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Abstract

:

The development of solid oxide fuel cells operating at medium temperatures (500–700 °C and even lower) requires the search for proton conductors based on complex oxides that would have a wide range of required properties. This task stimulates the search for new promising phases with proton conductivity. The new hexagonal perovskite-related compound Ba7In6Al2O19 was synthesized by the solid-state method. The phase was characterized by powder X-ray diffraction, thermogravimetric analysis, FT-IR spectroscopy, and impedance spectroscopy (in a wide range of temperatures, and partial pressures of oxygen at various atmospheric humidities). The investigated phase had a hexagonal structure with a space group of P63/mmc; the lattice parameters for Ba7In6Al2O19 are a = 5.921(2) Å, c = 37.717(4) Å. The phase is capable of reversible hydration and incorporates up to 0.15 mol H2O. IR-data confirmed that protons in the hydrated compound are presented in the form of OH–-groups. Electrical conductivity data showed that the sample exhibited dominant oxygen-ion conductivity below 500 °C in dry air and dominant proton conductivity below 600 °C in wet air.
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1. Introduction


For the last few decades, perovskite oxides have drawn great attention from researchers and have been studied intensively due to their wide application [1,2,3,4,5,6,7,8,9]. The suitable modification of the composition of oxide perovskites makes it possible to use them as electrolytes. Under appropriate conditions, they can exhibit both oxygen-ion [10,11,12] (under dry conditions) and proton transport [13,14,15] (under wet conditions and low temperatures). In the latter case, such materials have received great attention from researchers, since they can exhibit high proton conductivities at temperatures below 500 °C [16] compared with oxygen-ion transport reaching high values at temperatures >800 °C. Accordingly, intermediate temperature electrochemical devices (400–700 °C) for power generation technologies based on such materials will be more cost-effective compared to high-temperature ones. For example, proton conductors based on perovskites have found applications as electrolytes of solid oxide fuel cells (SOFCs). Such fuel cells, called protonic ceramic fuel cells (PCFCs or PC-SOFCs), are fundamentally different from classical SOFCs (with oxygen-ion conducting electrolyte), not only because of their lower operating temperatures, but also because they use hydrogen as fuel, and the water is generated at the cathode and does not dilute the fuel at the anode, which increases the efficiency of the device [16,17,18,19,20].



All of this stimulates the intensive search and investigation of new materials based on complex oxides, which are capable of exhibiting proton conductivity. The efforts of scientists are directed to the development of highly dense ceramic materials with the highest proton conductivity and increased chemical stability. At present, perovskites and perovskite-related structures are the most studied systems as protonic electrolytes [21,22], although various classes of protonics are also being developed: scheelites [23,24,25,26,27,28,29], pyrochlores [30,31,32,33,34,35], Ruddlesden–Popper structures [36,37,38], apatites [39,40,41], La28−xW4+xO54+δ-family [42,43,44,45,46,47,48].



Usually, proton transport occurs via a Grotthuss mechanism, which involves the fast rotation of the proton around an oxygen atom and it hopping toward a neighboring oxygen atom [49]. This mechanism is typical for structures with corner-sharing octahedral frameworks. At the same time, some features of the proton transport are described for structures with a tetrahedral environment [50,51,52,53]. All this suggests the need to study and understand the regularities of proton transport for a purposeful search for new promising systems with fast proton transport.



Recently, proton transport has been discovered in complex structures, for example, in the cation-deficient hexagonal perovskite-related compounds with disordered combinations of palmierite and perovskite layers [54], and later in anion-deficient hexagonal perovskite-related oxides, characterized by the intergrowth of blocks of different structures [55]. Quite recently, we have described the novel proton conductor with a hexagonal perovskite-like structure Ba5In2Al2ZrO13 [56,57]. Various dopants were used (Nb5+, In3+) to determine the effect of the defect structure on proton transport. Although the structure of this compound was described long ago [58], the electrical properties were not studied until 2022. Therefore, it can be said that a new class of promising proton conductors can be developed based on this phase. This is demonstrated by the high proton conductivity exhibited by the doped hexagonal perovskite Ba5In2Al2ZrO13.



The crystal structure of Ba5In2Al2ZrO13 can be considered as an intergrowth structure with the alternation of a perovskite BaZrO3 block and two Ba2InAlO5-blocks [58,59]. The structure consists of tetrahedral [Al2O7]-dimers, corner-sharing with [InO6]-octahedra and separated by a layer of [ZrO6]-octahedra. The feature of this structure is the existence of the vacancies in the BaO□2 layers (□ is vacant regular position of oxygen), so, some of the barium atoms form a polyhedron with a coordination number of 9. Accordingly, during hydration, barium polyhedra can easily increase the coordination number due to participation of hydroxyl-groups in coordination.



Other structures of coherent intergrowth based on oxygen-deficient Ba2M3+AlO5-blocks are also described in the literature. For example, the structure Ba7Sc6Al2O19 can be represented as an alternation of the structural blocks of Ba2ScAlO5 and Ba3Sc4O9 stacked along the c-axis [60,61]. The structure of Ba3Sc4O9 can be represented as a derivative of the usual hexagonal perovskites ABO3, consequently, the formula can be written as Ba3□Sc4O9□3 (□ are vacant regular positions of barium and oxygen, respectively). The structure of Ba2ScAlO5 is close to Ba2InAlO5 and contains oxygen ordered vacancies, Al atoms are tetrahedral coordinated, while the indium atoms are octahedral coordinated. So, the structure Ba7Sc6Al2O19 contains the anion and cation vacancies. Of interest is the possibility of the existence of a phase with a composition of Ba7In6Al2O19, although it has not been described in the literature. Since indium easily adapts various coordinations and structural fragments of Ba2InAlO5 exhibit the property of intergrowth with other related structures (e.g., the compound Ba5In2Al2ZrO13), one can also assume the possibility of the existence of the compound Ba7In6Al2O19.



In the present work, a new perovskite-related compound (Ba7In6Al2O19) with a hexagonal structure was synthesized. It is found that it is isostructural to the phase Ba7Sc6Al2O19. The discovery of a significant proton and oxide ion conductivity in the oxide with intergrowth structure Ba7In6Al2O19 was made. The ion (oxygen-ion and proton) conduction was compared with the conductivity of other another conductor (Ba5In2Al2ZrO13) constituted by the same structural fragments of Ba2InAlO5.




2. Materials and Methods


The hexagonal perovskites Ba5In2Al2ZrO13 and Ba7In6Al2O19 were synthesized via the solid-state route. The compound Ba5In2Al2ZrO13 was obtained for comparison with the new phase Ba7In6Al2O19 by the method described in [56]. The preliminary dried BaCO3 (99.9999% purity, Vekton, RF), In2O3 (99.99% purity, Reachim, RF), Al2O3 (99.99% purity, Reachim, RF), and ZrO2 (99.99% purity, Reachim, RF) were used as the starting materials; all reactants were mixed in the stoichiometric ratio and ground in an agate mortar for 1 h. The obtained mixture of powders was calcined at the temperature range of 800–1200 °C with several intermediate grindings; the time for each heat treatment was 24 h.



For the ceramic samples, the obtained powder was pressed into pellets and sintered at the temperature 1400 °C for 24 h.



For the hydration process investigations, the hydrated samples of the Ba5In2Al2ZrO13 and Ba7In6Al2O19 were obtained. Hydrated samples preparation was performed according to the sequent method: the investigated compound powder was annealed at 1100 °C under a flow of dry argon to remove possible adsorbed water and surface carbonates, and then cooled to 200 °C at the rate of 1 °C/min in wet argon. This lower temperature was chosen to avoid adsorption of water in the sample. The wet atmosphere for the hydrated samples preparation and further experiments was obtained by bubbling the gas (argon or air) through the potassium bromide (KBr) saturated solution (pH2O = 1.92 × 10–2 atm).



Phase purity was controlled by X-ray powder diffraction analysis; the measurements were performed on an ARL EQUINOX 3000 (Thermo Fisher Scientific, Waltham, MA, USA) diffractometer at room temperature with CuKα radiation at the angle range 10–90° with steps of 0.024°. Cell parameter calculations were performed using FullProf software.



Infrared (IR) spectroscopy analysis was used to identify hydrogen-oxygen groups in the hydrated samples. Investigations were performed using the diffuse reflection technique on a Nicolet 6700 (Thermo Fisher Scientific, USA) FT-IR spectrometer at room temperature.



Thermogravimetric analysis (TG) was used to determine the proton concentration in the hydrated samples; the measurements were performed on a Pyris 1 (PerkinElmer, Waltham, MA, USA) TG analyzer. At the first step, the powder sample was heated at 1000 °C under a flow of dry argon with heating rate of 1 °C/min, after that the sample was cooled to 25 °C with a cooling rate of 1 °C/min in the wet argon atmosphere. Data collection was performed during sample cooling in order to detect the increase of mass during hydration and the temperature range at which it takes place.



Transport properties were investigated using Ba5In2Al2ZrO13 and Ba7In6Al2O19 ceramic samples. The polished surfaces of the sintered pellets were coated with palladium-silver paste, and then fired by electrodes at 900 °C for 3 h. The ac conductivity of the samples was measured by the 2-probe impedance spectroscopy technique using a Z-3000X (Elins, Chernogolovka, Russian Federation) frequency response analyzer over the frequency range of 100 Hz–3 MHz. The measurements were carried out at the temperature range of 300–900 °C with a cooling rate of 1 °C/min in atmospheres of dry and wet air. The data were collected during cooling at temperature intervals of 20 °C with the time of equilibrium of 30 min. The dry atmosphere was obtained by circulating gas through a drying column containing phosphorous pentoxide powder P2O5 (pH2O = 3.5 × 10−5 atm). Humidification of gas was carried out as described above. Gas humidity was measured by a HIH-3610 (Honeywell, Freeport, TX, USA) water-sensor. Primary data were processed using the Zview software (ver. 3.1, Scribner Associates, Inc., Southern Pines, NC, USA).



Electric properties were also measured as a function of pO2. The measurements were carried out in dry and wet atmospheres with the oxygen partial pressure range of 10−19–0.21 atm at the temperature range of 500–800 °C. The values of oxygen partial pressure were monitored and controlled by an yttria-stabilized zirconia electrochemical pump and sensor.




3. Results and Discussion


3.1. Phase Analysis


Figure 1 shows the Rietveld profile fitting of Ba5In2Al2ZrO13 (a) and Ba7In6Al2O19 (b). Both compounds possess a hexagonal structure and can be described in the space group P63/mmc. The comparison of the lattice parameters is presented in Table 1. Data for phase Ba5In2Al2ZrO13 are in good agreement with previously obtained data [56]. Significantly higher values of lattice parameter c in Ba7In6Al2O19 can be explained by the larger size of the Ba3In4O9 block that forms the Ba7In6Al2O19 structure in comparison with the BaZrO3 block that forms the structure of Ba5In2Al2ZrO13. Crystal structures of synthesized phases are shown in Figure 2.




3.2. Oxygen-Hydrogen Groups State


The IR spectra of Ba5In2Al2ZrO13 and Ba7In6Al2O19 are shown in Figure 3. It can be seen that the spectra for Ba5In2Al2ZrO13 and Ba7In6Al2O19, in general, have a similar shape. A broad band can be seen in the range of 2500–3500 cm−1 for both compounds that confirms the presence of oxygen-hydrogen groups in the hydrated samples of the investigated materials. This range of frequencies is attributed to oxygen-hydrogen stretching vibrations (νOH). Analysis of the bending vibrations (δM–OH) range can be used for identification of the states of the oxygen-hydrogen groups. The region below 1500 cm−1 is attributed to the bending vibrations of the hydroxide group OH−. The presence of the band with the frequency ~1430 cm−1 confirms the presence of M–OH groups in the hydrated samples of Ba5In2Al2ZrO13 and Ba7In6Al2O19. The absence of bands with frequencies of ~1600 cm−1 and ~1700 cm−1 indicates the absence of water molecules and H3O+ ions in the hydrated forms of the investigated compounds. IR spectra also contain a wide band in the range of 1700–2100 cm−1, which is more intense in the case of Ba7In6Al2O19. This band is attributed to the mixed vibrations and it cannot be used for oxygen-hydrogen group identification. Therefore, the main form of oxygen-hydrogen groups existing in the hydrated forms of Ba5In2Al2ZrO13 and Ba7In6Al2O19 is the hydroxide group OH−; thus, the changing in structural blocks from BaZrO3 to Ba3In4O9 does not lead to any changes in the forms of the oxygen-hydrogen groups.



The broad band of stretching vibrations in the range of 2500–3500 cm−1 had a complex structure as a result of the superposition of several contributions, and consequently, this indicates the presence of different energetically nonequivalent OH−-groups in the hydrated compounds. The main maximum of this band is located at the frequency ~3350 cm−1 for both compounds. The second maximum is located at the frequency ~2830 cm−1 for Ba5In2Al2ZrO13 and for Ba7In6Al2O19, indicating OH−-groups are involved in forming stronger hydrogen bonds. So, the shape and position of the IR bands for both compounds are identical.



Thus, according to the IR-data analysis, it can be concluded that the protons in the hydrated compounds Ba5In2Al2ZrO13 and Ba7In6Al2O19 are presented in the form of OH−-groups.




3.3. Hydration Behaviour


The comparison of the TG-curves for Ba5In2Al2ZrO13 and Ba7In6Al2O19 is presented in Figure 4. The experimental data are shown as the temperature dependence of degrees of hydration x(H2O), where degrees of hydration is a number of water moles per formula unit. The weight gain occurred over a wide temperature range for both compounds: 150–950 °C for Ba5In2Al2ZrO13, and 200–900 °C for Ba7In6Al2O19. For Ba5In2Al2ZrO13, the main weight decrease occurs in the temperature range of 150–400 °C, and less significant weight change takes place at the temperature range of 400–950 °C. For Ba7In6Al2O19, the main mass change occurs in the temperature range of 200–500 °C, with less significant weight changes taking place at the temperature range of 500–900 °C. At temperatures higher than 950 °C and 900 °C, mass stabilization is observed. It should be emphasized that the presence of OH−-groups in the crystal lattice up to fairly high temperatures (900 °C) is a common feature for hexagonal perovskites [55].



The presence of different stages on the TG-curves correlates with the existence of the energetically nonequivalent OH−-groups in the hydrated samples that was shown in the IR analysis. This nonequivalence is caused by different crystallographic locations of OH−-groups.



As can be seen from Figure 4, the sample Ba5In2Al2ZrO13 exhibits higher water uptake values than Ba7In6Al2O19. Mass stabilization for Ba7In6Al2O19 starts at lower temperatures in than for Ba5In2Al2ZrO13, however, the dehydration process starts at higher temperatures. This difference can be explained the by structural differences. Both intergrowth structures contain two Ba2InAlO5-blocks, but differ in other intergrowth blocks—the perovskite BaZrO3 block for Ba5In2Al2ZrO13 and the Ba3In4O9 block for Ba7In6Al2O19. It is assumed that the presence of the perovskite block (BaZrO3) in Ba5In2Al2ZrO13 creates an additional opportunity for hydration.




3.4. Transport Properties


The impedance spectra of Ba5In2Al2ZrO13 and Ba7In6Al2O19 are shown in Figure 5. The evolution of the hodographs with changes in temperature is shown is Figure 5a,c for Ba5In2Al2ZrO13 and Ba7In6Al2O19, respectively. The evolution of the hodographs in wet air is presented in Figure 5b,d for Ba5In2Al2ZrO13 and Ba7In6Al2O19, respectively. It can be seen that the shape of the impedance spectra for both samples is quite similar and does not undergo any changes during temperature and water partial pressure variation.



For both samples, the impedance data analysis showed the presence of at least two relaxation processes in the range of the investigated frequencies. Two overlapping semicircles can be seen in the impedance spectra, and it should be noted that the second semicircle was small. Beyond that, a small contribution of the third relaxation process was observed in the low frequencies, however, its contribution to this process is also negligible. The relaxation processes in polycrystalline materials can be represented by three contributions: bulk resistance, resistance of the grain boundaries, and the electrode processes; frequencies attributed to these processes decrease in the series: bulk−grain boundaries−electrode processes [62]. The determination of the nature of the relaxation processes can be executed by analysis of the electrical capacitance values attributed to these contributions [62]. Calculated capacitance values attributed to the third relaxation process were about 10−6 F; these values are typical for the electrode processes. The capacitance values attributed to the first and second relaxation processes (first and second semicircles) were about 10−11 and 10−10 F, respectively. It can, therefore, be concluded that first semicircle is corresponded to the contribution of bulk resistance and the second semicircle to the contribution of grain boundaries.



The bulk conductivity was calculated using the following equation:


   σ =   l  S  R b    ,  



(1)




where l represents the sample thickness, S represents the sample sectional area, and Rb represents the value of bulk resistance.



Figure 6 shows the temperature dependencies of the conductivity for Ba5In2Al2ZrO13 and Ba7In6Al2O19 in dry and wet air. It can be seen that for both compounds over the whole investigated temperature range, the values of conductivity in wet air were higher than in dry air. The increase in conductivity in wet atmospheres is a consequence of hydration and the appearance of proton current carriers. The difference between conductivity values obtained in dry and wet air becomes insignificant at temperatures above 850 °C—this is a consequence of dehydration at high temperatures. Therefore, Ba5In2Al2ZrO13 and Ba7In6Al2O19 are able to exhibit proton transport in atmospheres with high water partial pressures.



It can be seen that the temperature dependencies of conductivity for Ba5In2Al2ZrO13 and Ba7In6Al2O19 exhibit different slopes. Conductivity dependence for Ba7In6Al2O19 has a steeper slope in than Ba5In2Al2ZrO13. Therefore, at high temperatures, the conductivity of Ba7In6Al2O19 is higher in than of Ba5In2Al2ZrO13, while at low temperatures (below 500 °C), the conductivity of Ba5In2Al2ZrO13 is higher. Thus, the activation energies of the conductivity of both samples are different. The activation energies will be discussed below in the analysis of partial conductivities.



The difference in conductivity values in dry and wet temperatures is higher for Ba5In2Al2ZrO13. At 350 °C, the difference in values of electric conductivity in dry and wet air for Ba5In2Al2ZrO13 is more than an order, whereas for Ba7In6Al2O19, the difference is about 0.7 orders. This is connected to the higher values of proton concentration in Ba5In2Al2ZrO13, which was shown by thermogravimetric measurements.



For the determination of the partial conductivities and the type of dominant carriers, the conductivity was measured as a function of oxygen partial pressure. Figure 7 shows the oxygen partial pressure dependencies of electric conductivity in dry and wet atmospheres for Ba5In2Al2ZrO13 (Figure 7a) and Ba7In6Al2O19 (Figure 7b). It is seen that in both cases the conductivity values decrease with decreasing oxygen partial pressure from 0.21 to 10−4.5 atm. This shows the presence of some p-type conductivity contribution (σh). The behavior of the conductivity of the investigated compounds at this oxygen partial pressure range can be expressed as an oxygen incorporation process and the filling of structural vacancies:


    V   O   ×   +  1 2   O 2  ⇄ 2  h •  +  O   V O ×   ″  ,  



(2)




where     V   O   ×     is a structural oxygen vacancy, h• is hole, and    O   V O ×   ″    is the oxygen atom in the structural oxygen vacancy position. With temperature decrease, the slope of the dependencies reduces, which means that the p-type conductivity contribution decreases.



Therefore, Ba5In2Al2ZrO13 and Ba7In6Al2O19 can be characterized as mixed hole-oxygen-ion conductors in dry air (0.21 atm). For the oxygen partial pressure range of 10−18–10−4.5 atm, a plateau can be seen in the conductivity—pO2 dependencies. Ionic defects dominate in this pO2- range, and the concentration of electron defects is negligible. This plateau is characteristic of oxygen-ionic conductivity attributed with the intrinsic oxygen vacancies     V   O   ×     in the structure.



The slopes of the logσ–logpO2 dependencies in the wet atmosphere at pO2 > 10−4.5 atm are flatter than in comparison to the dry atmosphere, which indicates a decrease in the contribution of hole conductivity; at 500 °C, the conductivity is independent of pO2, which confirms the dominant ionic nature of the conductivity over the whole investigated range of pO2. It is seen that over the whole of oxygen partial pressure range for all of the investigated temperatures, the values of conductivity in the wet atmosphere are higher than in the dry atmosphere. The higher values of conductivity in the wet atmosphere can be explained by the contribution of proton conductivity. The difference in the conductivity values in dry and wet atmospheres increase with the reducing temperatures caused by the hydration process and the increase in proton concentration. At 800 °C, the difference in the conductivity values is about 0.1 and 0.05 orders in air, and at the plateau region, the difference rises to 0.3 and 0.2 orders of magnitude for Ba5In2Al2ZrO13 and Ba7In6Al2O19, respectively. At 500 °C, the difference in the conductivity values for dry and wet atmospheres is about 0.3 and 0.2 orders, while at the plateau region, the difference is about 0.75 and 0.60 orders of magnitude for Ba5In2Al2ZrO13 and Ba7In6Al2O19, respectively.



It can be said that in wet air (pO2 = 0.21 atm), the investigated compounds demonstrate mixed proton-hole conductivity; with decreasing temperature, the contribution of proton conductivity rises, and at the temperatures below 500 °C, Ba5In2Al2ZrO13 and Ba7In6Al2O19 exhibit dominant proton conductivity.



The comparison of the dependencies of conductivity as a function of pO2 for Ba5In2Al2ZrO13 and Ba7In6Al2O19 in dry and wet atmospheres is shown in Figure 8. In general, the view of the dependencies for these compounds is similar. As mentioned above, Ba7In6Al2O19 at high temperatures exhibits higher values of conductivity than Ba5In2Al2ZrO13. Thus at 500 °C, the conductivity values of Ba7In6Al2O19 are higher for the whole investigated oxygen partial pressure range. In wet air, the difference in conductivity values for Ba5In2Al2ZrO13 and Ba7In6Al2O19 are insignificant due to the lower proton concentration in hydrated Ba7In6Al2O19, and, therefore, the lower contribution of proton conductivity. In addition, Ba7In6Al2O19 exhibits a higher positive slope of conductivity dependence in both dry and wet atmospheres at the oxygen partial pressure range of 10−4.5–0.21 atm than Ba5In2Al2ZrO13, which indicates the higher contribution of hole conductivity to the total conductivity value.



According to the data on oxygen partial pressure conductivity dependence, the partial conductivities σi were calculated in air (pO2 = 0.21 atm). Oxygen-ion conductivity    σ   O  2 –       was determined as conductivity at the plateau of the dry atmosphere (   σ   O  2 –     =  σ  plateau   dry    ); the hole conductivity σh values were obtained by subtracting the oxygen-ion conductivity from the total conductivity in air (   σ h  dry   =  σ  0  . 21 atm    dry   –  σ   O  2 –      ). The values of proton conductivity    σ   H +      were defined by the subtraction of ion conductivity in dry atmosphere (plateau region) from ion conductivity in wet atmosphere (plateau region) (   σ   H +    =  σ  plateau   wet   –  σ  plateau   dry    ) with the assumption that the oxygen-ion conductivity is independent of the concentration of protons. The hole conductivity values σh in the wet atmosphere were defined as the difference of the total conductivity value at oxygen pressure 0.21 atm and of the value of oxygen-ion and proton conductivities (   σ h  wet   =  σ  0  . 21 atm    wet   –  σ   O  2 –     –  σ   H +     ). The temperature dependencies of partial conductivities for Ba5In2Al2ZrO13 and Ba7In6Al2O19 are presented in Figure 9.



It can be seen in Figure 9 that in dry atmospheres, the oxygen-ion conductivity for Ba5In2Al2ZrO13 is higher than the hole conductivity at temperatures below ~550 °C. For Ba7In6Al2O19, the hole conductivity is higher for the whole investigated temperature range, and only at ~500 °C are the oxygen-ion conductivity values approximately equal to hole conductivity. At ~500 °C, the values of oxygen-ion and hole conductivity for Ba5In2Al2ZrO13 and Ba7In6Al2O19 are roughly equivalent; however, at higher temperatures, the oxygen-ion and hole conductivity of Ba7In6Al2O19 are higher. It should be noted that the oxygen-ion conductivity of Ba7In6Al2O19 is 0.5 orders of magnitude higher than for Ba5In2Al2ZrO13. The activation energy of oxygen-ion conductivity of Ba7In6Al2O19 was higher (0.85 eV) than of Ba5In2Al2ZrO13 (0.64 eV). We believe that the higher oxygen-ion conductivities of this phase are due to the presence of a block with cationic vacancies. As described in the literature [63,64], the presence of cationic vacancies in the A-sublattice of perovskites promotes facilitated oxygen-ion transport as a result of an increase in the free volume of migration.



In wet atmospheres, Ba5In2Al2ZrO13 demonstrates predominant proton conductivity at temperatures below 600 °C. Ba7In6Al2O19 exhibits a lower contribution of proton conductivity in wet atmospheres; only at temperatures below 500 °C does proton conductivity become higher than hole conductivity, and at 600 °C, proton and hole conductivity are approximately equal. At temperatures above 600 °C, proton conductivity values for Ba7In6Al2O19 are higher in comparison than for Ba5In2Al2ZrO13, while at temperatures 600 °C, they are equivalent, and at 500 °C, Ba5In2Al2ZrO13 shows higher proton conductivity than Ba7In6Al2O19. These changes in the behavior of proton conductivity with temperature are explained by the difference in their activation energies. The activation energy of the proton conduction of phase Ba5In2Al2ZrO13 (0.27 eV) is much smaller compared to phase Ba7In6Al2O19 (0.45 eV).



The ionic transport numbers ti were calculated from the data on the partial conductivities according to the following equation:


   t i  =    σ i     σ  tot     ,  



(3)




where σtot is total conductivity in dry or wet air.



Figure 10 shows the temperature dependencies of the transport numbers for Ba5In2Al2ZrO13 and Ba7In6Al2O19. These data confirm the above-mentioned tendencies. The oxygen-ion and proton transport for the Ba5In2Al2ZrO13 dominates over a wider temperature range in comparison with Ba7In6Al2O19. Nevertheless, both phases are dominant oxygen-ion conductors below 500 °C in dry air and dominant proton conductors below 600 °C in wet air.



It can be concluded that both hexagonal perovskites (Ba5In2Al2ZrO13 and Ba7In6Al2O19) are promising proton conductors. Further modification of the composition of these compounds will make it possible to achieve more significant values of the oxygen-ion and proton conductivities. It can also be said that the class of hexagonal perovskites characterized by the structure of coherent intergrowthing is a new promising class of proton conductors for which it is necessary to establish their own specific regularities of ion transport.





4. Conclusions


The novel perovskite-related compound Ba7In6Al2O19 was synthesized by the solid-state method. The investigated phase had a hexagonal structure with a space group of P63/mmc; the lattice parameters for Ba7In6Al2O19 are a = 5.921(2) Å, c = 37.717(4) Å.



IR-investigations confirmed the presence of protons in hydrated samples of the investigated compounds in the form of OH−-groups. It was defined that the hydrated form of Ba7In6Al2O19 contains different OH−-groups that participate in different hydrogen bonds.



TG-measurements confirmed that Ba7In6Al2O19 is capable of incorporating water.



The transport properties of Ba7In6Al2O19 were investigated using the impedance spectroscopy technique in wet (pH2O = 1.92 × 10−2 atm) and dry (pH2O = 3.5 × 10−5 atm) atmospheres with different values of oxygen partial pressure. The compound Ba7In6Al2O19 showed dominant oxygen-ion conductivity below 500 °C in dry air and dominant proton conductivity in wet air below 600 °C.



The data obtained was compared with the properties of phase Ba5In2Al2ZrO13. Ba7In6Al2O19 demonstrated higher values of oxygen-ion and proton conductivities at temperatures above 600 °C, while at temperatures below 500 °C, oxygen-ion and proton conductivity were higher for Ba5In2Al2ZrO13. At the same time, Ba5In2Al2ZrO13 exhibited a higher contribution of oxygen-ion and proton transport than Ba7In6Al2O19 for the whole investigated temperature range.
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Figure 1. Rietveld profile fitting of powder X-ray diffraction pattern for Ba5In2Al2ZrO13 (a) and Ba7In6Al2O19 (b). Observed (dots), calculated (line), and difference (bottom) data, and angular positions of reflections (bars) are shown. 
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Figure 2. Crystal structures of Ba5In2Al2ZrO13 (a) and Ba7In6Al2O19 (b). 
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Figure 3. IR spectra for the hydrated samples of Ba5In2Al2ZrO13 [56] and Ba7In6Al2O19. 
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Figure 4. TG curves of the hydrated Ba5In2Al2ZrO13 [56] and Ba7In6Al2O19. 
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Figure 5. Impedance spectra for Ba5In2Al2ZrO13 at different temperatures in dry air (a), and in dry (pH2O = 3.5 × 10−5 atm) [56] and wet air (pH2O = 1.92 × 10−2 atm) [56] at 350 °C (b). Impedance spectra for Ba7In6Al2O19 at different temperatures in dry air (c), and in dry (pH2O = 3.5 × 10−5 atm) and wet air (pH2O = 1.92 × 10−2 atm) at 345 ° (d). 
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Figure 6. Temperature dependencies of total conductivity in dry (pH2O = 3.5 × 10−5 atm) and wet (pH2O = 1.92 × 10−2 atm) air for Ba5In2Al2ZrO13 (a) [56] and Ba7In6Al2O19 (b). 
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Figure 7. Oxygen partial pressure dependence of total conductivity for Ba5In2Al2ZrO13 (a) [56] and Ba7In6Al2O19 (b) in dry (pH2O = 3.5 × 10−5 atm) and wet (pH2O = 1.92 × 10−2 atm) atmospheres; filled symbols are attributed to dry atmosphere, empty symbols are attributed to wet atmosphere. 
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Figure 8. The comparison of oxygen partial pressure dependencies of total conductivity for Ba5In2Al2ZrO13 [56] and Ba7In6Al2O19 in dry (pH2O = 3.5 × 10−5 atm) and wet (pH2O = 1.92 × 10−2 atm) atmospheres at 500 °C. 
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Figure 9. Temperature dependencies of oxygen-ion (a) and proton (b) conductivities for Ba5In2Al2ZrO13 [56] and Ba7In6Al2O19. 
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Figure 10. Temperature dependencies of oxygen-ion (a) and proton (b) transport numbers for Ba5In2Al2ZrO13 [56] and Ba7In6Al2O19. 
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Table 1. The lattice parameters for Ba5In2Al2ZrO13 and Ba7In6Al2O19.
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	Composition
	a (Å)
	c (Å)





	Ba5In2Al2ZrO13
	5.967(2)
	24.006(8)



	Ba7In6Al2O19
	5.921(2)
	37.717(4)
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