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Solid oxide electrolytes have attracted significant attention due to their possible applications in energy 

conversion devices, including solid oxide fuel cells (SOFCs) and electrolysis cells (SOECs). Although a large 

amount of data has been accumulated to date, the design of new representatives of ionic electrolytes is of 

unquenchable interest.  In this paper, a review of the new classes of proton-conducting solid electrolytes is 

provided. The physicochemical and transport properties of layered perovskites 

(BaNdInO4, BaNdScO4, SrLaInO4, BaLaInO4) and hexagonal perovskites (Ba7Nb4MoO20, Ba5Er2Al2ZrO13 

and Ba5In2Al2ZrO13) were analyzed and summarized. Based on the performed analysis, the most promising 

compositions among the considered phases were identified and the effective approaches aimed at 

improving their functional characteristics were provided.  
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1. Introduction 

Today, hydrogen energy is one of the most 

developing areas of clean energy due to various 

advantages of hydrogen compared to traditional fossil 

fuels [1]. To ensure the technological processes in this 

area, it is necessary to develop systems for the 

production, purification, storage of hydrogen and the 

devices for electricity generation. One of such devices is 

solid oxide fuel cells (SOFCs). Their development on a 

commercial scale requires the selection of different types 

of high-effective materials, including electrodes [2–9] and  

 

 
 

electrolytes [10–12]. Most of these materials have 

perovskite structure.  

However, during the last several years, the 

proton-conducting electrolyte families have been 

replenished with members of the new structural 

classes, named layered perovskites and hexagonal 

perovskites. Both are promising, and both can lead to 

the creation of novel advanced proton-conducting 

ceramic materials for energy conversion technologies. 

2. Layered perovskites 

The derivative structures from an ordinary 

perovskite were described by S.N. Ruddlesden and P. 

Popper in 1957 [13]. In this structure with a general 

formula of AA′BX4, the [A/A′BX3] perovskite layers 

were divided by the [A/A′X] rock salt layers. Over 

the past sixty years, the layered perovskites have 

been   extensively   investigated   as   superconductors  
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Figure 1 The crystal structure of perovskite (left image) and 

layered perovskite (right image). 

 

 
Figure 2 The schemes demonstrating the possibility of change 

of all cations in AA'BO4 (a) and the application of cationic 

doping for the improvement of proton conductivity (b). 

[14−18], magnetic [19−22] and electrode materials 

[23−32], phosphors [33−35] and photocatalysts 

[36−38]. However, the first articles which considered 

layered perovskites as proton electrolytic materials 

were published only in 2015 [39] (Figure 1). 

Proton-conducting layered perovskites can be 

described by a general AA′BO4 formula, where A is the 

rare earth metal, A′ is the lanthanum or lanthanide, B is 

the trivalent p-element. 

Figure 2a demonstrates the possibility of change of 

all cations in AA'BO4. The materials based on BaLaInO4, 

SrLaInO4, BaNdInO4, and BaNdScO4 can exhibit a 

significant level (up to almost 100%) of protonic 

transport [40−52]. However, the difference in nature of 

the cations determines the corresponding differences in 

the crystal structure of the materials. The compositions 

of BaLaInO4 and SrLaInO4 are described in an 

orthorhombic symmetry with the space group Pbca, 

while the compositions of BaNdScO4 and BaNdInO4 

belong to Cmcm (orthorhombic symmetry) and P21/c 

(monoclinic symmetry) space group, respectively. It is 

reasonable to compare the temperature dependencies of 

the proton conductivity for these matrix (undoped) 

compositions. However, this is not possible due to a lack 

of the literature data. 

The most common way to improve transport 

properties for proton-conducting AA'BO4 layered 

perovskites is to dope them in the A'-sublattice, 

particularly with calcium ions (Figure 2b). The 

compositions of BaNd1−xCaxInO4−0.5x [40] and 

BaNd1−xCaxScO4−0.5x [41] (where x = 0.1 and 0.2), as well 

as the BaLa0.9Ca0.1InO3.95 composition [43], were 

obtained. The quasi-chemical equation of acceptor 

doping can be described as:  

2MO
Ln2O3
→    2MLn

′ + 2Oo
× + Vo

••   (1) 

An increase in the calcium-content in 

BaNd1−xCaxInO4−0.5x led to a decrease in the unit cell 

volume from 441.54 Å for BaNdInO4 to 438.21 Å for 

BaNd0.8Ca0.2InO3.9. 

The temperature dependencies of conductivity were 

obtained using impedance spectroscopy method in the 

various atmospheres (dry air, wet air, and nitrogen). The 

gas drying was performed using CaSO4, the gas bubbling 

through H2O was used for the humidification. The fitting 

of impedance spectra showed that they were composed 

of two semicircles at low temperatures (below 300 °C), 

and the bulk component of the resistance could not be 

used for the conductivity calculation. In the dry air 

atmosphere, the calcium-doping led to the increase of  

the total conductivity values by up to ~2 orders of 

magnitude. The most conductive composition was 

BaNd0.8Ca0.2InO3.9. It should be noted that the doping led 

to a decrease in the energy activation from 0.78 eV for 

BaNdInO4 to 0.71 eV for BaNd0.8Ca0.2InO3.9 at low 

temperatures. The formation of oxygen vacancies during 

acceptor doping was the reason for this significant 

decrease. 

The conductivity investigations in wet air were 

performed for the most-conductive composition, i.e. 
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BaNd0.8Ca0.2InO3.9. It was shown that the activation 

energy was 0.68 eV in the wet air and 0.64 eV in the wet 

nitrogen, which was close to the values of the proton 

transport in the non-layered perovskites [53, 54]. The 

conductivity values obtained in wet nitrogen were lower 

than in the wet air, which indicated the mixed ionic-hole 

nature of conductivity. The proton transport numbers 

increased from 0.41 to 0.57 over a temperature range of 

250−475 °C. That is, the BaNd0.8Ca0.2InO3.9 composition 

demonstrated mixed protonic-hole conductivity in wet 

air atmosphere with a value of4∙10−4 S/cm at 475 °C, and 

the contribution of proton transport was about 57% at 

the same temperature. The thermogravimetric 

investigations showed that the maximum concentration 

of protonic defects at 500 °C was about 2.2 mol %, 

which corresponded to the 1.1 mol water per formula 

unit. However, the A-cation exsolution processes were 

observed during the annealing of this composition at 

500 °C in a wet atmosphere for a week. It indicated poor 

chemical stability of this type of materials [40]. 

For the solid solution of BaNd1−xCaxScO4−0.5x, an 

increase in the calcium-content led to a decrease in the 

unit cell volume, as well [41]. However, the a-lattice 

parameter increased, opposite to the decreasing values of 

b- and c-parameters. The electrical conductivity 

measurements were performed by a DC 4-probe method 

in dry (pH2O ≤ 1.2∙10−16 atm) and wet 

(pH2O = 2.3∙10−2 atm) atmospheres, as well as in the 

static air. The measurements of total conductivity values 

in the static air identified the BaNd0.8Ca0.2ScO3.9 

composition as the most conductive. The total 

conductivity values were found to be equal to 3.1∙10−4 

S/cm, 1.1∙10−2 S/cm and 1.2∙10−2 S/cm at 800 °C for 

compositions with x = 0, x = 0.1 and x = 0.2, 

respectively. The use of N2/H2 and N2/O2 gas mixtures 

allowed for the identification of nature of electrical 

conductivity. It was shown that both matrix and calcium-

doped compositions were characterized by a mixed ionic-

hole type of conductivity in air (pO2 = 0.21 atm). The 

oxygen-ionic conductivity was defined as conductivity 

measured in the dry atmosphere under low oxygen 

partial pressure (pO2 < 10−8 atm). The proton 

conductivity values were obtained as a difference 

between the ionic conductivity values obtained in wet 

and dry atmospheres at the same temperature. The 

proton conductivity for the calcium-doped composition 

was higher than that of the matrix composition by up to 

~ 1.5 orders of magnitude at 600 °C. The proton 

transport numbers were estimated to be 0.88 and 0.62 

for BaNdScO4 and BaNd0.8Ca0.2ScO3.9 at 700 °C, 

respectively. We can assume that the transport numbers 

at lower temperatures would be higher, but the data for 

the composition BaNd0.8Ca0.2ScO3.9 were not provided. 

The increase in the proton mobility by 2.2 times, 

according to the calculations from the Arrhenius plots 

[41], was the reason for the increase in the proton 

conductivity for the doped composition. However, the 

proton concentration in the structure was not defined. 

In contrast, for the calcium-doped BaLaInO4, the 

values of water uptake, as well as the proton conductivity 

and proton transport numbers, were calculated in [43]. 

The introduction of calcium-ions into the lanthanum-

sublattice led to an increase in the unit cell volume from 

450.19 Å for BaLaInO4 to 451.22 Å for 

BaLa0.9Ca0.1InO3.95. This pattern is opposite to 

dependencies observed for the calcium-doped BaNdInO4 

and BaNdScO4 counterparts and can be explained by 

differences in their crystal lattice symmetry. The 

conductivity values were obtained using impedance 

spectroscopy measurements in dry air 

(pH2O = 3.5∙10−5 atm), wet air (pH2O = 2∙10−2 atm), and 

Ar. For both undoped and doped compositions, the 

Nyquist plots contained one semicircle, starting from the 

coordinate origin in the entire investigated temperature 

range (300−900 °C); this allowed for the bulk resistance 

values to be obtained for calculations of partial 

conductivity values. The proton conductivity values for 

BaLaInO4 and BaLa0.9Ca0.1InO3.95 were calculated as a 

difference between conductivity values obtained in wet 

Ar and dry Ar (oxygen-ionic conductivity) at the same 

temperature. It was shown that calcium-doping led to an 

increase in the proton conductivity by up to ~1.2 orders 

of magnitude. According to the thermogravimetric 

measurements, the calcium-doping also led to an increase 

in the water uptake from 0.6 mol H2O per formula unit 

for the basic composition to 0.7 mol for the Ca-doped 

sample, i.e. the proton concentration increased. This 

indicated that the increase in the proton conductivity 

was due to a higher concentration of proton charge 

carriers in the structure. It should be noted that the 

proton transport numbers were approximately 0.9 for 

both undoped and doped compositions, which was 

sufficiently higher compared to those obtained for 

BaNdIn(Sc)O4 and their calcium-doped analogs. The high 

proton transport numbers can be considered as an 

advantage for the compositions based on BaLaInO4 in 

comparison with the compositions based on BaNdInO4 

and BaNdScO4, despite the lower proton conductivity 

values (Figure 3). 

The improvement of transport properties of 

AA'BO4 layered perovskites was also verified by a donor-

type doping of A- and B- sublattices. This type of doping 
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led to the formation of interstitial oxygen defects in the 

interlayer space of crystal lattice: 

M2O3
2AO
→  2MA

• + 2Oo
× + Oi

′′   (2) 

2MO2
B2O3
→   2MB

• + 3Oo
× + Oi

′′   (3) 

The presence of protons in the donor-doped 

SrLaInO4 structure was proven by the neutron powder 

diffraction analysis [42]. It was shown that the formation 

of BaxSr0.8−xLa1.2InO4+d solid solutions was accompanied 

by an increase in the unit cell volume from 432.42 Å for 

SrLaInO4 to 437.12 Å for the composition with x = 0.3. 

The electrical conductivity measurements were 

performed only in ambient air without any control of 

water vapor partial pressure; therefore, the proton 

conductivity could not be calculated. However, the 

donor doping of La-sublattice of SrLaInO4 is a promising 

way of improving transport properties. The conductivity 

values of the composition with x = 0.3 is higher than that 

of the undoped SrLaInO4 by approximately 0.25 orders 

of magnitude. 

Systematic investigations on the influence of the size 

and concentration of dopant were performed for 

BaLaInO4 composition [43−52]. Apart from Ca2+-ions, 

Sr2+- and Ba2+-ions were used as the acceptor dopants 

introduced in the La3+-sublattice of BaLaInO4 [43, 45]. 

The ions Ti4+, Zr4+ and Nb5+ were used for the donor 

doping of the In3+-sublattice [44, 46, 48, 49]. All doped 

compositions based on BaLaInO4 were characterized by 

the Pbca space group. Both type of doping (acceptor and 

donor) led to an increase in the unit cell volume due to 

the increase in both the a-lattice parameter and 

interlayer space between the perovskite blocks. Based on 

the Raman spectroscopy investigations, an increase of 

the unit cell volume was accompanied by a decrease in 

the octahedra distortion and the decrease in their tilt 

angle, which led to the increase in the symmetry of the 

structure [51, 52]. According to TG-measurements, a 

higher unit cell volume was responsible for better water 

uptake during hydration up to 1.5 mol H2O per formula 

unit [50]. Analysis of IR-spectra confirmed that proton 

form in the structure was OH-groups, including H-bonds 

with different strengths [50]. BaLa0.9Ba0.1InO3.95 was 

identified as the most conductive composition among 

acceptor- and donor-doped materials. 

An increase in the unit cell volume can be obtained 

not only by the dopant radius term, but also by the 

dopant concentration term. The acceptor-doped 

Ba1+xLa1−xInO4−0.5x (0 ≤ x ≤ 0.15) [44] and donor-doped 

BaLaIn1−xTixO4+0.5x (0 ≤ x ≤ 0.15) [46], BaLaIn1−xNbxO4+x 

(0 ≤ x ≤ 0.10) [49] solid solutions were obtained. An 

increase in the dopant concentration led to an increase in 

both the unit cell volume and the proton concentration 

in the structure. However, the concentration profile of 

proton conductivity was found to be non-monotonic. 

The maximum of proton conductivity was observed 

for a small dopant concentration (x = 0.05 for Ti-doped 

solid solution and x = 0.1 for Ba- and Nb- doped solid 

solutions) (Figure 3). Exceeding this value led to 

decreasing proton conductivity values due to the 

formation of proton-aggregating clusters: 

MA
′ + (OH)

o

• → (MA
′ ∙ (OH)

o

•)×   (4) 

MB
• + (OH)

i

′ → (MB
• ∙ (OH)

i

′)×   (5) 

Consequently, a combination of optimal 

concentration of dopant and its size is necessary for the 

design of the most conductive proton-conducting 

electrolytes with layered perovskite structures. It should 

be noted that all acceptor- and donor-doped samples 

based on BaLaInO4 exhibit ~ 90−98% proton 

conductivity in wet air below 400 °C.  

Figure 3, where the temperature dependencies of 

proton conductivity for the different layered perovskites 

AA′BO4 are presented, shows that the most conductive 

composition is the sample BaNd0.8Ca0.2InO3.9. However, 

the proton transport numbers for this composition do 

not exceed 0.57 at low temperatures (250−475 °C). At 

the same time, the BaLa0.9Ba0.1InO3.95 composition is 

characterized by almost fully proton conductivity 

(95−98% below 400 °C [43]) despite slightly lower 

proton conductivity values.
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Figure 3 The temperature dependencies of proton 

conductivity for doped compositions based on BaNdInO4 [40], 

BaNdScO4 [41], SrLaInO4 [42], BaLaInO4 [43, 44, 49]. 
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3. Hexagonal perovskites 

3.1. Ba7Nb4MoO20 

The discovery of oxygen-ion conductivity in a 

hexagonal perovskite by Fop et al. in 2016 [55] has 

prompted extensive research on this structural type. The 

structure of hexagonal perovskites has long been defined. 

If the ABO3 perovskite structure generally consists of 

corner-sharing BO6 octahedral units, then, with a 

significant difference in size between the constituent 

cations, some of the BO6 octahedra share faces, forming 

hexagonal polytypes. Mixed combinations of corner-

sharing and face-sharing octahedra can lead to a variety 

of hexagonal perovskite derivatives, which are able to 

accommodate cationic and anionic vacancies [56, 57]. 

Although the phase Ba3MoNbO8.5 (intergrowth 

structure between the 9R perovskite and palmierite 

structures) did not show a high conductivity, another 

Ba7Nb4MoO20 composition was found to be a more 

promising ionic conductor. A single-phase Ba7Nb4MoO20 

material can be obtained by the conventional solid-state 

reaction at 1050 °C for 48 h. The Ba7Nb4MoO20 phase 

exhibits a cation deficient hexagonal perovskite structure 

with the unusual polytype 7H (hhchhcc). It crystallizes in 

the P3m1 space group with the hexagonal lattice 

parameters of a = 5.8644(2) Å and c = 16.5272(4) Å. 

The unit cell of Ba7Nb4MoO20 can be considered as an 

ordered intergrowth along the c-axis of the structural 

units corresponding to the 12R and the palmierite 

polytypes. Both types of blocks are isolated through the 

cationic vacancies, forming a layered structure. The 

existence of two cationic empty sites per unit cell is a 

possible reason for adopting the 7H polytype containing 

two hh pairs[58]. According to [58], the short O1–O2 

distance (∼2.0 Å) does not allow for simultaneous 

occupation of two oxygen sites. The O1 and O2 sites are 

therefore partially occupied, leading to mixed four-, five- 

and six-fold local coordinates of the d-metal atoms (M1) 

along the palmierite-like layers. When heated above 

290 °C, a thermal reorganization of the oxygen 

fractional occupancies at the O1 and O2 sites occurs: the 

O1 fractional occupancy increases, while the fractional 

occupancy of O2 decreases, and above 500 °C, the O1 

site is fully occupied, while O2 is empty. The partially 

occupied oxygen sites and the intrinsic vacancies along 

the palmierite-like layers provide viable oxide ion 

migration pathways and allow for the formation and 

diffusion of protonic (hydroxyl) defects forming during 

the dissociative water absorption. 

Thermogravimetric analysis conducted in a cooling 

mode under humidified air (pH2O ∼0.021 atm) confirms 

water uptake of Ba7Nb4MoO20 [59]. At room 

temperature, its weight increase corresponds to ∼0.80 

H2O molecules per formula unit. The hydration is 

correlated with the change in O1–O2 occupancies. The 

phase of Ba7Nb4MoO20 is stable under reducing 

conditions and after heating in pure CO2 (1 atm) between 

400 and 600 °C. Electromotive force measurements and 

conductivity measurements depending on oxygen partial 

pressure (pO2) variation indicate that the undoped 

Ba7Nb4MoO20 hexagonal perovskite is an oxygen-ionic 

conductor with a negligible level of electronic 

conductivity. At low oxygen partial pressures 

(10−18–10-16 atm at 600–800 °C), n-type electronic 

conductivity is observed. In wet air (pH2O ∼0.021 atm), 

an increase in conductivity is attributed to proton 

conductivity, and the proton conductivity value is 

comparable with the one observed for BaCe0.9Y0.1O3-δ. 

The calculated proton transport number reaches ∼0.80 

at 525 °C. The activation energy of proton bulk 

conductivity is 0.57 ± 0.04 eV. The authors of the study 

[59] believe that isolated lower coordination moieties 

(tetrahedral) provide more dynamic environments for 

oxygen migration; therefore, the presence of a flexible 

average tetrahedral environment facilitates proton 

mobility. This is the reason why the Ba3NbMoO8.5 

structural analog (intergrowth of palmierite layers and 

9R perovskite blocks), containing predominantly higher 

coordination geometries in the palmierite layer, does not 

exhibit proton conductivity. 

Oxygen-ionic conduction in a nonstoichiometric 

Ba7Nb3.9Mo1.1O20.05 compound was described by Yashima 

in 2021 [60]. It was shown that the bulk conductivity of 

Ba7Nb3.9Mo1.1O20.05 was remarkably high  

(5.8 × 10−4 S cm−1 at 310 °C), exceeding the values for 

Bi2O3- and zirconia-based materials. The high 

conductivity of Ba7Nb3.9Mo1.1O20.05 was attributed to the 

interstitial oxygen. 

Thus, phases based on the Ba7Nb4MoO20 hexagonal 

perovskite are exceptional candidates for application as a 

dual-ion solid state electrolyte in a ceramic fuel cell, 

which will combine the advantages of both oxide ion and 

proton-conducting electrolytes. 

3.2. Ba5Er2Al2ZrO13 

Among hexagonal perovskite-related oxides, the 

formation of intergrowth structures can occur with 

oxygen-deficient fragments of different structures [61]. 

For example, the composition of Ba5Er2Al2ZrO13 adopts a 

hexagonal perovskite-related structure consisting of 

triple-layer cubic perovskite blocks, which are separated 

by an oxygen-deficient hexagonal BaO(Vo)-layer [62]. 

The lattice parameters of the Ba5Er2Al2ZrO13phase were 

obtained as a = 5.9629(3) Å and c = 24.7340(1) Å 
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(P63/mmc). The presence of oxygen-deficient layers in 

the hexagonal perovskite oxides is a key condition for 

the appearance of high proton conductivity. This phase 

was first described in 2020 as a new class of proton 

conductors [63]. Incorporation of protons led to the 

formation of the phase with Ba5Er2Al2ZrO13.23H0.46 

composition. The proton conductivity of Ba5Er2Al2ZrO13 

was higher than 10−3 S∙cm−1 above 300 °C, which is 

comparable to the numbers reported for the best proton 

conductors and Ba7Nb4MoO20. 

3.3. Ba5In2Al2ZrO13 

The structure of another hexagonal perovskite 

composition, Ba5In2Al2ZrO13, was described by 

Shpanchenko et al. [63]. It can be seen as a result of the 

intergrowth of Ba2InAlO5-like blocks and BaZrO3-blocks 

along the c-axis. Two 4f positions are occupied by In- 

and Al-atoms; and oxygen atoms and vacancies in BaO2–

layers are disordered (Figure 4).  

The possibility of proton transport in this 

compound was revealed for the first time in 2022 [64]. It 

was found that the compositions of Ba5Er2Al2ZrO13 and 

Ba5Er2Al2ZrO13 had close hydration degrees (~0.3 mol 

per formula unit). The presence of different types of 

OH−-groups in the structure of hydrated 

Ba5In2Al2ZrO12.7(OH)0.6 phase was confirmed by IR-

analysis and caused by their participation in different 

hydrogen bonds. 

 

Figure 4 Crystal structure of Ba5In2Al2ZrO13. 
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Figure 5 Temperature dependencies of total conductivity for 

Ba5Er2Al2ZrO13 [62], Ba5Lu2Al2ZrO13 [62] and Ba5In2Al2ZrO13 

[64] in wet air (pH2O = 1.92·10−2 atm). 

Figure 5 presents the temperature dependencies of 

total conductivity in wet air for several hexagonal 

perovskites, including Ba5Er2Al2ZrO13 [62], 

Ba5Lu2Al2ZrO13 [62] and Ba5In2Al2ZrO13 [64]. The Er-

containing sample exhibits the highest conductivity 

among others. The possible reason for this is the 

implementation of the optimal migration volume for 

proton transport. 

4. Conclusions 

The layered and hexagonal perovskites are relatively 

new and promising classes of protonic conductors. 

Various type of doping can significantly improve their 

transport properties, including conductivity values and 

ionic transport numbers. However, the further research 

is needed to obtain compositions with suitable 

characteristics for their actual application as electrolyte 

materials in SOFCs. We believe that novel ceramic 

materials with layered and hexagonal perovskite 

structures will be developed, and they will be suitable for 

use in energy conversion devices.  
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