of the
AgB,01; family should be known. Kleger and Meunier with the
DFT method for Hf¢Ta,0,; found an indirect band gap of 2.67 eV3©
whereas Bai et al. experimentally determined the bandgap of
ZrgNb,Oy7 as 2.78 eV, also indirect.”’ The bandgap of 2.67 eV
would mean that Hf¢Ta,O,; absorbs blue and violet light which is
not observed. All oxides are white (AgTa,O;7 are even whiter than
AgNb,O; which in the form of pellets are slightly greyish) and
knowing that DFT usually underestimates the bandgap value, we
may assume the bandgap of all studied oxides is at least 2.8 eV. This
could explain the apparent activation energy of the conduction

E, = JE, of reduced HfgNb,Oy; and ZrgNb,Oy; (in air at high

temperatures and argon at low temperatures) and ZrgTa,0;7 in air.
On the other hand, the reduced ZrgTa,O;; and HfgTa,O;; show
lower activation energy of conduction than that corresponding to the
bandgap. It is possible that in A¢Ta,O;; the reduction causes
the bandgap to narrow or introduces a sufficiently high number of
the states in the bandgap.

Conclusions

In the AgB,O,7 (where A = Zr, Hf and B = Nb, Ta) series, the
charge carrier transport was determined by thermally activated
processes. We proposed that the defects which form in Hf¢Ta,0,7,
ZrgNby,O17, HfgNb,O17 and Zr¢Ta,0;; are oxygen vacancies whose
charge is compensated by the reduction of niobium and tantalum.

The AgB,0O;; series are mixed electronic-ionic conductors with
oxide ions and electron or electron-hole mobile charge carriers. Subtle
differences in electronic, thermal, and structural properties were
discussed as possible reasons for different electrical properties.
Electrons are expected to play a large role in A¢Nb,O,; conduction,
while holes are expected to play a large role in AgTa,0,7 conduction.

A rapid increase in conductivity was observed in the entire
AgB,01; series in Ar at 900-950 °C. This increase in conductivity
was not due to oxygen vacancy population as determined by TGA
and/or structural transformation as determined by in situ X-ray
diffraction. Because of this, the increase in conductivity is expected
be a subtle structural change in the oxygen sublattice which cannot
be detected by X-ray diffraction. These could include: (i) Nb(Ta)*"-
oxygen vacancy associate formation/dissociation, (ii) formation of
oxygen/oxygen vacancy complexes (iii) ordering/disordering of
oxygen vacancies and/or (iv) oxygen-based superstructure commen-
surate or incommensurate transitions which may occur at different
temperatures and/or oxygen partial pressures. This most likely
influences both the concentration but also the mobility of charge
carriers. Therefore, although the AgB,O;; structures are similar to
one another, subtle differences in atomic, thermal, and electronic
structure may alter electrical properties. What is more, these
differences most likely affect both ionic and electronic-type con-
ductivities. In-situ high-temperature neutron diffraction studies
would give more insight into variations in the oxygen sub-lattice
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and could lead to an enhanced mechanistic understanding of the
observed results.
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