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Abstract

A new phase BasIn,Al,Zr,¢Nbo10:305 With a hexagonal perovskite
structure was obtained. The substitution of Zr4* by smaller Nb>* was
accompanied by the incorporation of the oxygen interstitials and did
not lead to a significant change in the lattice parameters. It was es-
tablished that the investigated sample was capable of water incorpo-
ration from the gas phase; the hydration degree value was 0.24 mol
H,O. [IR-spectroscopy analysis revealed the presence of
OH™-groups with different thermal stability, which participate in dif-
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ferent hydrogen bonds.
demonstrates the predominant
pH,0 = 2:107% atm and T < 600 °C.

protonic

1. Introduction

Searching for novel functional materials represents an im-
portant direction in the research and development of alter-
native energy sources. On the way to solving this problem,
such a class of materials as perovskites has attracted much
attention [1-3]. Due to their unique structural and composi-
tional flexibility and high stability, perovskite oxides and
their derivatives are still being extensively studied. This
made it possible to obtain a wide variety of new compounds
with a variable set of properties [4-6].

Some directions towards modifying the composition
and structure of perovskites can be distinguished. Doping
the ABO;3; perovskite materials at A-, B- and O-sites does
not change the perovskite structure can induce defects in
the resulting materials, such as, most commonly, oxygen
vacancies. The oxygen vacancies can be introduced by sub-
stituting A- and B-site cations with the cations of lower
valence. In recent years, the defect-perovskite materials
have been explored to enhance their electrical and catalyt-
ic properties [7].

Another modification strategy is the formation of sev-
eral sublattices, for example, the compositions AA"B.Os or
A>BB’Os. The double perovskite structure is so named be-
cause the unit cell is twice that of the perovskite. It has
the same architecture of 12-coordinated A sites and 6-
coordinated B sites, but two cations are ordered on the A-

The new phase BasIn,Al,Zr,o¢Nbo 101305
conductivity  at

Revised: 30.09.22
Accepted: 30.09.22
Available online: 10.10.22

or B-sites. The B-site can either be ordered or disordered,
generally as a result of charge or size of the cations. When
the size or charge are similar then B/B’ cations are disor-
dered and randomly distributed throughout the perovskite
network. If the mismatch between size and charge be-
comes large, the B-sites order in a 1:1 checkerboard fash-
ion known as rock salt ordering, and the structure is now
called a double perovskite [8]. Such compounds can also
be oxygen-deficient, considering the corresponding oxida-
tion states of the elements [9]. Among such phases, many
oxygen-ion and proton conductors are known [10-12].
There are also perovskites where the A-sites and B-sites
can order simultaneously. This results in a structure called
a doubly ordered double perovskite with the general for-
mula AA'BB'Os. The type of B-site ordering is very com-
monly observed, but A-site ordering is much less common-
ly observed and has specific structural requirements.

More complex structures are layered perovskites, for
example, Ruddlesden-Popper (RP), Aurivillius and Dion-
Jacobson (DJ) phases [13-16]. Layered perovskites consist of
infinite 2D slabs of the ABO; type structure which are sepa-
rated by some motif. The general formula for the layers is
An-1BnOsn+1. Dion-Jacobson phases, with the general formula
A'An1BnX3n+1, are similar to RP phases but have one less A’
cation in the interlayer. Both RP and DJ phases form homol-
ogous series with variable numbers of perovskite layers.

10f9


http://chimicatechnoacta.ru/
https://doi.org/10.15826/chimtech.2022.9.4.14
mailto:irina.animitsa@urfu.ru
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-7131-0442
https://orcid.org/0000-0001-5422-717X
https://orcid.org/0000-0002-4223-6201
https://orcid.org/0000-0002-0757-9241
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.15826/chimtech.2022.9.4.14&domain=pdf&date_stamp=2022-10-10

Chimica Techno Acta 2022, vol. 9(4), No. 20229414

Even more complex types of structures are intergrowth
structures. In such structures, the perovskite block can be
spliced with another structurally related block. Among
such structures, new classes of oxygen-ion and proton
conductors have recently been discovered [17, 18]. The
hexagonal perovskite with the composition of
BasEr.Al.ZrO:3; exhibited high proton
1073 S-cm™ at 300 °C as the best proton conductors based
on doped barium [19]. The
BasEr2Al.ZrO:3 can be represented as an oxygen-deficient
hexagonal perovskite derivative formed by an intergrowth
of [B-Ba=ScAlOs-type structural blocks and perovskite
blocks [19]. Hydration of BasEr.Al.ZrO;3 occurs within the
intrinsically oxygen-vacant layers. This ability to hydrate

conductivity

cerates structure of

is responsible for creating proton current carriers and the
appearance of high-temperature proton conductivity.

Another hexagonal perovskite BasIn.Al.ZrOi3 has also
recently been described as being capable of exhibiting pro-
ton transport [20]. The structure of this compound can be
considered as a result of the intergrowth of oxygen-
deficient Ba.InAlOs-blocks and BaZrOs-blocks [21]. Accep-
tor doping of this phase by introduction of In3* in the
Zr4*-sublattice was accompanied by some increase in pro-
ton conductivity [20], but the increase was small. In this
regard, other types of doping, such as donor doping, may
be of interest. Unlike in classical perovskites, the possibil-
ity of existence of interstitial oxygen in hexagonal perov-
skite has been proven [22]. Nevertheless, it remains un-
clear what types of dopants are appropriate in terms of
optimizing ionic conductivity for such structures, because
ionic conductors with hexagonal perovskite-related struc-
tures are quite rare and there are few works devoted to
such studies.

In this study, the doped
BasInzAl>Zro.gNbo.1O13.05 based on BasIn.Al.ZrO.:; phase was

composition

prepared by the solid-state method, and its conductivity as
a function of T and pO. was investigated for the first time.
The hydration processes, the nature of oxygen-hydrogen
groups and proton transport were examined for the first
time. The discussion of the obtained results was carried
out in comparison with the previously obtained data for
the phases BasIn2Al.ZrOi3 and BasInz.1AloZro0.9012.95 [20].

2. Experimental

Niobium doped hexagonal perovskite
BasIn:Al>Zro.gNbo.1013.05 was synthesized through the solid-
state route. Starting materials BaCOs; (99.9999% purity,
Vekton, RF), In.03; (99.99% purity, Reachim, RF), Al.O3
(99.99% purity, Reachim, RF), ZrO: (99.99% purity,
Reachim, RF) and Nb20s (99.99%, Reachim, RF) were pre-
liminary dried, mixed together in stoichiometric ratio in
agate mortar and ground for 1 h. Powder mixture was cal-
cined at the temperature range of 800-1200 °C with in-
creasing temperature for 100 °C at each step and interme-
diate grinding after each step. For the transport properties
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investigations, the ceramic samples were obtained by
pressing powder into the pellets followed by sintering at
1400 °C for 24 h.

For the phase purity control, X-ray powder diffraction
analysis was used. The measurements were carried out on
an ARL EQUINOX 3000 (Thermo Fisher Scientific, Wal-
tham, MA, USA) diffractometer at room temperature with
Cu Ka radiation in the angle range of 10-90° with a step of
0.024°. For the cell parameters calculation FullProf soft-
ware was used.

The surface morphology and cationic composition in-
vestigations were carried out on a VEGA3 (Tescan, Brno,
Czech Republic) scanning electron microscope (SEM)
equipped with the AztecLive Standard Ultim Max 40 (Ox-
ford Instruments, Oxford, UK) system for energy disper-
sive X-ray spectroscopy (EDS).

The investigation of hydration process was made on a
hydrated sample of BasIn:Al.Zro.gNbo.1013.95, prepared by
cooling from 1100 °C to 200 °C under a flow of wet argon.
Wet atmosphere for this experiment and further conduc-
tivity investigations was obtained by bubbling the gas (ar-
gon or air) through the saturated solution of potassium
bromide KBr (pH20 = 1.92:1072 atm). The identification of
hydrogen-oxygen groups in hydrated sample was made by
using an infrared (IR) spectroscopy analysis. Investiga-
tions were performed with a Nicolet 6700 (Thermo Fisher
Scientific, USA) FT-IR Spectrometer at room temperature.

Thermogravimetric (TG) measurements were per-
formed on a Pyris 1 (PerkinElmer, Waltham, USA) TG ana-
lyzer. Firstly, the sample was heated at 1000 °C under a
flow of dry argon, after that the sample was cooled to
25 °C with the rate of 1 °C per minute in the atmosphere of
wet argon. The obtained TG-data were used for calcula-
tions of proton concentration. A mass-spectrum (MS) was
obtained with quadrupole mass spectrometer QMS 403C
Aéolos (Netzsch, Germany). The measurements were car-
ried out in the temperature range of 25-1000 °C with the
rate of 10 °C per minute in the atmosphere of dry argon.

For the transport properties investigations, the palla-
dium-silver paste electrodes were painted on both sides of
ceramic sample and fired for 3 h at 900 °C. Transport
properties were studied by impedance spectroscopy tech-
nique using a Z-3000X (Elins, RF) frequency response ana-
lyzer (frequency range of 100 Hz - 3 MHz). The resistance
values refinement was carried out using the Zview soft-
ware. The measurements were performed in dry and wet
atmospheres in the temperature range of 250-900 °C dur-
ing cooling with the rate of 1 °C per min. Dry atmosphere
was obtained by gas circulating through the phosphorous
pentoxide powder P.Os (pH20 = 3.5-1075 atm). The humidi-
ty of gases was measured using a humidity sensor HIH-
3610 (Honeywell, USA). Conductivity was additionally in-
vestigated as a function of the oxygen partial pressure.
The measurements were carried out under dry and wet
atmospheres in oxygen partial pressure range of 107'8-
0.21 atm. The values of oxygen partial pressure were con-
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trolled and measured by an electrochemical sensor and
pump made of yttria-stabilized zirconia.

3. Results and Discussion

3.1. X-ray and morphological analysis

Figure 1 demonstrates X-ray diffraction patterns (XRD) of
the powder Nb-doped phase BasIn:AlzZro.gNbo.1O13.05 in
comparison with previously obtained undoped sample
BasIn»Al.ZrO:3 and In-doped phase BasIn:AlzZro.gInoe.1012.95
[20]. It is seen that all the diffractograms have a similar
shape.

The investigated sample BasInzAl>Zro.9Nbo.1013.05 pos-
sess a primitive hexagonal structure similar to a parent
compound BasIn»Al.Zr0O:3, and can be characterized by the
Ps3/mmc space group.

The dissolving of niobium (V) oxide in the parent com-
plex oxide matrix and solid solution formation can be de-
scribed by the equation:

Nb,0, —*%—52Nb}, +405+0] , €Y

where Nbj, represents Nb5* cation at a tetravalent Zr-site,
Of represents oxygen at a regular oxygen site and O; is

an oxygen anion at an interstitial site. It can be seen from
the diffractograms that diffraction peaks are slightly shift-
ed toward high angles. This shift in angle values is at-
tributed to the two factors: smaller ionic radii of niobium
(rbe =0.64 A [23]) in comparison with zirconium

(r,.=0.72 A [23]) and interstitial oxygen formation, that

usually leads to unit cell expansion. The resulting change
in lattice parameters was not significant. The lattice pa-
rameters for BasIn»Al>Zro.gNbo.1013.05, BasIn.Al.ZrO:; and
BasInzAl>Zro.9Ino.1012.95 are presented in Table 1 in compar-
ison. An example of Rietveld treatment for the X-ray dif-
fraction data of the studied phase is presented in the Sup-
plementary materials (Figure S1).

Intensity, a.u.

10 20 30 40 50 60 70 80 90

20, °
Figure 1 X-ray powder diffraction patterns for BasIn,AlLZrO,; (1)
[20], BasIn,Al,Zr, 9In,.10;2.95 (2) [20] and BasIn,Al,Zr, oNbe 101305 (3).

ARTICLE

Figure 2 presents a SEM image of the ceramic sample
BasIn.AlZro.9Nbo.1O13.05 and the results of EDS analysis. For
the investigated sample the grains with the size of approxi-
mately 3-5 pm were observed; the grains with other sizes or
composition were not observed. According to the results of
EDS analysis, cation ratios obtained experimentally are in good
agreement with the theoretical values. The experimental and
theoretical values are shown in Table 2 in comparison.

3.2. IR spectroscopy investigations

IR spectra of undoped, In-doped and Nb-doped compounds
are shown in Figure 3. All the spectra demonstrate similar
shape. The presence of hydrogen-oxygen groups in hydrat-
ed phases is confirmed by a wide band in the range of
2500-3500 cm™; this range is attributed to the stretching
vibrations of oxygen-hydrogen groups. The band at the
frequency of 1900 cm™ is corresponded to the mixed vi-
brations, which do not contain information about the
presence of oxygen-hydrogen groups or their state.

Table 1 Lattice parameters.

o o

a, A c, A
5.967(2) [20] 24.006(8) [20]
5.970(1) [20] 24.011(4) [20]

5.966(1) 24.004(6)

Compound
Ba;In,Al,ZrO,;
BasIn,AlLZr, gIng 012,95
BasIn,Al,Zr, ¢Nbo.1045.05

Table 2 Elemental composition determined by the EDS for the
BasIn,Al,Zr, ¢Nbo.1015.05-

Theoretical values, at.% EDS results, at.%

Ba In Al Zr Nb Ba In Al Zr Nb

50 20 20 9 1 49.5 19.2 21.3 8.8 1.2

WD: 14.99 mm

Det: SE
SEM MAG: 10.4 kx | Date(m/dly): 06/09/22

Ba

Figure 2 SEM image for the ceramic sample of
BasIn,Al,Zr, ¢Nb, ;0,505 (a) and EDS results with the element frac-
tion distribution histogram (at.%) for BasIn,Al,Zr, ¢Nb, 103,05 (b).
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Identification of the oxygen-hydrogen groups state can
be performed in terms of bending vibrations analysis. The
presence of the band with the frequency ~1440 cm™ indi-
cates the existence of hydroxide OH~ groups. The absence
of bands at the frequencies ~1600 and 1700 cm™ corre-
sponds the absence of water molecules and hydroxonium
ions H30*, respectively. Therefore, the main form of oxy-
gen-hydrogen groups present in hydrated samples is
OH™-group.

It can be seen that the wide band of stretching vibra-
tions has a complex structure that indicates the presence
of energetically nonequivalent OH™-groups. Three over-
lapping bands can be distinguished. The main band maxi-
ma at ~3370 cm™! and 3585 cm™ show that some OH™-
groups should have a short length of the oxygen-hydrogen
bond. Such hydroxide groups take part in weak hydrogen
bonds. The lower maximum is located at ~2830 cm™ and
indicates the presence of OH -groups with a larger length
of the O-H bond that are involved in strong hydrogen
bonds. Thus, both substitution of zirconium by indium and
niobium does not affect the oxygen-hydrogen groups state.
Thus, we can conclude that at least three types of OH™-
groups are present in the structure, participating in dif-
ferent hydrogen bonds.

3.3. TG measurements

TG curves for BasInzAl2ZrOi3, BasIn2AlzZro.gIne.1012.95 and
BasInzAl>Zro.gNbo.1013.05 are shown in Figure 4a. For con-
venience, the experimental data are presented as tempera-
ture dependence of degree of hydration x(H.0), where
x(H20) is the number of water molecules per formula unit.
Generally, all the investigated samples demonstrate simi-
lar behavior: sufficiently monotonic mass changes with
temperature. The mass changes were observed over a
wide temperature range of 200-950 °C and at the tem-
peratures above 950 °C mass stabilization occurred.

dM-OH

Absorbance, a.u.

T T T
4000 3000 2000 1000

v, cm!

Figure 3 IR spectra of the hydrated samples of BasIn,Al,ZrO,; (1)
[20], BasIn,Al,Zr, gIne ;042,95 (2) [20] and BasIn,Al,Zr, gNbg 104305 (3).
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An ability of water incorporation from gas phase in the
perovskite-related oxide is due to the presence of oxygen
vacancies in their structure [24]. The structure of the par-
ent compound BasIn»Al.ZrO.3 is represented as an inter-
growth of two blocks of oxygen-deficient phase Ba.InAlOs
and one block of oxygen-stoichiometric perovskite BaZrOs
[21]. Thereby, the investigated doped compound should
have a potential ability of water incorporation that can be
described by the following equation:

V; +20; +H,0 2 2(0H), +0/, , ()

where V] is a structural oxygen vacancy, (OH);is a hy-
droxyl group on the oxygen site, O:’/X is the oxygen atom in

the structural oxygen vacancy position.

For the phase BasIn:Al>Zro.9Nbo.1013.05 the degree of hy-
dration is x(H20) = 0.24 mol per mol of oxide. This value
is lower in comparison with the degree of hydration for
the undoped compound (x(H-0) = 0.30 mol) and for the
In3*-doped phase (x(H20) = 0.41 mol). It can be explained
by lower concentration of oxygen vacancies in the Nb5*-
doped compound. The process of donor doping by niobium
(V) oxide was shown in equation 1; however, it can be re-
written by combining equation 1 and an equation that
demonstrates filling an oxygen vacancy by an oxygen at-

om:
Zr0, . X "
Nb,0, ——=—2Nb;, +40; +O;
" X "
o/+Vy = ng (3)
ZrO, . 3 "
Nb,0, ——=—2Nb;, +40; + OVS
3 (@)
0.4
034 2
=) /
-
= 0.2
0.1
0.0 ‘ T T T
0 200 400 600 800 1000
T,°C
025 )|,
,
"
0.20 4 ! —TG 28
A - — -MS (H,0) =
— 0.15 1\ X
= o 5
E I ~ =1
= 0004 r2.4 3
' =
I =
0.05 |
[
_7
0.00 o - 2.0

T T T T
0 200 400 600 800 1000

Figure 4 Temperature dependence of the hydration degree of
BasIn,Al,Zr, oNb,:0:505 (1), BasIn,Al,ZrO,; (2) [20] and
Ba;In,Al,Zr, 41N, 104295 (3) [20] (pH,0 = 1.92-107> atm) (a); TG and
MS curves for BasIn,Al,Zr, ¢Nbg 10505 (b).

40f9



Chimica Techno Acta 2022, vol. 9(4), No. 20229414

Thus, interstitial oxygen formed by substitution of zir-
conium by niobium can fill structural oxygen vacancies
and make them incapable for water molecules incorpora-
tion; thereby, degree of hydration decreases. This case is
opposite to the In3*-doped compound, where substitution
of zirconium by indium lead to the formation of the addi-
tional oxygen vacancies, which can be described by the
equation:

In,0,—2%—2In, +305 +V;, (4)

where In, represents In3*-cation at a tetravalent Zr-site

and V] represents a charged oxygen vacancy. This ex-

plains the higher values of hydration degree of the In3*-
doped compound in comparison with the undoped com-
pound.

According to IR-data the presence of different OH™-
groups was established. As usual, this results in their dif-
ferent thermal stability, which is manifested on the TG-
curves as the effects of mass changes in different tempera-
ture ranges. Although the TG-curve does not show pro-
nounced steps of weight loss, the MS-spectrum demon-
strates three effects of water release (Figure 4b). Thus, we
can conclude that the data of IR spectroscopy and thermo-
gravimetry are in good agreement with each other.

3.4. Transport properties

Figure 5 shows the typical impedance spectra for the
BasInoAlZro.9Nbo.1Oi13.05 in dry atmosphere at different
temperatures (a) and at 343 °C in dry and wet atmos-
pheres in comparison. It is seen that the temperature or
water partial pressure changing does not affect the shape
of spectra - impedance plots were similar in different
conditions; with increasing humidity, the resistance of the
sample significantly decreased. The presence of at least
two relaxation processes can be found on impedance spec-
tra: there are two overlapping semicircles in the main fre-
quency range. Furthermore, the presence of the third re-
laxation process can be indicated in the region of low fre-
quencies - there is a small part of the third semicircle;
however, the contribution of this process in negligible. It
is known that in polycrystalline samples relaxation pro-
cesses can be connected with three contributions: bulk
resistance of the material, resistance of the grain bounda-
ries and the electrode surface processes [25].

The nature of these processes can be defined by analy-
sis of the electrical capacitance values [26]. The capaci-
tance values attributed to the third arc were about ~10™% F
that is typical of the processes at the interface between
ceramic samples and electrodes. The calculated capaci-
tance values for the first and second arcs were about
~107" and ~107'° F, respectively. It can be concluded that
the first arc is attributed to the contribution of the bulk
resistance and the second arc to the contribution of the
grain boundaries resistance. It is worth to remark that the
second semicircle is much smaller in comparison with the
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first; thus, its contribution to the total resistance value
should be insignificant. Thereby, for further discussions
only bulk resistance values are used.

The values of electric conductivity were calculated ac-
cording to the following equation:

l

o=—o1,
5K, 5)

where [ is the sample thickness, S is the sample sectional
area and Ry is the value of bulk resistance. Temperature
dependences of the electric
BasIn>Al>Zro.9gNbo.1013.05 in dry and wet air are presented
in Figure 6a. It is seen that over the whole temperatures

conductivity  for

range the conductivity values obtained in wet air were
higher in comparison with the dry air. With temperature
decreasing the increase in the difference in conductivity
values in wet and dry atmospheres were observed. It
should be related to the hydration process which takes
place in wet atmosphere; due to hydration, proton charge
carriers are formed and the conductivity increases. At
temperatures below 350 °C the difference in conductivity
values obtained in different atmospheres becomes more
than one order of magnitude. At 250 °C the difference
reaches 1.5 orders. The difference between the values of
conductivity in dry and wet air becomes insignificant at
temperatures above 850 °C due to the dehydration process.

600
(a) . 343°C
=]
5004 360 °C
+ 373°C
400 v 392°C
= 409 °C
S
Sl
= 300
N
£
" 2004 . e,
. A A " b
. L‘, v v . 'y ¢ .
1004 o % Ty s, -..
;q.. v . .
0 . . ‘T‘ e . ]
0 100 200 300 400 500 600
ReZ, kQem
600
(b) e dry air
500 4 wet air
_ 400 343 °C
5
G
. 3001
N
E
| . * .
200 . .
° .
. L ]
100 - %
.. ..
F *
0 y : : - : )
0 100 200 300 400 500 600
ReZ, kQcm

Figure 5 Impedance spectra for BasIn,Al,Zr, ¢Nb, 0,505 in dry air
at different temperatures (a) and in dry and wet air at 343 °C (b).
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Figure 6b demonstrates the temperature dependence of
electric conductivity in wet atmosphere for BasIn.Al.ZrOs3,
BasInzAl>Zro.9Ino.1012.95 and BasIn2Al>Zro.gNbo.1O13.05. It is
seen, that conductivity values for BasIn:Al>Zro.9Nbo.1013.05
are higher in comparison with those for the undoped and
In3*-doped compounds. At high temperatures the conduc-
tivity values for Nb5*- and In3*-doped phases are very close,
while at low temperatures the electric conductivity of the
Nb5*-doped phase is lower than that for the In3*-doped
compound; at temperatures below 300 °C the values of
conductivity for BasIn:AlaZrogNbo.iOi3.05 are just slightly
higher in comparison with the undoped compound.

For the determination of partial conductivities, the
measurements of conductivity in a wide range of oxygen
partial pressure were performed.

Figure 7a demonstrates the dependences of electric
conductivity as a function of oxygen partial pressure in
dry atmosphere. Over the oxygen partial pressure range
1074-0.21 atm the values of conductivity increase with
oxygen partial pressure increasing. It indicates the pres-
ence of p-type conductivity or contribution to the value of
total electric conductivity. In this range of oxygen partial
pressures the phase incorporates the oxygen from the gas
phase that leads to the formation of holes; this process can
be expressed by the equation:

vg+%oz 2k +0], (6)
where h° is the hole. In the oxygen partial pressure range of
107'8-1074 atm the plateau was observed. This region is
characterized by ionic defects domination; concentrations
of electron defects in this oxygen partial pressure range are
negligible. The plateau of ionic conductivity is attributed to

the intrinsic oxygen vacancies V; located in Ba.InAlOs

structural blocks. General view of the dependences does not
change at different temperatures, though with temperature
decreasing a slight decrease in the positive slope of the de-
pendences can be observed. Thus, in air (0.21 atm) the total
conductivity of the investigated compound can be character-
ized as a mixed oxygen-ion-hole conductivity.

Figure 7b shows the oxygen partial pressure depend-
ences of total conductivity in dry and wet atmosphere in
comparison. It is seen that over the whole oxygen partial
pressure range the values of electric conductivity in wet
atmosphere were higher than in dry atmosphere. The in-
crease of the conductivity values in wet atmosphere is
connected with the contribution of proton conductivity.
With decreasing temperature, the difference in conductivi-
ty values in dry and wet atmospheres increase due to the
hydration process and the increase in proton concentra-
tion. It should be noted that the difference between the
values in dry and wet atmospheres increases with the de-
crease in the oxygen partial pressure. At 800 °C in air the
difference in the conductivity values is about 0.1 order of
magnitude, while in the plateau region the difference rises
to 0.4 orders of magnitude; at 600 °C in the plateau re-
gion the difference between the conductivities in wet and

ARTICLE

dry atmospheres is about 0.7 orders of magnitude. To con-
clude, the investigated compound can be characterized by
the dominant ionic type of conductivity in the whole inves-
tigated range of oxygen partial pressures at temperatures
below 600 °C, and in air electric conductivity is mainly
determined by the proton transport.

Oxygen partial pressure dependences of electric conduc-
tivity for BasIn.Al.ZrO:3 [20], BasInzAl>Zro.glno.iOm.95 [20],
BasIn»Al.Zro.9Nbo.1O13.05 in dry and wet atmospheres in com-
parison are shown in Figure 8. The general view of the de-
pendences for all the compounds is similar. In dry atmos-
phere the sample BasIn.Al>Zro.9Nbo.1013.05 demonstrates a lit-
tle lower positive slope on the conductivity dependence in the
oxygen partial pressure range 10™4-0.21 atm.

In wet atmosphere, conductivity values of
BasIn:Al>Zro.9Nbo.10O13.05 are just a bit lower in comparison
with BasIn2Al2Zro.9Ine.1012.95. The values of conductivity for
BasIn2AloZro.9Nbo.10O13.05 are higher in comparison those in
the with undoped compound over the whole oxygen partial
pressure range in both dry and wet atmospheres.

The higher values of conductivity in wet atmosphere
for the In3*-doped phase in comparison with the Nb5*-
doped compound is due to additional oxygen vacancies in
BasIn>AloZro.9Ine.1012.95 which were formed by acceptor
doping; they incorporate water molecules according to the

equation:
. x .
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Figure 6 Impedance spectra for Bas;In,Al,Zr, ¢Nb, ;0,505 in dry air
at different temperatures (a) and in dry and wet air at 343 °C (b).
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Figure 7 Oxygen partial pressure dependence of electric conduc-
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mosphere (a) and in dry and wet (pH,O = 1.92:107% atm) atmos-
pheres in comparison (b).
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Figure 8 Oxygen partial pressure dependence of electric conduc-
tivity for Ba;In,Al,ZrO,; [20], BasIn,Al,ZryqIn, ;0,45 [20],
Ba;In,Al,Zr, ¢Nb, ;0,305 at 600 °C in dry (pH,O = 3.5-1075 atm) and
wet (pH,O = 1.92:107> atm) atmospheres in comparison (closed
symbols are attributed to dry atmosphere, open symbols - to wet
atmosphere).

ARTICLE

Oxygen-ion and proton conductivities and transport
numbers in air were calculated according to the data of con-
ductivity dependence of oxygen partial pressure. Oxygen-ion
conductivity o, was determined as conductivity values at

the plateau region in dry atmosphere (o0, = ol

plateau

). Proton
conductivity ou values were obtained by subtraction of ion
conductivity in dry atmosphere (plateau region) from ion
wet atmosphere (plateau

conductivity in region,

_ ~wet dry
OH _Gplateau Oplateau

). Transport numbers ti were calculated

according to the following equation:

(8)

tot

where o, is the partial conductivity and o, is the total

tot
conductivity in dry or wet air.

The temperature dependences of oxygen-ion conductivi-
ties are shown in Figure 9a. It is seen that the values of oxy-
gen-ion conductivity are quite similar for the undoped com-
pound and solid solutions based on it. The conductivity val-
ues for In3*-doped compound are higher than those for the
Nb>5*-doped one due to additional oxygen vacancies. The val-
ues of oxygen-ion conductivity for BasIn.AloZro.9Nbo.1O13.05
are comparable with those for the undoped compound.
Thereby, substitution of zirconium by niobium does not
affect significantly the oxygen-ion conductivity.

The oxygen-ion transport numbers dependences are
presented in Figure gb. In general, the transport numbers
of all studied phases are close. Slightly lower values of
oxygen-ion transport numbers for BasIn:Al>Zro.9Nbo.1O13.05
in comparison with those in the undoped and In3*-doped
compounds is due to lower oxygen vacancies concentra-
tions. Thus, in dry air at low temperatures the Nb5*-doped
compound is a mixed oxygen-ion-hole conductors like the
pure and In3*-doped compounds.

Figure 10a shows the temperature dependences of pro-
ton conductivity. Over the whole investigated temperature
the
BasIn:Al>Zro.gNbo.10O13.05 were higher in comparison with

range, values of proton conductivity for
those for the pure and In-doped compounds. Difference in
values increases with temperature increasing, and at
800 °C the proton conductivity for Nb5*-doped compound
is higher in comparison with that for the pure phase by
more than 0.3 orders of magnitude.

The temperature dependence of proton transport num-
bers is presented in Figure 10b. It is evident that the val-
ues of proton transport numbers for
BasIn.AloZro.9gNbo.1O13.05 are higher than for BasIn.Al.ZrOi3
and BasIn.Al2Zro.9Inoe.1012.95 in the whole investigated tem-
perature range. With temperature decrease, the values of
proton transport numbers rise because of the hydration
process, and at temperatures below 600 °C in wet air for all
the compounds the main contribution to the conductivity
values is attributed to proton transport. Higher proton con-
ductivity values for BasIn:Al.Zro.9Nbo.1013.05 may be con-

nected with electrostatic interactions between defects [27].
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Figure 9 Temperature dependences of oxygen-ion conductivity
(a) and oxygen-ion transport numbers (b) for BasIn,Al,ZrO,; [20],
BasIn,AlLZr, ¢Ing 012,95 [20] and BasIn,Al,Zr, ¢Nbe 10:5.05.

As it was shown above in quasi-chemical modeling,
substitution of zirconium by niobium leads to the for-
mation of positively charged defects Nb, in the zirconi-

um sublattice. At the same time, water incorporation leads
to the formation of proton defects (OH)g, which are also
charged positively. Thereby, due to repulsion between
positive charged defects, the mobility of protons increases.

To conclude, it should be said that phases based on the
hexagonal perovskite BasIn.Al.ZrO.; are promising proton
conductors. This work showed that donor and acceptor dop-
ing is an advanced way for transport properties optimization.

4. Conclusions

The hexagonal perovskite BasIn:Al>Zro.9Nbo.1013.05 was ob-
tained through the solid state route. Substitution of zirco-
nium by niobium led to the lattice parameters decrease in
comparison with the parent compound.

TG measurements showed that the investigated com-
pound is able to incorporate water. Due to lower concen-
tration of oxygen vacancies Nb5"-doped phase exhibited
lower concentration of protons than the undoped phase;
the hydration degree value for BasIn2Al2Zro.9Nbo.1013.05 was
x(H20) = 0.24 mol. IR-spectroscopy analysis revealed the
presence of OH™-groups with different thermal stability,
which participate in different hydrogen bonds.
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Figure 10 Temperature dependences of proton conductivity (a)
and proton transport numbers (b) for BasIn,ALZrO,; [20],

BasIn,Al,Zr, gIng 101295 [20] and BasIn,AlLZr, oNbo.1015.05
(pH-0 = 1.92-107% atm).
Electric properties measurements showed that

BasIn2AloZro.9Nbo.1O13.05 is able to conduct protons in at-
mospheres with high water partial pressures. In dry air
the phase is a mixed oxygen-ion-hole conductor, while in
wet air below 600 °C BasInzAl>Zro.9Nbo.1013.05 exhibits
dominating proton conductivity.
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