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• Anna Shlyakhtina

• Nikolay Lyskov

• Egor Baldin

• Dmitriy Stolbov

• Igor Kolbanev

• Alexander Shatov

• Anna Kasyanova

• Dmitriy Medvedev

Impact of Ln cation on the oxygen ion conductivity 
of Ln14W4O33 (Ln = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) tungstates

• REE tungstates

• Ln14W4O33

• Mechanoactivation

• Oxygen-ion conductivity

• Mixed conductivity

Tungstates Ln14W4O33 (Ln = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) with 

a pseudorhombohedral structure have been synthesized by a 

short high temperature annealing (1450–1600 °С) from 

mechanically activated mixtures of oxides. The resulting 

ceramics were studied by X-ray diffraction, Raman and SEM 

analyses. The conductivity of ceramics was measured by the 4-

probe direct current method in dry and wet atmospheres 

(oxidizing and reducing) and by impedance spectroscopy. In 

order to estimate the ionic and electronic contributions to the 

total conductivity, the dependences of the conductivity on the 

oxygen partial pressure (pO2) were determined at 

temperatures between 700 and 900 °C. Ln14W4O33 (Ln = Nd, Sm, 

Gd) tungstates have a wide electrolytic range (10−15–1 atm) 

above 700 °C. It should be noted that under oxidizing 

conditions the contribution of hole conductivity is absent in 

these compounds. Among the pseudorhombohedral phases 

of Ln14W4O33 (Ln = Nd, Sm, Gd), Nd14W4O33 exhibits the highest 

oxygen-ion conductivity (4 × 10−4 S/cm at 700 °C). The 

electrolytic domain of the second half of 

the REE Ln14W4O33 (Ln = Dy, Ho, Er, Tm, Yb) series becomes 

narrower (10−10–10−5 atm) and at the same time has a slight 

slope indicating the presence of impurity electronic charge 

carriers. Investigations in a reducing atmosphere confirmed 

that the reduction tendency increases with 

decreasing lanthanide ionic radius in 

the Ln14W4O33 tungsten series. The variations of the total 

conductivity in the series of pseudorhombohedral

phases Ln14W4O33 (Ln = Dy, Ho, Er, Tm, Yb) are associated with 

local changes in the short-range order structure (Raman 

spectroscopy). When Ln14W4O33 (Ln = Nd, Gd) is exposed to 

water at room temperature for an extended period of time, the 

total conductivity decreases due to the diffusion of the Nd and 

Gd cations into the water.
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Insight into grain and grain-boundary transport of 
proton-conducting ceramics: A case report of BaSn0.8Y0.2O3−δ.

• distribution of relaxation times

• electrochemical impedance 

spectroscopy

• grain and grain-boundary 

transport

• proton-conducing electrolytes

Proton-conducting ceramic electrolytes offer great 
potential for the development of low- and intermediate-
temperature solid oxide electrochemical devices, e.g., 
fuel cells and electrolyzers. However, the electrolyte 
constitutes the main bottleneck in such devices, 
especially at reduced temperatures, determining their 
overall performance and efficiency. Herein, for the first 

time the low-temperature transport properties of 
BaSn0.8Y0.2O3−δ as a representative of proton-conducting 
materials are investigated. The attention is focussed on 
grain and grain boundary conductivity of this ceramic 
material over a wide range of experimental conditions, 
including temperatures of 400–550 °C, oxygen partial 
pressures of 10−22–0.21 atm, and water vapor partial 
pressures of 10−5-0.03 atm. After analyzing BaSn0.8Y0.2O3−δ 

with electrochemical impedance spectroscopy under 
these experimental conditions, the distribution of 
relaxation times is leveraged to evaluate the resistance, 
capacitance, and frequency of each electrolytic 
process. The data show that the BSY ceramic, prepared 
with CuO as a sintering additive, is characterized by three 
distinct processes: one is due to grain response, and two 
others are understood to be related to the responses of 
the pure and CuO-covered grain boundaries. Therefore, 
this work opens a new path for the analysis of ionic, 
including protonic, transport along grains and grain 
boundaries.
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• A.V. Kasyanova

• A.S. Kalashnikova

• G.K. Vdovin

• D.A. Medvedev

Low-temperature transport properties of isovalent-substituted 
La0.9Sr0.1YbO3–δ ceramic materials.

• Perovskite

• Isovalent doping

• Sintering

• Transport properties

• Electrochemical impedance 

spectroscopy

Proton-conducting oxides based on lanthanum 
ytterbates (LaYbO3) have been proposed as promising 
electrolytes due to their high chemical stability in 
aggressive atmospheres. To improve the transport 
properties of LaYbO3, a strategy of oxygen deficiency 
creation by acceptor-type doping is usually employed. 
However, the acceptor-doping strategy has some 
limitations related to the low solubility limit of the 
introduced dopants. To further improve the ionic 
transport of already doped LaYbO3, two strategies—
isovalent doping (chemical factor) and sintering 

temperature (technological factor)—are deliberately 
used in the present work. The La0.9Sr0.1Yb0.8R0.2O3–

δ (R = In, Er, Y, Dy) were synthesized using the standard 

citrate-nitrate technology. X-ray diffraction analysis 
showed that all the samples are single-phase and have 
an orthorhombic structure with space group of Pna21. 
Increasing the sintering temperature from 1400 to 
1500 °C almost doubles the average grain size of the 
samples; as a result, the ceramics sintered at 1500 °C 
have higher grain boundary and total conductivities 
than those of the ceramics sintered at 1400 °C. Among 
the La0.9Sr0.1Yb0.8R0.2O3–δ ceramics sintered at 1500 °C, 
the Dy-substituted material exhibits the highest grain 
boundary and total conductivities that confirms 
dopant type affects the electrolyte microstructure 
which, in turn, affects its electrochemical response. 
Therefore, the La0.9Sr0.1Yb0.8Dy0.2O3–δ composition can 
be considered the most conductive among the 
studied series.
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Fluorine-insertion in solid oxide materials for improving their ionic 
transport and stability. A brief review.

• SOFCs

• SOECs

• Electrolyte

• Electrode

• Fluorione

• F-doping

• F-insertion

Materials engineering is an important 

trajectory for the design of new complex 

oxide compounds for their high-

temperature application in solid oxide 

electrochemical cells. Usually, tailoring the 

functional properties of such compounds is 

realized through a cationic-type doping 

strategy, when a partial substitution of 

basic cations with impurity ions is 

performed. Typically, such a doping 

improves some properties, but deteriorates 

others due to significant changes in the 

cationic framework of a crystal. Anionic-

type doping is an alternative way to leave 

the cationic sites unchanged, which may 

be suitable for achieving a compromise 

between a variety of properties. In this brief 

review, we summarize the existing data 

devoted to the F-doping (or F-insertion) of 

solid oxide electrolyte and electrode 

materials. In most cases, the F-doping 

improves the chemical stability of 

compounds and their ionic transport 

properties. Possible reasons responsible for 

this improvement are briefly discussed. In 

addition to highlighting these advantages, 

possible drawbacks are also listed to 

stimulate further research activities on this 

problem.
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Theoretical and experimental explored tailored hybrid H+/O2– ions conduction: 
Bridged for high performance fuel cell and water electrolysis

• SOFCs

• SOECs

• Electrolyte

• Electrode

• Fluorione

• F-doping

• F-insertion

A hybrid proton and oxide ion (H+/O2–) conducting 
electrolyte transports ions in multiple ways can operate at 
lower operating temperatures than a pure oxide ion 
conductor in solid oxide fuel cells (SOFCs). Here, a novel 
hybrid H+/O2– conductor is developed based on 
Ba0.5Sr0.5Zr0.9Y0.1O3-δ (BSZY) by Gd3+ doping. The 
Ba0.5Sr0.5Zr0.9-xGdxY0.1O3-δ (x = 0, 0.05, 0.1) electrolytes are 
modeled to construct crystal structures by density functional 
theory (DFT) calculations and subsequently synthesized, 
followed by physicochemical characterizations. The 
corresponding BSZGdxY electrolyte-based SOFCs are 
fabricated and investigated in terms of I-V characteristics, 
electrochemical impedance spectra, and durable operation. 
It is found Gd3+doping significantly enriches the oxygen 
vacancies and enhance the ionic conductivity of BSZGdxY. 
The DFT calculations provide evidence of high oxygen 
vacancies formation with the optimal doping of Gd with x = 
0.1. Among the three samples, the
Ba0.5Sr0.5Zr0.8Gd0.1Y0.1O3-δ (BSZGd0.1Y) electrolyte exhibits 
the highest fuel cell power density of 805 mW cm−2, hybrid 
H+/O2– conductivity of 0.17 S cm−1, and stable operation for 
67 h at 520 °C. Further study finds that the BSZGd0.1Y 
electrolyte-based fuel cell can be operated under water 
electrolysis mode, revealing a high current density of 2.37 A 
cm−2 under 1.5 V at 520 °C. Moreover, the impact of Gd 
doping is studied in terms of electronic structure and energy 
bands investigated with the help of DFT calculations and the 
Schottky junction effect of the cell for electron blocking is 
investigated. This work demonstrates an efficient way to 
explore hybrid H+/O2– conduction in BSZY for high-
performance SOFC and water electrolysis.
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Ba-containing ferrites, Pr1–xBaxFeO3–δ, as symmetrical electrodes and their 
functional properties in both oxidizing and reducing atmospheres. 

• Pr1–xBaxFeO3–δ (PBxF, x = 0.4, 0.5, 0.6) materials were synthesized and characterized.
• Functional properties of PBxF were analyzed under oxidizing and reducing conditions.
• PB0.4F exhibits the highest redox stability and lowest TEC values.
• However, the PB0.6F electrodes show the highest electrochemical activity.
• A trade-off between the functional properties is needed for real PBxF applications.

Searching for suitable materials for symmetrical solid oxide fuel cells is an essential 

direction in modern high-temperature electrochemistry. One promising option for 

symmetrical electrode materials is a family of Fe-based complex oxides, which have 

high mixed ionic and electronic conductivity. This study focuses on the synthesis and 

thorough evaluation of the Pr1–xBaxFeO3–δ (x = 0.4, 0.5, 0.6) materials as symmetrical 

electrodes for proton ceramic electrochemical cells. The functional properties of these 

phases, both in powder and ceramic forms, are investigated for the first time under 

oxidizing and reducing conditions. The obtained results indicate that a low Ba-content is 

preferable for achieving high redox stability, low thermal expansion, and high 

conductivity of ferrite-based perovskites. However, Ba-enriched samples exhibit the 

lowest polarization resistance, particularly in reducing atmospheres. This may be due to 

the easier exsolution of Fe-metallic particles with high electrocatalytic activity. Therefore, 

a certain compromise needs to be achieved considering the obtained experimental 

data in a complex form. This work provides a basis for designing symmetrical electrodes 

by offering comprehensive information on the functional properties of ferrites in both 

oxidizing and reducing conditions.
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Ba-doped Pr2NiO4+δ electrodes for proton-conducting 
electrochemical cells. Part 3: electrochemical applications.

Layered nickelates, Ln2NiO4+δ, are promising 

electrode materials for many electrochemical 

applications, including solid oxide fuel cells and 

electrolysis cells. Although Ln2NiO4+δ has been 

extensively modified by various doping strategies 

to tune its functional properties, the partial 

substitution of Ln3+ with Ba2+ remains among the 

least studied routes. At the same time, such 

substitution is found to be favorable when 

Ln2NiO4+δ materials are used for protonic 

ceramic electrochemical cells based on Ba-

containing proton-conducting electrolytes (i.e., 

BaCeO3, BaZrO3, Ba(Ce,Zr)O3). In this work, which 

is the third part of a systematic study, Pr2–

xBaxNiO4+δ materials are used as electrodes for a 

proton ceramic fuel cell and as oxygen 

permeable membranes. The oxygen permeation 

experiments confirm that the compositions with 

x = 0.2 and 0.3 prevail over x = 0 and 0.1 in terms 

of their oxygen-ionic conductivity, while the 

electrochemical cell characterizations confirm 

the high electrochemical activity of the 

Pr1.8Ba0.2NiO4+δ electrode in both fuel-cell- and 

electrolysis-cell modes. Our research thus confirms 

that a Ba-doping strategy is highly promising for 

designing new Ln2NiO4+δ-based phases, 

simultaneously offering good chemical and 

thermal compatibility with state-of-the-art proton-

conducting electrolytes and high 

electrochemical performance.
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• Pr2–xBaxNiO4+δ (PBNx, 0 ≤ x ≤ 0.3) materials were electrochemically 
characterized.

• PBNx were used as components of protonic ceramic cells and oxygen 
permeable membranes.

• The obtained results indicate that Ba-doping improves the ionic 
transport of PBNx.

• PBN0.2 and BPN0.3 can be considered as promising functional materials.
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Current and further trajectories in designing functional materials 

for solid oxide electrochemical cells: a review of other reviews

• SOFCs 

• SOECs 

• PCFCs 

• Electrochemistry 

• Energy conversion 

• Hydrogen energy

• Carbon neutrality

Complex oxides are an important class of materials with enormous potential for 

electrochemical applications. Depending on their composition and structure, such 

complex oxides can exhibit either a single conductivity (oxygen-ionic or protonic, or n-

type, or p-type electronic) or a combination thereof generating distinct dual-

conducting or even triple-conducting materials. These properties enable their use as 

diverse functional materials for solid oxide fuel cells, solid oxide electrolysis cells, 

permeable membranes and gas sensors. The literature review shows that the field of 

solid oxide materials and related electrochemical cells has a significant level of research 

engagement, with over 8,000 publications published since 2020. The manual analysis of 

such a large volume of material is challenging. However, by examining the review 

articles, it is possible to identify key patterns, recent achievements, prospects, and 

remaining obstacles. To perform such an analysis, the present article provides, for the 

first time, a comprehensive summary of previous review publications that have been 

published since 2020, with a special focus on solid oxide materials and electrochemical 

systems. Thus, this study provides an important reference for researchers specializing in 

the fields of solid state ionics, high-temperature electrochemistry, and energy 

conversion technologies.
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PrBaFe2O6–δ-based composites as promising electrode 
materials for protonic ceramic electrochemical cells

• Homogeneous and heterogeneous doping strategies were used for 
PrBaFe2O6–δ (PBF).

• A partial substitution of iron-ions in PBF with nickel, cobalt or copper is 
made.

• The Cu- and Ni-containing PBF samples exhibit better conductivity and 
reduced TECs.

• Further modification of doped PBF is performed to create composite 
materials.

• The as-prepared composites show acceptable polarization resistance 
values.

PrBaFe2O6–δ (PBF) is considered as a promising 

material for mixed ionic-electronic conductors 

used in high-temperature applications. In the 

present work, PBF was used as a basis for two 

chemical modification approaches, including 

doping with cobalt, nickel and copper, as well 

as composite design with the addition of a 

BaCe0.8Sm0.2O3–δ phase. The single-phase and 

composite materials were successfully prepared 

and characterized in terms of their functional 

properties. The two approaches were found to 

synergistically affect the functional properties of 

PBF, allowing a trade-off between 

thermomechanical and transport properties to 
be achieved. As a result, the prepared 70 wt% 

PrBaFe1.9M0.1O6–δ (M = Co, Ni, Cu) + 30 wt% 

BaCe0.8Sm0.2O3–δ composites exhibit acceptable 

electrochemical activity in the intermediate-

temperature range. The best electrochemical 

activity was found for the sample with M = Cu, 

whose polarization resistance at 700 °C reaches 

1.7 Ω cm2. Therefore, the designed PBF-based 

composites can be considered as promising 

electrode materials for solid oxide fuel cell 

applications.
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Why do BaCo0.4Fe0.4Zr0.1Y0.1O3–δ-derived complex oxides 

become one of the most promising electrodes for protonic 

ceramic electrochemical cells? An explanatory review.

• This review focuses on BaCe0.4Fe0.4Zr0.1Y0.1O3–δ (BCFZY) and its 

doped materials.

• BCFZY represents a basis for designing high-performance ORR 

and OER electrodes.

• Origin and doped BCFZY electrodes can be used in SOFCs, 

SOECs, PCFCs, and PCECs.

• Owing to triple-conducting nature, BCFZY is promising for 

protonic ceramic cells.

Efficient energy conversion through the use of fuel and 
electrolysis cells is crucial for addressing the challenges 
posed by hydrogen energy and carbon neutrality 
initiatives. Solid oxide electrochemical cells, which are 
based on proton-conducting electrolytes (known as 
protonic ceramic fuel cells (PCFCs) and electrolysis cells 
(PCECs)), are a viable solution due to their ability to 
achieve high performance and efficiency at reduced 
operating temperatures, below 600 °C. However, 
electrode kinetics become sluggish at low- and 
intermediate-temperature ranges, necessitating the 
search for new electrode materials with high 
electrochemical and electrocatalytic activity towards 
oxygen reduction and oxygen evolution reactions. While 

a wide range of single-phase and composite materials 
have been proposed as PCFC/PCEC electrodes, 
determining the optimal composition is often 
challenging due to the complex interplay of functional 
properties. BaCo0.4Fe0.4Zr0.2O3–δ (BCFZ), 
BaCo0.4Fe0.4Zr0.1Y0.1O3–δ (BCFZY), along with their derived 
compositions, are considered as highly promising 
oxygen electrodes for electrochemical cells with proton-
conducting electrolytes. These materials offer unique 
advantages over widely studied materials, such as La1–

xSrxCo1–yFeyO3–δ (labeled as LSCF), Ba1–xSrxCo1–yFeyO3–

δ (BSCF), PrBa1.5Sr0.5Co1.5Fe0.5O6–δ (PBSCF), and 
Ln2NiO4+δ (LNO). The present review discusses why BCFZ, 
BCFZY, and their doped compositions have garnered 
increased attention from both fundamental and applied 
perspectives.
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Transport properties of highly dense proton-conducting 

BaSn1−xInxO3−δ ceramics.

• In-doped BaSnO3 materials (BaSn1−xInxO3−δ, 0 ≤ x ≤ 0.4) were 

successfully prepared.

• Single-phase and high-dense ceramics were prepared for all In-

concentration.

• Electrical properties of BaSn1−xInxO3−δ were comprehensively 

studied at 200–900 °C.

• Ionic conductivity of BaSn1−xInxO3−δ continuously increases with 

In-doping.

• BaSn1−xInxO3−δ are MIEC materials in both oxidizing and 

reducing atmospheres.

Doped barium stannate belongs to the perovskite-structured complex oxides with proton 
transport capability. Such objects are of high interest in terms of their application in various 
protonic ceramic electrochemical cells. In the present work, In-doped 
barium stannate (BaSn1−xInxO3−δ, 0 ≤ x ≤ 0.4) materials were prepared and thoroughly 
characterized by structural, microstructural, and electrochemical techniques. The single-phase 
and high-dense ceramic materials were prepared by the conventional solid-state synthesis 
route over the entire doping range investigated. The chemical composition of these materials 
was found to be in close agreement with the nominal values, indicating no evaporation of Ba-
, Sn-, or In-containing phases during sintering. The high-temperature electrochemical analysis 
showed that the ionic conductivity of BaSn1−xInxO3−δ gradually increases with increasing the In-
content without reaching a concentration maximum, even for high dopant concentrations. 
The relatively high activation energy values indicate that this ionic conductivity is determined 
by oxygen-ionic transport, which, however, becomes predominantly protonic at reduced 
temperatures. The determination of bulk and grain boundary transport showed that both were 
improved with the In-doping. The possible reasons for these observations were discussed in 
detail in this work. Therefore, the obtained data are important for discovering the transport 

properties of stannates and their potential applications.
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Co-doping effect on the microstructural and electrical 

properties of barium stannate materials
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Proton-conducting perovskite oxides are of 

considerable interest to researchers as promising 

electrolytes for low- and intermediate solid oxide 

electrochemical cells. Therefore, designing new 

potential proton-conducting phases and 

improving the functional properties of known 

materials are of great importance from both 

fundamental and applied viewpoints. In the 

present work, BaSnO3 was selected as a 

reference proton-conducting system and then a 

co-doping strategy was employed to analyze 

‘composition – structure – microstructure –

transport properties’ relationships. To perform such 

an analysis, the properties of previously studied 

BaSn0.7M0.3O3–δ (M = In, Sc, Y) compounds were 

compared here to their co-doped derivatives, 

BaSn0.7In0.15Sc0.15O3–δ, BaSn0.7Y0.15Sc0.15O3–δ, and 

BaSn0.7In0.15Y0.15O3–δ. It is found that the type of 

dopant affects the materials sinterability, when 

more coarse-crystalline ceramics are formed with 

increasing the average ionic radii at the Sn-

position. The introduction of Y3+-cations reduces 

both ionic and hole conductivities compared to 

single-doped with In3+ or Sc3+ barium stannate 

materials. However, simultaneous doping with 

In3+/Sc3+ cations minimizes the contribution of hole 

conductivity compared to that of Sc-doped 

barium stannate with the same acceptor dopant 

concentration.
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Fundamental and technological aspects of thermochemical 
expansion of proton-conducting oxides: a case study of 

BaSn1–xScxO3–δ.

This work provides insight into the thermal and chemical 

expansion behaviors of proton-conducting oxides, using Sc-

doped BaSnO3 materials as examples. Both fundamental and 

applied aspects related to thermo-chemical expansion are 

thoroughly discussed.
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Proton-conducting electrolytes (PCEs) are extensively 
researched materials utilized in solid oxide 
electrochemical cells with various operating 
principles. The high ionic (protonic) transport of PCEs 
offers superior performance of such cells at reduced 
temperatures (400–600 °C). However, chemical-
related deformations (strains) caused by the 
materials' hydration/dehydration pose serious 
technological challenges for fabricating multilayered 
(cer-cer, cer-met, and cer-glass) assemblies. 
Therefore, studying both thermal and chemical 
expansions of PCEs is crucial. This work presents in-

depth high-temperature characterization of Sc-
doped BaSnO3 compounds (BaSn1−xScxO3−δ) in 
terms of their thermochemical expansion behavior. 
This characterization includes high-temperature X-ray 
diffraction and dilatometry analyses under various 
measuring conditions. On one hand, the collected 
data can serve as technological characteristics for 
the selection of appropriate functional materials. On 
the other hand, the thermochemical expansion data 
can be used to evaluate the thermodynamic 
parameters (enthalpy and entropy of hydration) and 
transport parameters (water chemical diffusion 
coefficient and chemical surface exchange 
constant) of PCEs. The latter was shown in the present 
work for the first time. This paves a new way to reveal 
the relationships between the composition, structure, 
thermochemical response, and transport properties 
of complex oxides capable of reversible water 
uptake.
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Navigating the future of solid oxide fuel cell: Comprehensive 
insights into fuel electrode related degradation mechanisms 

and mitigation strategies. 
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Solid Oxide Fuel Cells (SOFCs) have proven to be highly efficient and one of the cleanest 

electrochemical energy conversion devices. However, the commercialization of this 

technology is hampered by issues related to electrode performance degradation. This 

article provides a comprehensive review of the various degradation mechanisms that 

affect the performance and long-term stability of the SOFC anode caused by the interplay 

of physical, chemical, and electrochemical processes. In SOFCs, the most used anode 

material is nickel-yttria stabilized zirconia (Ni–YSZ) due to its advantages of high electronic 

conductivity and high catalytic activity for H2 fuel. However, various factors affecting the 

long-term stability of the Ni–YSZ anode, such as redox cycling, carbon coking, sulfur 

poisoning, and the reduction of the triple phase boundary length due to Ni particle 

coarsening, are thoroughly investigated. In response, the article summarizes the state-of-

the-art diagnostic tools and mitigation strategies aimed at improving the long-term stability 

of the Ni–YSZ anode.
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High-temperature gas sensors based on proton-

conducting ceramic oxides. 

This review focuses on solid-state gas sensors based on proton-

conducting oxides.

Potential electrolytes and sensor operating principles are 

presented.

Recent achievements in the use of such sensors are discussed.

Protonic ceramic sensors can be used for various electroanalytical 

purposes.
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Proton-conducting ceramic oxides represent a promising 

class of materials for a range of high-temperature 

applications. Their excellent proton transport capabilities 

rival those of classical oxygen-ionic conductors, offering 

a basis for the design of protonic ceramic fuel cells 

(PCFCs) and protonic ceramic electrolysis cells (PCECs) 

with high performance and efficiency at temperatures 

ranging from 400 to 700 °C. Nevertheless, proton-

conducting ceramic oxides can also be employed as 

electrolytes for solid-state gas sensors, which are utilized 

for a variety of analytical purposes, including 

electrochemical analysis of hydrogen-, ammonia-, 

oxygen-, or even carbon dioxide-containing gas 

mixtures. In this review, we present the recent (ten-year) 

achievements in the R&D field of electrochemical solid-

state sensors based on proton-conducting ceramic 

electrolytes. Along with discussion of their operation 

principles, the specific functions (sensitivity, response 

time, selectivity) are analyzed in detail. This work 

therefore represents a concise overview of the 

application of proton-conducting electrolyte materials 

for in-situ electrochemical analysis provided at elevated 

temperatures.
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Revisiting the ionic conductivity of solid oxide electrolytes: 

A technical review.

• The present perspective revises the ionic 

conductivity of highly studied fluorite- and 

perovskite-based electrolytes for their 

applications in solid oxide fuel cells (SOFCs) 

and electrolysis cells (SOECs).
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Oxygen-ionic and proton-conducting oxides 
are an important class of functional materials 
for their applications as electrolytes in various 
high-temperature electrochemical cells, 
including solid oxide fuel cells (SOFCs), solid 
oxide electrolysis cells (SOECs), proton ceramic 
fuel cells (PCFCs), and proton ceramic 
electrolysis cells (PCECs). The electrolyte, as a 
heart of these cells, must meet a number of 
stringent requirements, among which its ionic 
conductivity is one of the most important 
parameters determining the possible 
applications in electrochemical devices and 
operating temperatures. In the present work, we 
provide a comparative analysis of the ionic 
conductivity for several classical electrolyte 
classes, such as stabilized/doped ZrO2, CeO2, 
LaGaO3, BaCeO3, BaZrO3, and Ba(Ce,Zr)O3. 
This analysis provides possible windows of 
conductivity variation and potential (common 
and specific) factors responsible for 
conductivity differences for the same materials 
and measurement conditions. In addition, the 
ionic conductivity is discussed not only for 
massive ceramic electrolytes, but also for their 
thin-film form in SOFCs/PCFCs or SOECs/PCECs. 
As a result, the transport properties of the state-
of-the-art electrolytes have been revised and 
compared to show which system prevails over 
the other under different experimental 
conditions. Therefore, this technical review can 
be used as a reference source to provide useful 
information on oxygen-ionic and protonic 
conductivity for the most popular solid oxide 
electrolytes.
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Technological achievements in the fabrication of tubular-

designed protonic ceramic electrochemical cells.
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Protonic ceramic electrochemical cells provide 

an excellent basis for the advancement of high-

temperature solid oxide devices, offering 

potential solutions to a range of challenges in 

the hydrogen energy and carbon capture 

fields. The facilitated ionic transport in proton-

conducting electrolytes enables these cells to 

operate at temperatures 100 °C–500 °C lower 

than those of conventional solid oxide cells with 

known zirconia electrolytes. As a result, 

promising performances have been reported for 

various types of proton ceramic 

electrochemical cells. Nevertheless, these 

advancements have been demonstrated only 

at the laboratory scale, whereas their ZrO2-

based counterparts have already been 

commercialized. This review presents an 

overview of the fundamental and applied 

aspects related to the fabrication of tubular 

protonic ceramic electrochemical cells and 

their subsequent characterization as hydrogen 

permeation membranes, hydrogen pumps, 

hydrogen sensors, fuel cells, electrolysis cells, 

and electrochemical reactors. A specific focus 

is placed on the technological aspects of the 

tube preparations derived from the original 

powder sources as well as the dimensional 

characteristics of the tubes, which serve as an 

indicator of scaling. Therefore, this review serves 

as a starting point for the development and 

scaling of protonic ceramic electrochemical 

cells, with the potential for large-scale 

production.
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Transport properties and phase stability of Ni-doped 
Pr0.6Ba0.4FeO3–δ as potential symmetrical electrodes for proton-

conducting electrochemical cells.
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BaFeO3-based perovskites have recently attracted 
considerable attention as a highly promising matrix for the 
development of robust and electrochemically active 
electrodes for solid oxide electrochemical cells based on 
both oxygen-ionic and proton-conducting electrolytes. 
The excellent redox activity and mixed ionic‒electronic 

conducting behavior of BaFeO3-based materials support 
their application not only as oxygen electrodes but also as 
fuel electrodes. In the present study, Pr0.6Ba0.4FeO3–δ is 
employed as the initial composition, which is then 
subjected to various Ni-doping strategies until the 
formation of stoichiometric (Pr0.6Ba0.4Fe0.9Ni0.1O3–δ) and 
non-stoichiometric (Pr0.6Ba0.4FeNi0.1O3–δ) compounds. The 
crystal structure, phase relationships, conductivity, and 
electrochemical activity of these materials have been 
comprehensively studied in both oxidizing and reducing 
atmospheres in an effort to identify the best doped 
derivatives. The experimental results demonstrate that Ni 
doping represents a promising approach to increase the 
electrochemical activity of the origin electrode, as 
evidenced by the observed improvement in electrical 
conductivity in oxidizing atmospheres and the formation 
of electrocatalytically active exsolved particles in 
reducing atmospheres. At the same time, the 
stoichiometric composition results in superior electrode 
performance relative to the non-stoichiometric 
composition, indicating that conventional co-doping of 
ABO3 perovskites may prove more advantageous than B-
excess (or A-deficient) analogs. Therefore, this work 
elucidates the intricate composition–structure–property 
relationships of barium ferrite materials fort their further 
high-temperature electrochemical applications.
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Innovative advances and challenges in solid oxide 
electrolysis cells: Exploring surface segregation dynamics in 

perovskite electrodes.
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Hydrogen generation by means of environmentally friendly approaches is of paramount 
importance in the field of contemporary science and technology. Solid oxide electrolysis cells 
(SOECs) represent a high-temperature trajectory of H2 production, offering highly efficient 
electrical-to-chemical energy conversion at 400–800 °C. SOECs exhibit numerous advantages over 
low-temperature electrolysis technologies, including a wide potential performance range, high 
conversion efficiency, excellent selectivity, and the ability to provide co-electrolysis of H2O and 
CO2, supporting hydrogen energy strategies and carbon emission reduction programs. However, 
SOECs suffer from unsatisfactory long-term stability, which is caused by a number of 
microstructurally, chemically, and electrically related factors. In order to address these issues, we 
present the current review article, which provides a detailed description of the chemical and 
electrochemical phenomena that occur in SOECs during their real operation, in relation to both 
internal factors (the composition of functional materials) and external aspects (gas compositions, 
temperature, and applied potential). An in-depth analysis of these interrelationships enables the 
rational selection of materials and optimization of SOEC operating conditions. Various strategies for 
the optimal functioning of fuel electrodes, such as doping, in-situ exsolution, and catalytic 
advancements, are explored. For oxygen electrodes, performance optimization strategies 
including the development of novel perovskite materials with tailored surface properties and the 
incorporation of mixed ionic-electronic conductors to facilitate enhanced oxygen ion transport 
and electrochemical activity, are comprehensively summarized. Moreover, a particular focus of 
this review is on the surface segregation behavior of perovskite electrodes, a critical aspect 
influencing SOEC performance and stability. Recent innovations in SOECs development aimed at 
mitigating surface segregation, such as doping strategies, surface treatments, and the 
development of novel perovskite compositions with enhanced stability, are discussed in detail for 
the first time. Consequently, this work is regarded as a valuable reference in the field of SOECs, 
particularly in relation to energy materials, degradation processes, solid state ionics, and 
electrochemistry. By employing these innovative strategies, the long-term stability and efficiency of 
SOECs can be significantly enhanced, making them more viable for large-scale hydrogen 
production and carbon reduction initiatives.
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This paper illustrates the results of long-term 

tests on the stability of the output signal of 

the solid electrolyte amperometry sensor 

when measuring the hydrogen 

concentration in the H2 + N2 gaseous 

mixture. The obtained experimental data 

verify the stability and reproducibility of the 

sensor output signal for hydrogen 

concentration measurements in the 

nitrogen-containing gaseous mixture during 

> 8000 h of operation. The output signal drift, 

i.e., the limiting current value, was 

insignificant, less than ± 5 %. The sensor 

operation was performed at 3 temperature 

shifts with different time intervals; these 

changes did not have any impact either on 

the sensor integrity or on its operation. The 

structure of the solid electrolyte sensor, 

intermediate solid electrolyte / electrode 

layer and electrodes did not undergo any 

significant changes during operation. The 

dynamic characteristics of the sensor, the 

response time in particular, remained stable 

during the operation

• Hydrogen

• Solid electrolyte

• Sensor

• Stability

• Limiting current

• Response time

https://doi.org/10.15826/elmattech.2024.3.026
https://www.researchgate.net/publication/377654185
https://colab.ws/articles/10.15826%2Felmattech.2024.3.026


2024

• A.S. Kalyakin

• A.N. Volkov

• D.P. Mirzayants

Stability and reproducibility of the amperometric sensors for 

oxygen concentration analysis in the nitrogen gas mixtures
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The paper presents experimentally obtained 

results on the long-term stability tests of the solid 

electrolyte amperometric sensor output signal 

during the operation in the O2 + N2 gas 

mixtures. These data prove the stability and 

reproducibility of the output signal when 

measuring the oxygen concentration in air for 

8000 hours. The output signal variation during 

the tests did not exceed ± 2 %. We performed 

four heating / cooling cycles of different 

durations, which did not influence either sensor 

integrity or operation characteristics. The 

structure of the solid electrolyte sensor and the 

solid electrolyte/electrode interfacial layer 

remained unchanged during the tests. 

Dynamic characteristics of the sensor, including 

the response time, were stable.
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Low-temperature solid oxide fuel cells (LT-SOFCs) represent a 
cutting-edge solution in the domain of clean energy, poised 
to revolutionize electricity generation for both stationary and 
mobile applications. At the core of LT-SOFCs lies the proton-
conducting solid oxide electrolyte, a subject of extensive 
exploration and advancement. This comprehensive review 
investigates the evolution of proton-conducting solid oxide 
electrolytes for LT-SOFCs, exploring the landscape from 
fundamental materials to diverse device architectures. The 
review meticulously examines three pivotal dimensions: 1) 
strategies for fine-tuning the properties and structures of 
ceramics and proton-conducting oxides, 2) advancements in 
techniques for protonic-conducting fuel cells (PCFCs), and 3) 
an exploration of the opportunities and challenges intrinsic to 
the progression of electrolyte-based PCFCs. By elucidating the 
advancements made in optimizing conductivity, chemical 
stability, sinterability, and electron-blocking characteristics of 
proton-conducting electrolytes, this review offers invaluable 
insights into the state-of-the-art for LT-SOFC technology. 
Furthermore, it casts a forward-looking perspective, 
envisioning the future trajectory of proton-conducting 
electrolyte research and its potential to reshape the 
landscape of LT-SOFC technology. By providing a 
comprehensive overview of past achievements and future 
prospects, this review serves as a valuable resource for 
researchers, engineers, and stakeholders, guiding them 
towards the realization of efficient and sustainable energy 
solutions.

• Evolution of proton-conducting solid oxide electrolytes for LT-SOFCs.

• Strategies for fine-tuning properties and structures of ceramics and oxides.

• Advancements in techniques for protonic-conducting fuel cells (PCFCs).

• Insights into conductivity, chemical stability, and electron-blocking characteristics.

• Forward-looking perspective on the future trajectory of LT-SOFC technology. 
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Aiming to replace traditional energy sources such as coal and 
oil, researchers from around the world are working hard to 
develop green technologies that offer safer and more 
efficient ways to produce clean energy. In this regard, solid 
oxide fuel cells (SOFCs) have steadily grown in popularity 
because of their ability to produce electricity through 
electrochemical reactions. However, the notable drawback 
of typical solid oxide fuel cells is the high operating 
temperature, generally over 700–1000 °C. Low-temperature 
solid oxide fuel cells (LT-SOFCs) are a promising energy 
technology that offers several advantages for stationary and 
mobile power generation at low temperatures. LT-SOFCs are 
highly dependent on electrolyte materials characterized by 
proton-conducting oxides. This review discusses progress in the 
development of proton-conducting solid oxide electrolytes for 
LT-SOFCs, including advances from materials to devices. In 
detail, this work focuses on improving performance through 
various strategies, manipulating the composition and 
properties of proton-conductors, and addressing the 
opportunities and challenges associated with their 
development. Solid oxide materials containing proton-
conducting components play a crucial role in the efficient 
functioning of hydrogen-based energy devices, such as 
electrolyzers, SOFCs, electronic systems, and hydrogen 
separation membranes. To enhance the performance of 
these devices, it is essential to identify materials that efficiently 
conduct protons and remain durable under hydrogen and 
water exposure. This study offers valuable insights and 
guidelines for designing oxide materials with rapid proton 
diffusion and strong durability, contributing to the continuous 
improvement of such devices.

• Electrolytes

• Fuel cells

• Materials

• Oxygen

• Stability
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The CaNb2O6 and ZnNb2O6 columbites (Sp.gr. Pbcn) 

were studied as oxygen ion conductors both 

theoretically and experimentally. A theoretical 

approach included geometrical-topological 

analysis, bond valence site energy (BVSE) and 

density functional theory (DFT) calculations. The BVSE 

approach showed the possibility of pure oxygen ions 

diffusion with migration energies less than 0.45 eV in 

both compounds. However, DFT calculations 

indicated the possibility of diffusion of both anions 

and cations. The single-phases columbites were 

synthesized by the Pechini method for accurately 

determine charge carriers type and investigated by 

impedance spectroscopy, by the Tubandt method, 

which confirmed the absence of cationic 

conductivity, and measured the electrical 

conductivity as a function of oxygen partial 

pressures. The CaNb2O6 sample was characterized 
by the pure oxygen-ionic conductivity ∼2 × 10−6 S 

cm–1 at 800 °C (E a = 0.82 eV), while the ZnNb2O6 had 

a similar conductivity value due to mixed ionic-

electronic contribution (E a = 0.83 eV). The 

electromotive force method also showed the 

predominance of the ionic type of conductivity in 

CaNb2O6, while ZnNb2O6 has a mixed conductivity 

with ion transport number of about 0.4. Additionally, 

we synthesized Ti-doped samples MNb2−x Ti x O6–

0.5x (M = Mg, Ca; x = 0.1, 0.2) to study the doping 

effect on conducting properties.
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The search for novel functional ceramic materials 

with targeted properties is currently very important. 

Complex oxides with perovskite or perovskite-related 

structure are being considered for the production 

of electrochemical devices for the hydrogen energy 

ecosystem. Layered perovskites including based on 

BaLaInO4 are promising materials for proton-

conducting electrolyte of solid oxide fuel cells. The 

idea of this work is to create a triple conductivity 

material based on BaLaInO4. In this work, the doping 

of the lanthanum sublattice with iron ions was 

carried out for the first time. The effect of doping on 

the structure, water uptake and electrical 

conductivity was investigated. It was shown that the 

introduction of iron ions into lanthanum sublattice 

changes the crystal lattice from orthorhombic to 

tetragonal structure. The water uptake is very small 

and it is 0.02 mol H2O per formula unit for 

BaLa0.9Fe0.1InO4–δ composition. Studies of the 

electrical properties have shown that the nature of 

conductivity is mixed hole/oxygen ionic at dry air 

and hole/oxygen ionic/protonic and wet air. The Fe-

doped-composition can be considered as triple 

conducting materials and it is prospective as 

the electrode materials comparable with protonic 

electrolyte Ba1.1La0.9InO3.95.

• Evolution of proton-conducting solid oxide electrolytes for LT-

SOFCs.

• Strategies for fine-tuning properties and structures of 

ceramics and oxides.

• Advancements in techniques for protonic-conducting fuel 

cells (PCFCs).

• Insights into conductivity, chemical stability, and electron-

blocking characteristics.

• Forward-looking perspective on the future trajectory of LT-

SOFC technology. 
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В данной статье рассмотрены возможные подходы к 

решению химических задач на выпадение 

кристаллогидратов из насыщенных растворов. 

Показана широкая вариативность решения таких задач 

с применением математического аппарата.
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