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Abstract 

The novel phase Ba7In5.9Zn0.1Al2O18.95 with hexagonal perovskite structure 
was obtained by solid-state technique. The substitution of In3+ by the Zn2+ 
leads to the expansion of the lattice parameters and cell volume. It was 

established that the investigated sample is capable of water incorporation 
from the gas phase; the degree of hydration reaches 1.42 mol H2O, which 

is significantly higher than that for the undoped phase (0.41 mol H2O). 
This is a result of the expansion of the hexagonal layer that facilitates the 
placement of OH–-groups. The oxide-ion and proton conductivities for the 

doped Ba7In5.9Zn0.1Al2O18.95 sample were higher than those for the undoped 
composition, Ba7In6Al2O19, by 0.50 and 0.75 orders of magnitude (500 °C), 
respectively. The new phase Ba7In5.9Zn0.1Al2O18.95 demonstrates the predom-

inant protonic conductivity at Т ≤ 500 °C and pH2O = 1.93·10−2 atm. 
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Key findings 

● A novel hexagonal perovskite Ba7In5.9Zn0.1Al2O18.95 has been synthesized.

● Ba7In5.9Zn0.1Al2O18.95 is capable of dissociative water molecule incorporation.

● Ba7In5.9Zn0.1Al2O18.95 is able to exhibit proton conductivity.

● Ba7In5.9Zn0.1Al2O18.95 demonstrates predominant proton transport at T ≤ 500 °C in wet air.

● The Zn2+-doping of Ba7In6Al2O19 increases the oxide-ion and proton conductivities.

© 2024, the Authors. This article is published in open access under the terms and conditions of 

     the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

1. Introduction

High-temperature proton conductors, first described by 

H. Iwahara more than 40 years ago [1, 2], are still being

intensively studied, since they are promising electrolytes

for solid oxide fuel cells, which are highly efficient, envi-

ronmentally friendly and economically attractive electro-

chemical devices. At present, high values of proton conduc-

tivity have been achieved for acceptor-doped perovskites –

barium cerates and zirconates Ba(Ce,Zr)O3 [3–5], but their

chemical stability is unsatisfactory due to degradation in

atmospheres containing CO2 [6–16]. Primarily, the creation

of new proton-conducting complex oxides occurs both by

modifying the composition of known compounds and by com-

plicating the structure [17–19].

In the 20s, high-temperature proton transport was also 

discovered in a more complex structural type – hexagonal 

perovskite-like compounds built according to the block 

principle from fragments of various structural types [20–

23]. For example, the compounds Ba5M2Al2ZrO13 (M = Gd–

Lu, Y, Sc, In) [24] and Ba5M2Al2SnO13 (Gd, Dy, Ho, Y, Tm, 

Yb) [25] can be represented as an intergrowth of a perov-

skite block Ba(Zr,Sn)O3 and two oxygen-deficient blocks 

Ba2M3+AlO5. Among them, the most conductive are the Er-

containing phases Ba5Er2Al2ZrO13 and Ba5Er2Al2SnO13, alt-

hough the relationship between the nature of the cations 

and the magnitude of proton conductivity is not yet clear. 

Owing to the presence of blocks containing unoccupied ox-

ygen positions, such phases are capable of incorporating 

water without doping. For example, zirconates can incor-

porate 0.23 mol H2O for Ba5Er2Al2ZrO13 and 0.30 mol H2O 

for Ba5In2Al2ZrO13 [26]. Stannates Ba5M2Al2SnO13 (Gd, Dy, 

Ho, Y, Tm, and Yb) exhibited water uptakes within 

0.48 ≤ x ≤ 1.00 at 100 °C depending on the nature of the 
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rare earth metals [25]. Among these oxides, the phase that 

exhibited the greatest water uptake of 1 mol H2O was 

Ba5Er2Al2SnO13 [25]. It is not yet possible to establish any 

specific relationships between nature of the elements in the 

compound and water uptake, as the experimental data are 

still very limited. However, since it has been clearly shown 

that the incorporation of water molecules occurs in the ox-

ygen-deficient layer, its size will be an important charac-

teristic of hydration. 

Investigations of the influence of doping on transport 

properties have been performed only for Ba5In2Al2ZrO13 [26–

29], and it has been shown that not only acceptor doping 

but also isovalent substitution can improve the ionic (O2-, 

H+) conductivity. That is, the role of the geometric factor in 

ion transport is obvious.  

The other composition with a hexagonal perovskite 

structure Ba7Nb4MoO20 is formed by a combination of per-

ovskite and palmierite-like layers [19]. The compound is 

composed of isolated tetrahedral units that have a particu-

lar topology that allows water incorporation and fast ionic 

transport. The phase can incorporate 0.80 mol H2O, and 

this value is close to the theoretical solubility limit of one 

water molecule per formula unit, corresponding to one ox-

ygen vacancy per formula unit of Ba7Nb4MoO20. A strategy 

to increase the oxide-ion conductivity of this phase involves 

the introduction of an element with a higher oxidation state 

(donor doping), such as molybdenum or tungsten, into the 

niobium positions. The positive effect is explained by filling 

interstitial oxygen sites. However, the effect of such substi-

tution on proton transport is ambiguous. For example, pro-

ton conduction in Ba7Nb4MoO20 is critically reduced when 

niobium is replaced by tungsten (+6) or chromium (+6) 

[30, 31]. 

A more complex example of intergrowth structure is 

Ba7M3+
6Al2O19, in which the same oxygen-deficient blocks 

Ba2M3+AlO5 (as for Ba5M2Al2ZrO13 [32]) are intergrown with 

a perovskite-like block Ba3M3+
4O9 ≡ Ba3□M3+

4O9□3, contain-

ing barium and oxygen vacancies (□). The structures of all 

these compounds contain tetrahedra connected by their 

vertices and forming [Al2O7]-dimers, which alternate with 

octahedrally coordinated M3+-cations [33]. For such struc-

tures, the process of incorporating OH-groups is realized 

without acceptor doping and is due to the presence of coor-

dination-unsaturated Ba2+-containing polyhedra in the hex-

agonal h׳-layers. The degree of hydration is determined by 

the size of the interlayer space, which is sufficient to place 

the OH--groups. Proton transport depends largely on the na-

ture of the cation located in the octahedron and on the de-

gree of ordering of the cations in the tetrahedra and octa-

hedra.  

Summarizing the scientific literature on proton 

transport in hexagonal perovskites, we can conclude that 

there is no general strategy for optimizing proton transport 

in such structures yet. The state of the issue is still at the 

stage of accumulation of the experimental material. In 

structural terms, such compounds are significantly more 

complex than classical perovskites ABO3; therefore, estab-

lishing the «structure-defect structure-properties» correla-

tion is a very difficult task.  

We recently reported proton and oxide-ion conduction 

in the cation- and oxygen-deficient hexagonal perovskite 

Ba7In6Al2O19 [34]. However, acceptor doping has not been 

previously performed for this phase, and its effect on hy-

dration and transport properties has not been studied. In 

this work, we prepared a new complex oxide in which some 

of the indium ions are replaced by zinc Ba7In5.9Zn0.1Al2O18.95. 

We showed that with increasing lattice parameters and in-

creasing number of oxygen vacancies the degree of hydra-

tion increased, and proton and oxide ion transport im-

proved. Doping significantly increased the ionic transport 

numbers.  

2. Experimental 

The Zn2+-doped phase Ba7In5.9Zn0.1Al2O18.95 and the parent 

compound Ba7In6Al2O19 were prepared by a solid state tech-

nique according to the following reactions: 

7 BaСО3 + Al2О3 + 3 In2О3 → Ba7In6Al2O19 + 7 CO2 (1) 

7 BaСО3 + Al2О3 + 2.95 In2О3 + 0.10 ZnO → 

→Ba7In5.9Zn0.1Al2O18.95 + 7 CO2 
(2) 

The preliminary dried starting reagents BaCO3 

(99.9999% purity, REACHIM, Russia), In2O3 (99.99% pu-

rity, REACHIM, Russia), Al2O3 (99.99% purity, REACHIM, 

Russia), ZnO (99.99% purity, REACHIM, Russia) were 

weighed in stoichiometric quantities, then ground in an 

agate mortar with ethanol. The calcination of the powder 

mixtures was performed according to the following 

scheme: 800, 1000, 1100 °С (24 h at each stage), with in-

termediate grinding after each heating step. The ceramic 

samples were obtained by pressing powders in cylindrical 

pellet form and sintering at 1250 °C for 24 h. The relative 

densities, measured from the mass and dimensions of the 

sintered pellets, were ~95% of the theoretical X-ray den-

sity. 

The phase purity was studied vai powder X-ray diffrac-

tion XRD on a Bruker Advance D8 diffractometer with Cu 

Kα radiation. The crystal structures of hydrated and dehy-

drated samples were checked by Rietveld refinement using 

FULLPROF software. For the XRD and TG investigations the 

dehydrated samples were prepared by heat treatment at 

1100 °C for 3 h and then cooled in dry argon 

(pH2O = 3.5·10−5 atm). The hydrated samples were ob-

tained by slow cooling from 1100 to 150 °C (1 °C/min) un-

der a flow of wet argon (99.999% purity,  

pH2O = 1.93·10−2 atm).  

TG investigations were carried out on a Simultaneous 

Thermal Analyzer STA 409 PC analyzer (Netzsch) coupled 

with a quadrupole mass spectrometer QMS 403 C Aëolos 

(Netzsch). The samples were heated at the rate of 
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10 °C/min in the temperature range of 40–1100 °C under a 

flow of Ar in a corundum crucible. For TG measurements 

the powder samples were hydrated as described above.  

For electrical measurements both opposite surfaces of 

the tablet were coated with Pd-Ag paste electrodes, and 

then the electrodes were fired at 1000 °C for 3 h. The AC 

conductivity of the samples was measured by the 2-probe 

method using a Z-1000P impedance spectrometer (Elins, RF) 

within the frequency range of 1–106 Hz. The bulk resistances 

were calculated from the complex impedance plot using the 

Zview software fitting. 

The conductivity measurements were performed at var-

ying temperature under dry and wet air. The temperature 

dependencies were measured with a cooling rate of 1o/min 

over the temperature range of 300–900 °C every 10–20 °C; 

at each temperature the sample was kept until the constant 

resistance values were attained. The «wet» atmosphere 

was obtained by bubbling the gas at room temperature first 

through distilled water and then through saturated solution 

of KBr (pH2O = 1.93·10−2 atm). The «dry» atmosphere was 

produced by circulating the gas through P2O5 

(pH2O = 3.5·10−5 atm). The humidity of gases was moni-

tored by an H2O sensor («Honeywell» HIH-3610, USA). 

The measurements of conductivities vs pO2 were carried 

out in the temperature range of 500–800 °C by an electro-

chemical method using an electrochemical pump and an ox-

ygen sensor (both based on yttrium-stabilized zirconium 

oxide), connected to the Zirconia-M automatic regulator 

[35]. The range of oxygen partial pressure was  

10–18–0.21 atm. The measurements were performed under 

dry and wet atmospheres. The «wet» atmosphere was ob-

tained by circulating the gas at room temperature through 

saturated solution of KBr (pH2O = 1.93·10−2 atm); the «dry» 

atmosphere was produced by circulating the gas through 

P2O5 (pH2O = 3.5·10−5 atm). 

3. Results and Discussions  

3.1. X-ray phase analysis  

Room temperature X-ray diffraction (XRD) results showed 

that the sample Ba7In5.9Zn0.1Al2O18.95 was single phase and 

characterized by hexagonal symmetry (space group 

P63/mmc). Figures 1a and b present an example of profile 

fitting for the Ba7In5.9Zn0.1Al2O18.95 sample and the crystal 

structure, respectively. The obtained lattice parameters 

and cell volumes are shown in Table 1. The cell parameters 

for the undoped Ba7In6Al2O19 phase were in good agreement 

with the previously reported data [34]. The substitution of 

In3+ ions by Zn2+ leads to an increase in the unit cell param-

eters and the unit cell volume (Table 1) despite the smaller 

radius of the dopant (𝑟In3+ = 0.80 Å, 𝑟Zn2+ = 0.74 Å for a co-

ordination number of 6) [36]. We believe that this is due to 

the appearance of charged defects, which lead to additional 

repulsion between the layers. It should be said that similar 

effects were observed for doped phases with the Ruddles-

den-Popper structure. For example, the introduction of a 

dopant with a smaller ionic radius with respect to the host 

atoms causes lattice expansion, which was previously de-

scribed for RP structures [37–39]. 

The incorporation of water was accompanied by an in-

crease in the lattice parameters (more significant for the с 

parameters) and, accordingly, an increase in the cell vol-

umes (Table 1). This behavior is typical for layered struc-

tures, which indicates the predominant location of the OH-

-groups in the interlayer space, that is, in the oxygen-defi-

cient h׳-layer in our case (this corresponds to a more sig-

nificant increase in the c parameter). Hydrolytic decompo-

sition of the phases did not occur; no impurity phases were 

detected. 
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Figure 1 Rietveld profile fitting of powder X-ray diffraction pattern 
for the dehydrated Ba7In5.9Zn0.1Al2O18.95 sample. The experimental 

data are given as red circles, the fitted profile as solid black line. 

The vertical bars indicate the expected positions of the Bragg peaks 
upon refinement in the space group P63/mmc. The bottom blue line 

represents the difference between the calculated and experimental 

data (a). Crystal structures of the investigated sample (b). 

Table 1 Unit cell parameters and cell volumes for dehydrated 

Ba7In6Al2O19, Ba7In5.9Zn0.1Al2O18.95 samples and hydrated 
Ba7In6Al2O19 ‧0.41H2O, Ba7In5.9Zn0.1Al2O18.95‧1.42H2O samples. 

Phase a, Å с, Å V, Å3 

Ba7In6Al2O19 5.921(2) 37.717(4) 1145.2(3) 

Ba7In5.9Zn0.1Al2O18.95  5.968(9) 38.055(4) 1174.1(8) 

Ba7In6Al2O19‧0.41H2O 5.925(7) 37.721(2) 1147.5(4) 

Ba7In5.9Zn0.1Al2O18.95‧1.42H2O 5.970(3) 38.079(5) 1175.5(5) 

 (а) 

 (b) 
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3.2. Hydration processes 

The possibility of water uptake can be established by  

TG measurements coupled with mass spectrometry (MS) 

analysis. Figure 2 shows TG and MS(H2O)-curves for the 

preliminarily hydrated Ba7In5.9Zn0.1Al2O18.95 sample in com-

parison with the TG curve of the undoped phase. The main 

mass loss occurs in the temperature range of 150−500 ⁰С, 

which is accompanied by two MS(H2O) effects. In addition, 

at a high temperature ~750 °С there is also a slight loss of 

mass due to the release of water, which is the third effect 

on the MS(H2O) curve. Mass stabilization occurs above 

900 °C. Thus, the Zn2+-doped sample is capable of hydra-

tion, and the degree of hydration was 1.42 mol H2O which 

is significantly greater than that of the undoped phase 

(0.41 mol H2O).  

The formation of proton defects for phases with unoc-

cupied crystallographic oxygen positions can be described 

by the following quasi-chemical reactions in the Kröger-

Vink notation:  

VO
X + OO

X + H2O ↔ OHO
• + OH

VO
X

′ , (3) 

where VO
X is the structural oxygen vacancy, OO

X  is the oxygen 

atom in a regular position, OHO
•  is the hydroxyl group in the 

oxygen sublattice, OHVo
x

′  is the hydroxyl group in the 

position of the structural oxygen vacancy.  

On the other hand, the oxygen vacancies that appear 

during acceptor doping VO
•• are also capable of incorporating 

protons (OH-groups): 

H2O + VO
•• + OO

X ⇄ 2(OH)O
• , (4) 

where VO
•• – oxygen vacancy, OHO

•  – hydroxyl group in the 

oxygen sublattice. These equations demonstrate the 

correlation between the concentration of oxygen vacancies 

and the degree of hydration (i.e., the concentration of 

protons). 

However, the effect of increasing the degree of 

hydration is not due to additional oxygen deficiency as a 

result of doping, since it is more significant than the 

resulting concentration of oxygen vacancies. That is, the 

appearance of oxygen vacancies [VO
•• ] = 0.05 upon doping 

does not correspond to such significant increase in the 

concentration of protons (increase by 1 mole of water). As 

it is known, the ability of phases with a block (layered) 

structure to hydrate occurs without acceptor doping and is 

due to the introduction of OH--groups into the interlayer 

space [23]. Accordingly, the solubility limit for such phases 

does not correlate with the concentration of oxygen 

vacancies, but is determined by the sufficient space to place 

OH--groups. Thus, the solubility limit is determined by 

changing the geometric factor, that is, increasing the cell 

parameters in our case. As mentioned earlier [34], the 

capability of the compound Ba7In6Al2O19 to incorporate 

water is due to the presence of oxygen-deficient hexagonal 

layers, where barium is bonded in a 9-coordinate geometry 

(i.e. with nine oxygen atoms) [40]. Accordingly, such 

coordinatively unsaturated barium polyhedron can 

incorporate OH–-groups and increase its coordination 

number. Thus, sufficient space in the hexagonal layers is 

necessary for the arrangement of OH– groups. 

Consequently, an increase in the cell volume during doping 

facilitates an increase in water uptake. Therefore, the 

strategy of increasing the cell volume and, as a 

consequence, the size of the interlayer space is successful 

for increasing the proton concentration in compounds with 

hexagonal structures. Such features of the hydration 

character of block (layered) phases distinguish them from 

classical doped perovskites, for which a correlation 

between the concentration of oxygen vacancies and the 

concentration of protons is observed. 

3.3. Electrical conductivity  

3.3.1. Dry conditions 

In Figure 3 the evolution of the impedance spectra of 

Ba7In5.9Zn0.1Al2O18.95 sample is shown as a Nyquist plot for 

several temperatures. This view of the spectra was typical 

of the investigated compounds under different experi-

mental conditions. As can be seen, three semicircles in the 

complex Zʹ-Zʹʹ plane, corresponding to the bulk, grain-

boundary and electrode components were observed. The 

main contribution is represented by the grain boundary 

process; these semicircles have capacitances of ~10−10−10−9 

F·cm−1. The capacitance for the first semicircle, starting 

from the «0»-coordinates and representing the bulk re-

sponse, is determined to be ~10−11 F·cm−1; the capacitance 

for the third low-frequency semicircle, representing the 

electrode response, is ~10−7−10−6 F·cm−1. 

The calculated bulk, grain-boundary and total conduc-

tivities of Ba7In5.9Zn0.1Al2O18.95 as a function of temperature 

are shown in Figure 4. The grain boundary conductivity is 

more than one order of magnitude lower than the bulk con-

ductivity, and the total conductivity is determined by the 

grain boundary conductivity (for both dry and wet air). 
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Figure 2 TG and MS(H2O) curves for Ba7In5.9Zn0.1Al2O18.95, and the 

TG curve for Ba7In6Al2O19. 
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There are little data in the literature concerning the 

analysis of hodographs for hexagonal perovskites and the 

extraction of different contributions, and most of the data 

show only conductivity dependences. However, a number 

of articles have shown that for such structures a more sig-

nificant contribution of grain boundaries is observed [25, 

41, 42]. The general explanation is that the state of the 

grain boundaries differs from the bulk, but an analysis of 

the reasons requires separate studies. 

The electrode response observed in the low-frequency 

region is represented by a very small semicircle (that is, 

low polarization resistance), which indicates the reversibil-

ity of the electrodes. 

A comparison of the conductivities of the doped and un-

doped samples is shown in Figure 5. The conductivity of the 

Zn2+-doped phase is higher than that of the pure phase over 

the entire studied temperature range, which is presumably 

due to the formation of oxide-ion vacancies as a result of 

the replacement of In3+ with Zn2+. The differences reached 

half an order of magnitude. To separate the total conductiv-

ity into partial contributions, the conductivity was meas-

ured vs the partial oxygen pressure. 

 
Figure 3 Impedance spectra of Ba7In5.9Zn0.1Al2O18.95 at different tem-

peratures in dry air (pH2О = 3.5·10−5 atm). 

 
Figure 4 Temperature dependencies of the bulk, grain-boundary 

and total conductivities for Ba7In5.9Zn0.1Al2O18.95 in dry  

(pH2O = 3.5·10−5 atm, filled signs) and wet (pH2O = 1.93·10−2 atm, 

open signs) air. 

Figure 6 shows a comparison of the dependencies of the 

conductivities vs the oxygen partial pressure at different 

temperatures for dry conditions (pH2O = 3.5·10−5 atm) for 

the samples Ba7In5.9Zn0.1Al2O18.95 and Ba7In6Al2O19. Both 

samples exhibited a plateau region in the range of oxygen 

partial pressures 10–18≤pO2≤104 atm. The independence of 

conductivity from pO2 indicates the dominant ionic nature 

of conductivity; taking into account the specificity of disor-

dering, namely, the presence of oxygen deficiency, it can be 

concluded that the nature of ionic conductivity is oxide-

ionic. As can be seen, the ionic conductivity of Zn2+-doped 

phase is higher than that of the parent phase.  

Under oxidizing conditions (pO2 > 10–4 atm) the conduc-

tivity increased with increasing pO2, which indicates the 

appearance of a contribution of hole conductivity. The for-

mation of holes can be described by the following quasi-

chemical equation: 

VO
X +

1

2
O2 ⟷ 2h• + O

VO
X

′′  (5) 

where VO
X is the structural oxygen vacancy, O

VO
X

′′  is the 

oxygen atom in the position of the structural oxygen 

vacancy, h• is the hole.  
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Figure 5 Comparison of the temperature dependencies of the con-

ductivities of doped Ba7In5.9Zn0.1Al2O18.95 and undoped Ba7In6Al2O19 

samples in dry (pH2O = 3.5·10−5 atm, filled signs) and wet  

(pH2O = 1.93·10−2 atm, open signs) air. 
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Figure 6 Dependencies of the conductivity vs oxygen partial pres-

sure at different temperatures for Ba7In5.9Zn0.1Al2O18.95 (blue sym-

bols) and Ba7In6Al2O19 (black symbols) in a dry atmosphere. 
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The ionic transport numbers, calculated as 

𝑡O2− = σO2−/𝜎tot
 (σO2− – conductivity in the plateau region,  

𝜎tot – total conductivity in air pO2 = 0.21 atm) are shown in 

Table 2. The Ba7In5.9Zn0.1Al2O18.95 sample exhibited mixed 

conductivity in air, and the oxygen-ionic transport numbers 

increased slightly with increasing temperature.  

The temperature dependences of the oxide-ion conduc-

tivity of the doped phase and the parent phase are shown in 

Figure 7. The oxide-ion conductivity of the doped phase is 

higher by approximately 0.5 orders of magnitude over the 

studied temperature range. This can be explained, on the 

one hand, by an increase in the disordering of the oxygen 

sublattice, and on the other hand, by an increase in the lat-

tice parameters, since an increase in the lattice parameters 

leads to a decrease in the metal-oxygen bond energy and 

facilitates ion transport. The activation energy of the oxide-

ion conductivity was 0.89 eV, which is typical of the oxygen 

transport, and this value was close to the activation energy 

of the undoped phase.  

3.3.2. Wet conditions 

As seen from the temperature dependencies of the conduc-

tivities (Figure 5), an increase in humidity is accompanied 

by a significant increase in conductivity (up to 1.5 orders of 

magnitude at 300 °C) and a decrease in the activation en-

ergy. This indicates the appearance of a proton contribution 

to the conductivity. According to thermogravimetry meas-

urements (Figure 2), the intense change in mass as a result 

of the intercalation of water molecules into the crystal lat-

tice occurs at temperatures below 600 °C. So, the increase 

in conductivity in a wet atmosphere compared with dry air 

and the decrease in activation energy at temperatures be-

low 600 °C are due to the contribution of proton conductiv-

ity. At higher temperatures, the conductivities in dry and 

wet atmospheres are almost identical, which, according to 

TG data, corresponds to a sharp decrease in the proton con-

centration; accordingly, the contribution of proton conduc-

tivity decreases. The magnitude of the proton conductivity 

and its activation energy are discussed below. 

The conductivity in wet air is also 0.75 orders of magni-

tude greater than that of the parent phase at 300 °C.  

Figures 8, 9 show the results of the conductivity meas-

urements under wet conditions as a function of the oxygen 

partial pressure for the Zn2+-doped sample in comparison 

with the dry conditions and in comparison with the un-

doped phase Ba7In6Al2O19, respectively. In the region of 

oxygen partial pressures 10-18≤pO2 ≤ 10-2 atm, a plateau of 

conductivity independence is observed. This indicates the 

dominant ionic conductivity. In the region of pO2 > 10-2 

atm, the conductivity increases slightly with increasing 

pO2, as a result of the insignificant contribution of hole 

conductivity, and at a temperature of 500 °C the conduc-

tivity is practically independent of pO2 in the entire stud-

ied range of partial oxygen pressures, which indicates 

dominant ionic transport.  

 
Figure 7 Temperature dependencies of the ionic conductivities of 

Ba7In5.9Zn0.1Al2O18.95 in comparison with Ba7In6Al2O19 for dry  
(pH2O = 3.5·10−5 atm, filled signs) and wet (pH2O = 1.93·10−2 atm, 

open signs) atmospheres. 

Figure 8 Dependencies of the conductivity vs oxygen partial pres-
sure at different temperatures for Ba7In5.9Zn0.1Al2O18.95 in dry (filled 

signs) and wet (open signs) atmospheres.  
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Figure 9 Dependencies of the conductivity vs oxygen partial pres-

sure at different temperatures for Ba7In5.9Zn0.1Al2O18.95 (blue 

signs) in comparison with Ba7In6Al2O19 (black signs) in a wet at-

mosphere. 
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A comparison of the conductivity isotherms of both the 

doped and undoped samples (Figure 9) revealed that the 

doped sample exhibited higher values of conductivity over 

the entire investigated pO2 region.  

The partial oxide-ion and proton conductivities were de-

termined using data on conductivity as a function of oxygen 

partial pressure at different humidities. The calculations 

were made based on modeling in accordance with defect 

formation reactions, which were previously shown in the 

works [43–45]. 

In general, the conductivity in the plateau region is rep-

resented as a sum 𝜎 = 𝜎O2− + 𝜎H+. However, since the oxide-

ion conductivity is significantly less than the proton con-

ductivity, 𝜎O2− ≪ 𝜎H+, at temperatures below 600 °C, the to-

tal conductivity is essentially the proton conductivity 

𝜎 ~ 𝜎H+. A comparison of the temperature dependences of 

the proton conductivities for the doped and parent phases 

is presented in Figure 7. In a wet atmosphere the conduc-

tivity of the doped phase is higher, and the difference reaches 

0.75 orders of magnitude at 500 °C. That is, doping led to an 

increase in the proton conductivity. This is due to an increase 

in proton concentration according to the TG data. The proton 

conductivity is characterized by an activation energy of 

0.47 eV, which is typical for proton conduction. The proton 

transport numbers calculated as 𝑡H+ = σH+/𝜎tot (air  

pO2 = 0.21 atm, wet conditions) are presented in Table 2 

confirm the abovementioned relationships. 

Thus, the strategy of introducing zinc into the indium 

sublattice in hexagonal perovskite Ba7In6Al2O19 is promising 

in terms of both increasing the proton concentration and 

increasing the oxide-ion and proton conductivities.  

A comparison of the temperature dependences of con-

ductivity in wet air for the Zn2+-doped sample 

Ba7In5.9Zn0.1Al2O18.95 with other phases with a block (lay-

ered) structure is shown in Figure 10. The conductivity of 

the studied phase was lower than the conductivity of the 

best proton conductors with a hexagonal structure. How-

ever, at the same time, these conductivity values are typical 

of many phases and are within the limits of acceptable con-

ductivity values for the proton-conducting electrolytes. 

Since for such structures variation in composition can sig-

nificantly affect proton conductivity, it is obvious that to 

optimize the proton conductivity it is possible to search for 

other compositions based on Ba7In6Al2O19 or to use the co-

doping method. 

4. Limitations 

One of the limitations is the interpretation of the data on 

the significant increase in lattice parameters upon doping. 

At present, the difficulties are due to the complexity of the 

structural analysis, since this is a very complex structure 

and it is difficult to assign coordinates to the dopant, which 

will be done in the future when wider dopant concentra-

tions will have been studied.  

Table 2 Oxide-ion transport numbers (dry air, pH2O = 3.5·10−5 atm) 
and proton transport numbers (wet air, pH2O = 1.93·10−2 atm) for 

Ba7In5.9Zn0.1Al2O18.95 (%). 

Temperature, oC 500 600 700 800 

𝑡O2−  38 39 40 46 

𝑡H+  97 91 78 – 

 
Figure 10 Comparison of the temperature dependencies of the con-

ductivities in wet air for Ba7Nb3.8Mo1.2O20.1 (1) [46], Ba7Nb4MoO20 

(2) [20], Ba5Er2Al2ZrO13 (3) [24], Ba5Lu2Al2ZrO13 (4) [24], 

Ba5In2Al2ZrO13 (5) [34], BaLaIn0.5Y0.5O4 (6) [47], BaLaInO4 (7) [47] 

and Ba7In5.9Zn0.1Al2O18.95 (this work, circles).  

5. Conclusions 

In the present study the influence of the introduction of zinc 

into the indium sublattice of the hexagonal perovskite 

Ba7In6Al2O19 on hydration and conductivity was investigated.  

The hexagonal perovskite Ba7In5.9Zn0.1Al2O18.95 was synthe-

sized by the solid-state method for the first time. The investi-

gated phase had a hexagonal structure with a space group of 

P63/mmc. The substitution of In3+ by Zn2+ led to an increase in 

the lattice parameters. The lattice parameters for 

Ba7In5.9Zn0.1Al2O18.95 were a = 5.968(9) Å, c = 38.055(4) Å vs 

a = 5.921(2) Å, c = 37.717(4) Å for Ba7In6Al2O19.  

The studied sample Ba7In5.9Zn0.1Al2O18.95 was capable of 

water incorporation and, in comparison with the undoped 

phase, a significant increase in the degree of hydration was 

observed (1.42 mol H2O for Ba7In5.9Zn0.1Al2O18.95 vs 0.41 mol 

H2O for Ba7In6Al2O19). This is due to an increase in the cell 

volume and, as a consequence, an increase in the size of the 

oxygen-deficient hexagonal h׳-blocks.  

The electrical conductivity was investigated by the elec-

trochemical impedance technique by varying T, pO2 and 

pH2O. It was found that Zn2+ doping led to an increase in 

oxygen-ion (dry conditions) and proton (wet conditions) 

conductivities due to increase in the concentration of oxy-

gen vacancies and protons, respectively.  
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