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Oxygen-ionic transport in the novel Ca-doped complex 

oxides based on BaLaInO4 

 
Natalia Tarasova a *, Ekaterina Abakumova a, Tamara Kuznetsova a 

 
Electrochemical energy sources are part of the new energy sector due to their high efficiency and cost 
effectiveness. Solid oxide fuel cells are an excellent example of these devices. They are made from a variety 
of materials, including ceramics. Oxygen ion conductive ceramics can be used as the electrolyte material. In 
this work, the isovalent doping of the barium sublattice by calcium ions has been carried out for the first 
time. The effect of doping on the structure and electrical conductivity was investigated. Doping leads to an 
increase in conductivity values compared to the matrix composition. The greatest increase in conductivity 
was observed for the composition with low dopant concentration. 

keywords: BaLaInO4, layered perovskite, Ruddlesden-Popper structure, oxygen-ionic conductivity 

© 2025, 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 

One of the most important problems of the 21st 
century is the threat of global warming due to the large 
amount of CO2 emissions from energy production from 
fossil fuels [1–4]. The development of environmentally 
friendly and resource-saving hydrogen energy can help 
solve the environmental problem. The environmentally 
friendly energy sources are fuel cells, which are an 
electrochemical current source that works by converting 
the energy of chemical reactions of the fuel into electrical 
energy. This is very promising both from the point of view 
of the availability of energy resources and from the point 
of view of environmental protection [5–9]. 

There are several types of fuel cells used in hydrogen 
energy. Fuel cells, for example, can be classified according 
to their operating principle and the type of electrolyte 
material used. There are fuel cells with a polymer-
electrolytic membrane (PEMFC), solid oxide fuel cells 

(SOFC), alkaline fuel cells (AFC), phosphoric acid fuel 
cells (PAFC) and fuel cells with molten carbonate (MCFC) 
[10–11]. Solid-state electrolytes (SSE) are a promising class 
of energetic materials in which specific groups of ions can 
be induced to diffuse through a crystalline matrix. Solid 
electrolytes have a number of advantages, including non-
flammability and high thermal and chemical stability. SE 
form the basis for clean energy conversion and storage 
technologies such as fuel cells, electrocatalysts, and solid-
state batteries. Therefore, optimizing their ion transport 
properties is crucial for energy and sustainable 
development. 

As a result, SOFCs have a number of advantages over 
other types of fuel cells, including 60–80 % higher 
conversion efficiency, longer lifetime, etc. [12]. At the 
same time, when using SOFC, fewer pollutants are 
released into the environment, and they do not require 
catalysis by precious metals. SOFCs can operate on 
various types of fuel, such as hydrocarbons, coal gas, 
biomass, hydrogen, and synthesis gas [13]. While SOFCs 
are independent of pure hydrogen supplies, since 
hydrocarbons can be fed into the fuel cell and converted 
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into a hydrogen-rich stream through internal 
thermochemical processes [13, 14]. The study of solid oxide 
fuel cells requires the synthesis and study of new materials 
with oxygen-ion and proton properties. Complex 
BaLaInO4-based oxides with high ionic conductivity values 
can be used as electrolytes in SOFCs. 

Materials with a perovskite structure characterized 
by the general formula ABO3 receive a significant share 
of attention for use as SOFC conductors [15, 16]. However, 
new classes of ionic conductors with a perovskite-related 
structure, such as perovskite-BaLaInO4 layered materials 
[17–20], are attracting increasing attention. In contrast to 
classical perovskites, layered RP-structures have a space 
between the layers. Due to this structural characteristic, 
layered perovskites need to be studied more intensively. 
The compositions Ba1–xCaxLaInO4 (x = 0.05, 0.1, 0.15) were 
obtained. The effect of doping on the structure and 
electrical conductivity was investigated. 

2. Experimental 

The solid solution Ba1–xCaxLaInO4 (x = 0, 0.05, 0.1 
and 0.15) was obtained by thoroughly grinding La2O3, 
In2O3, BaCO3 and CaCO3 in an agate mortar according to 
the stoichiometric coefficients. The weighed portions of 
pre-dried oxides and carbonates powders were taken on a 
Sartorius ACCULAB ALC-210d4 analytical scale 
(Sartorius Weighing Technology GmbH, Germany). The 
powder blends were annealed in a Nabertherm furnace 
after grinding. The initial annealing temperature was set 
at 800 °C. The total annealing range was 800–1300 °C. 
The chemical reaction according to the stoichiometric 
coefficients led to the solid solution Ba1–xCaxLaInO4 (x = 0, 
0.05, 0.1 and 0.15): (1– 𝑥)BaCO3 + 0.5La2O3 + 0.5In2O3 ++ 𝑥CaCO3⟶ Ba1−𝑥Ca𝑥LaInO4 + CO2 ↑. (1) 

The phase composition was controlled by X-ray 
phase analysis using a Bruker Advance D8 diffractometer 
(Bruker, Billerica, MA, USA). The parameters for the 
X-ray were a step of 0.01 ° and a speed of 0.5 °/min. XRD 
measurements were carried out at a controlled room 
temperature. In order to investigate the new solid solution 
Ba1–xCaxLaInO4, a structure refinement was carried out by 
means of the Rietveld method. The Rietveld method was 
carried out in the FullProf program. Calculation of bond 
lengths, analysis and visualization of the structure are 
performed in the VESTA program. 

The morphology of the solid-phase solution 
Ba1–xCaxLaInO4 (x = 0.05, 0.1, 0.15) on the sintered tablets 
was studied using a Vega 3 Tescan scanning electron 

microscope (SEM) coupled with an energy-dispersive 
X-ray spectroscopy (EDS) system. 

The conductivity of the compositions Ba1–xCaxLaInO4 
(x = 0, 0.05, 0.1 and 0.15) was measured using a Z-1000P 
impedance-meter (Elins, Russia). Frequencies were in the 
range of 100 Hz to 1 MHz. Bulk resistance was calculated 
from impedance spectra using Zview software fitting 
(Scribner Associates Inc., Southern Pines, NC). For this 
measurement, a 10 mm diameter tablet was sintered at a 
temperature of 1300 °C for 24 hours. Platinum paste was 
used as electrodes and applied in a thin layer on the tablet. 
The platinum electrodes were annealed at 1000 °C for 
3 hours. The investigations were carried out from 1000 to 
200 °C with a cooling rate of 1 °/min under dry air or dry 
Ar. The dry gas (air or Ar) was prepared by circulating 
the gas through P2O5 (pH2O = 3.5 · 10–5 atm). 

3. Results and discussions 

Phase attestation of solid solution Ba1–xCaxLaInO4 
carried out using the XRD method. It was shown that the 
compositions at dopant concentrations 0 ≤ x ≤ 0.15 were 
single phase and belonged to the space group I4/mmm 
(tetragonal symmetry). XRD patterns of Ba0.9Ca0.1LaInO4 
composition are presented in Figure 1. In contrast, the 
matrix composition BaLaInO4 has orthorhombic 
symmetry (Pbca space group). It is obvious that the 
introduction of the dopant led to a change in the local 
structure and an increase in the symmetry. However, in 
order to gain a more accurate understanding of the effect 
of doping on the structure, a structural analysis of the 
samples was carried out and the bond lengths were 
determined. As can be seen from Figure 2, the 
Ba0.9Ca0.1LaInO4 sintered sample is a densely packed 
round agglomerates of 20–40-micron particles. The 
lattice parameters and unit cell volume for the 
compositions are presented in Table 1. Table 2 shows the 
bond length values for the compositions. R-factors for the 
new solid solution Ba1–xCaxLaInO4 are shown in Table 3. 
As can be seen, doping with smaller ionic radii 
(𝑟Ba2+ = 1.47 Å; 𝑟Ca2+ = 1.18 Å [21]) leads to the decrease in 
the lattice parameters. However, the redistribution of 
bond lengths occurs in a more complex manner. The 
average bond length <Ba/Ca/La–O> decreases with the 
introduction of the dopant and continues to decrease as 
its concentration increases. The average bond length 
<In–O> also decreases with the introduction of calcium, 
but an increase in calcium concentration leads to an 
increase in this bond length. It is obvious that such a 
redistribution of bond lengths ultimately leads to a 
change in the tilt angle of the polyhedra and a general 
increase in the symmetry of the structure. The possible 
reason  for  these  changes  is  the  appearance  of  different 
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Figure 1 Refinement of the XRD for the composition 
Ba0.9Ca0.1LaInO4. 

Figure 2 SEM image of the Ba0.9Ca0.1LaInO4 ceramic sample. 

Table 1 – The lattice parameters and unit cell volume for obtained compositions. 

Lattice parameters BaLaInO4 Ba0.95Ca0.05LaInO4 Ba0.9Ca0.1LaInO4 Ba0.85Ca0.15LaInO4 
a, Å 12.932(3) 4.176(6) 4.175(7) 4.174(6) 
b, Å 5.906(0) 4.176(6) 4.175(7) 4.174(6) 
c, Å 5.894(2) 12.925(3) 12.907(7) 12.889(1) 

V, Å3 450.19(5) 225.470(9) 225.07(4) 224.63(1) 

Table 2 – The bond lengths values for obtained compositions. 

Bond lengths (Å) BaLaInO4 Ba0.95Ca0.05LaInO4 Ba0.9Ca0.1LaInO4 Ba0.85Ca0.15LaInO4 
<Ba/Ca/La−O1> 2.815(2) 2.800(1) 2.796(3) 2.796(8) 
<Ba/Ca/La−O2> 2.864(0) 2.433(2) 2.383(4) 2.303(4) 
<Ba/Ca/La−O> 2.839(6) 2.616(6) 2.589(8) 2.550(1) 

<In−O1> 2.141(3) 2.088(3) 2.087(9) 2.087(3) 
<In−O2> 2.180(2) 2.164(1) 2.210(3) 2.279(6) 
<In−O> 2.162(2) 2.126(2) 2.149(1) 2.183(4) 

Table 3 – R-factors for the new solid solution Ba1–xCaxLaInO4. 

R-factors Ba0.95Ca0.05LaInO4 Ba0.9Ca0.1LaInO4 Ba0.85Ca0.15LaInO4 
Chi2 2.13 2.96 2.70 
Rp 4.3 5.0 4.6 

Rwp 3.4 3.7 3.0 
Rexp 4.02 4.70 4.04 

Chi2 (Bragg contrib.) 2.122 2.731 2.67 
Bragg R-factor 2.031 2.64 2.91 

natural ions in the cationic sublattice (Ca2+ → Ba2+). 
The electrical conductivity values were obtained 

using the impedance spectroscopy method in the 
atmospheres with controlled humidity (pH2O) and 
oxygen partial pressure (pO2). The Nyquist plots are 
shown in Figures 3 for the composition Ba0.9Ca0.1LaInO4 as 
an example of typical plots. All obtained Nyquist plots 
contain two semicircles (Figure 3 a). The small semicircle 

starting from zero coordinates (high-frequency 
semicircle) corresponds to the resistivity of the grain 
volume of polycrystalline sample. 
This is proven by the small capacitance value 
~ 10–12 F/cm. The large semicircle (low frequency 
semicircle) corresponds to the resistivity of the grain 
boundaries with a capacitance value ~ 10–9 F/cm. The 
conductivities were calculated from the resistivity values 
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taken at the intersection of the high-frequency semicircle 
with the abscissa axis. The influence of temperature and 
oxygen partial pressure on the Nyquist plot is shown in 
Figures 3 b and 3 c respectively. The temperature 
dependencies of the conductivity obtained under dry air 
(pO2 = 0.21 atm) and dry Ar (pO2 ~ 10–5 atm) are shown 
in Figure 4. As can be seen, the introduction of calcium 
ions into the barium sublattice leads to an increase in the 
conductivity values compared to the matrix composition. 

The comparison of the conductivity values obtained 
under dry air and dry Ar conditions (Figure 5) shows the 
changes in the proportion of oxygen-ionic transport with 
varying temperature and calcium concentration. The 
conductivity nature under dry Ar (i.e. at lower oxygen 
partial pressure) is predominantly oxygen-ionic. The 
proportion of oxygen transport (oxygen-ion transport 
numbers) is defined as the ratio of oxygen-ion 
conductivity to total conductivity: 

𝑡𝑂2− = 𝜎𝐴𝑟𝜎𝑎𝑖𝑟. (2) 

At the high temperature (900 °C), the oxygen ionic 
transport numbers are the same for all Ca-doped 

compositions and are ~ 40 %. As the temperature 
decreases, the values of the oxygen ionic transport 
numbers change. They increase up to ~ 60 % for the 
composition with x = 0.05 and decrease up to ~ 20 % for 
the compositions with x = 0.10 and 0.15. The oxygen ionic 
transport numbers are ~ 20 % over the whole 
temperature range.  

The fact that the values of the oxygen ionic transport 
coefficients change with the variation of the calcium 
content is very interesting. Calcium doping of the barium 
sublattice does not lead to the formation of oxygen 
defects in the anionic sublattice. Instead, fragments 
Ba–O–Ca (at "low" doping concentrations) and Ca–O–Ca 
(at "high" doping concentrations) appear in the structure 
at the sites of the matrix fragment Ba–O–Ba. 

It can be assumed that the transport of oxygen is 
facilitated in the case of its bonding with atoms of 
different nature Ba–O–Ca, which leads to an increase in 
the ionic component of the conductivity (case of 
composition with x = 0.05) due to the increase in the 
proportion of mobile oxygen ions. An increase in calcium 
concentration can lead to the appearance of Ca–O–Ca 
fragments in the structure and to a decrease in oxygen 
transport. 
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Figure 3 The Nyquist plots for the composition Ba0.9Ca0.1LaInO4 obtained at 500 °C in dry air (a), at 500, 600 and 700 °C in 
dry air (b) and at 700 °C in dry air and dry Ar (c). 
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Figure 4 The temperature dependencies of conductivity for 
investigated compositions obtained at dry air (a) and 
dry Ar (b). 

Figure 5 The temperature dependencies of conductivity for 
compositions Ba0.95Ca0.05LaInO4 (a), Ba0.9Ca0.1LaInO4 (b), 
Ba0.85Ca0.15LaInO4 (c). 

These considerations can also explain the 
concentration dependencies of the oxygen-ionic 
conductivity (Figure 6 a). As can be seen, calcium doping 
leads to an increase in conductivity values with respect to 
the matrix composition. At the same time, the 
composition with the lowest doping concentration 
(x = 0.05) has the highest conductivity values. Further 
increase in calcium concentration leads to a decrease in 
conductivity values. In other words, the "high" calcium 
concentration (the appearance of Ca–O–Ca fragments) is 
one of the possible reasons for the decrease in 
conductivity. However, the concentration dependence of 
the total conductivity, which is the sum of the ionic and 
electronic components of the conductivity, has the same 
shape (Figure 6 b). 

Accordingly, increasing the dopant concentration 
leads to a decrease not only in the oxygen ionic 
conductivity but also in the total conductivity. Calcium 
doping is accompanied by a decrease in unit cell 
parameters and unit cell volume, i.e., a decrease in 
migration volume. Not only does the proportion of 
mobile oxygen ions decrease, but also the mobility of the 
oxygen ions as a whole also decreases.  

Therefore, calcium doping of barium sublattice of 
layered perovskite BaLaInO4 up to ~ 0.9 order of 
magnitude for total conductivity and up to ~ 1.5 orders of 
magnitude for oxygen-ionic conductivity (at low 
temperatures for Ba0.9Ca0.1LaInO4 composition). The 
introduction of higher calcium concentrations (x > 0.05) 
leads to a decrease in both total and oxygen-ion 
conductivity. Figure 7 shows a comparison of Ca2+ doped 
compounds by isovalent substitution and acceptor 
substitution relative to undoped BaLaInO4. It is clear that 
isovalent doping increases conductivity relative to 
undoped, but acceptor doping increases conductivity 
more significantly, as can be seen from Figure 7. 

 

Figure 6 Concentration dependencies of oxygen-ionic (a) and 
total (b) conductivities. 
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Figure 7 Comparison of compounds doped with Ca2+ by means 
of isovalent doping and acceptor doping [22] is relatively 
undoped BaLaInO4. 
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From the point of view of the principles of solid state 
chemistry, point defects do not occur with isovalent 
doping. While acceptor doping creates oxygen vacancies 
and changes the oxygen non-stoichiometry. The quasi-
chemical reaction of this process is described by 
Equation 3. A significant increase in conductivity due to 
acceptor doping can be explained by the appearance of 
oxygen vacancies in the structure and an increase in 
interlayer space, as mentioned [22]. At the same time, for 
isovalent doping, the increase in conductivity is only due 
to an increase in interlayer space, which is confirmed by 
the calculation of bond lengths. 

CaO La2O3→    2CaLa′ +2OO× + VO••. (3) 

4. Conclusions 

The calcium-doped layered perovskites 
Ba1–xCaxLaInO4 (x = 0.05, 0.1, 0.15) were obtained for the 
first time. The effect of doping on the structure and 
electrical conductivity was investigated. Doping causes the 
symmetry change from Pbca (for matrix composition) to 
I4/mmm (for doped composition). The average bong 
lengths metal–oxygen decrease with the introduction of 
calcium. The introduction of calcium ions into barium 
sublattice leads to the increase in the conductivity values 
compared with the matrix composition. The greatest 
increase in conductivity (up to ~ 0.9 order of magnitude 
for total conductivity and up to ~ 1.5 orders of magnitude 
for oxygen-ionic conductivity) is observed for the 
composition with small dopant concentration. 
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Structure and dynamics of molten calcium chloride: 

ab initio simulations 

 
Dmitry Zakiryanov a * 

 
Structure and transport properties of CaCl2-based melts attract attention due to prospective applications in 
the field of energy storage and transport, including green technologies. Most effort was aimed at mixed 
binary and ternary compositions, while pure CaCl2 melt was investigated in less detail. In this paper, molten 
CaCl2 was simulated using the ab initio molecular dynamics approach. Due to the relatively high duration 
of the simulation run, both static and dynamic properties were obtained. It was found that preferential Ca 
coordination cases are [CaCl7] and [CaCl6]. Dynamic properties including vibrational density of states and 
cation-anion lifetimes show that the structure of the melt does not exhibit stable units. Self-diffusion 
coefficients calculated from mean squared displacements are in a good agreement with available 
experimental data. 

keywords: molten salt, local structure, calcium chloride, vibrational spectra 
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1. Introduction 

Melts based on calcium chloride are considered 
promising for green energy applications as both heat 
storage and heat transfer fluids [1–4]. Key features of these 
melts, including thermal stability, heat capacity, and 
thermal conductivity, meet the needs of concentrated 
solar power plants. Due to strict “structure → properties” 
causing, the local structure of CaCl2-based melts attracts 
particular attention. The molecular dynamics approach 
serves here as a convenient method for studying local 
structure in sufficient detail, avoiding experimental 
challenges connected with high-temperature 
measurements. However, the accuracy of molecular 
dynamic simulations strongly depends on the underlying 
method for the evaluation of the potential energy. 
Among commonly used approximations, the density 
functional theory (DFT) [5, 6] is one of the most reliable. 
In recent years, machine learning interatomic potentials 

(MLIPs) [7, 8] became a versatile tool for studying both 
local structure and transport properties, providing a 
combination of ab initio accuracy and computational 
efficiency. To date, a comprehensive series of studies on 
CaCl2-MCl (M = Li, Na, K) was made with ab initio 
molecular dynamics (AIMD) or MLIPs for CaCl2-LiCl [9], 
CaCl2-NaCl [10–12], CaCl2-KCl [13, 14]. In [10], CaCl2-NaCl 
ab initio simulation run was only 2.42 ps, which resulted 
in a noisy radial distribution function and a large 
uncertainty in self-diffusion coefficients. In our opinion, 
the time of 2.42 ps is too short for estimation of any 
transport properties. Considering the local structure, 
Ca–Cl coordination numbers were found to be 6.27…5.96 
for the temperature range of 783…1173 K. On the other 
hand, in [11, 12] the authors used MLIPs and obtained 
better statistics. In terms of Ca coordination, MLIP results 
concur closely with raw ab initio, predicting coordination 
numbers within the range of 6.1…5.7 and the 
corresponding maxima of the radial distribution function 
at 2.65…2.70 Å. Also, six-fold Ca pattern takes place in 
CaCl2-KCl [13] as well as in more complex mixtures with 
alkali chlorides [15, 16]. 
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The current study is devoted to the structure and 
dynamics of CaCl2 melt. Properties of a pure melt are less 
covered by simulation studies. In [17], Bu et al. simulated 
CaCl2 using ab initio molecular dynamics with the PBE 
functional [18]. They showed that the dispersion 
correction hugely improves the accuracy of density 
predictions, although agreement with experimental data is 
not perfect. It is valuable that not only the average Ca–Cl 
coordination number was derived, but also a probability 
of different coordination cases as well. The authors 
showed that the structure exhibits the following units, 
from highest to lowest probability: [CaCl6], [CaCl7], 
[CaCl5], [CaCl8]. Transport properties were not analyzed, 
probably because of a relatively short simulation time. 
Among other studies, classical molecular dynamics by 
Umesaki [19] reveals the Ca–Cl coordination number of 
5.8 with the Ca–Cl separation of 2.70…2.76 Å. Finally, 
direct experimental data obtained using neutron 
diffraction [20] gives somewhat different values: the 
coordination number of 2.78 ± 0.03 and the interionic 
distance of 5.4 ± 0.3. 

In the present study, we deliver a more complete list 
of molten CaCl2 properties by extending the duration of 
the ab initio molecular dynamics simulation. This allowed 
us to compute not only static properties, but 
comprehensive details on structure dynamics as well. 

2. Methods 

For the needs of our study, at least several tens of 
picoseconds are required to be simulated. On the one 
hand, the pair potential could produce reliable results 
once proper fitting was performed. However, the 
development of a pair potential model is beyond the scope 
of this study since a pair model is generally less accurate 
compared to ab initio, although less expensive. Despite the 
time demands, the density functional theory was 
employed. The PBE [18] functional was used. The D3 
dispersion correction [21] was applied, as such correction 
improves the limitations of the density functional theory 
[22, 23]. We used CP2K code [24] for calculations. Atoms 
were described through the double-zeta polarizable basis 
sets [25] combined with matching pseudopotentials by 
Goedecker, Teter, and Hutter [26]. The cutoff of the 
integration grid was chosen to be 600 Ry, while the 
number of levels for multi-grid was 5. 

It is known that PBE-D3 approach has limited 
accuracy for CaCl2 simulations [17]. In order to test this 
method further, the AIMD simulation of CaCl2 molecule 
was performed. We found that the vibrational spectrum 
of the simulated molecule exhibits peaks at 6, 34 and 
284 cm–1. The peak at 6 cm–1 is probably a translational 
mode. Peaks at 34 and 284 cm–1 are Cl–Ca–Cl bending and 

Ca–Cl symmetric stretching vibrations, correspondingly. 
They are in a good agreement with the study [27] made 
using the gold-standard CCSD(T) approximation, where 
these frequencies were found to be 37 and 284 cm–1. 
Unfortunately, the asymmetric stretching vibration was 
not detected since the initial configuration of the molecule 
was symmetrical. In Figure 1, it can be seen that the motion 
of chlorine ions is symmetric. Also, the average Ca–Cl 
separation of 2.47 Å obtained in the simulation is in 
excellent agreement with CCSD(T) result of 2.47 Å. 

The ensemble was formed by 30 calcium and 60 
chlorine atoms. A molecular dynamic cell was set to match 
the experimental density of 1.98 g/cm3 [28], which 
corresponds to cell lengths of 14.08 x 14.08 x 14.08 Å for 
our case. The periodic boundary conditions were applied. 
Constant-volume constant-temperature simulations at 
T = 1300 K were performed for 65440 steps with a time 
step of 2 fs. The first 15000 steps were considered as 
structure optimization time interval. In subsequent 
analysis, only the last 50440 steps were used which 
corresponds to ~ 101 ps. 

To calculate structural and transport properties, we 
used standard algorithms that are summarized in [29]. 
Beyond standard approaches, a special treatment of ion 
pair lifetimes was performed [30]. Also, the vibrational 
density of states was calculated using ion velocities, as 
described in [31]; for this purpose, the TRAVIS software 
[32] was used. Partial charges were calculated using 
software by Yu and Trinkle [33]. Simulations were 
performed on a single-node 10-core CPU. 

 

Figure 1 The Ca–Cl separations depending on time for the CaCl2 
molecule. For convenience, only a part of the trajectory is 
presented. 

3. Results and discussions 

3.1. Local structure details 

In Figure 2, radial distribution functions are 
presented. It is seen that the positions of the global 
maxima conform charge ordering. Bader charge analysis 
[33] showed that partial charges of Ca and Cl are 1.55 and 
–0.775, respectively. The closest separation of 2.7 Å is 
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observed for Ca–Cl pair. Chlorine ions are separated by 
3.6 Å. Finally, the maximum of Ca–Ca distribution is at 
4.6 Å. These values are in a good agreement with AIMD 
results by Bu et al. [17], where Ca–Cl, Cl–Cl and Ca–Ca 
distances were 2.700, 3.646 and 4.703 Å, respectively. A 
summary of coordination radii and coordination 
numbers is given in Table 1. 

In the case of Cl–Cl radial distribution function, there 
is a local maximum at 5.3 Å. An illustrative interpretation 
is given in Figure 3. This maximum is produced by 
chlorine ions that are separated by Ca in between (for 
example, by those denoted as 1 and 3 in Figure 3). The 
global maximum at 3.6 Å is due to “neighboring” ions. 

For Ca–Cl, Cl–Cl, and Ca–Ca distributions, 
coordination numbers are 6.7, 10.7 and 11.3, respectively. 
Interestingly, in [17] Ca–Cl coordination number was 
found to be 5.7. It can be assumed that the lower 
coordination number stems from the lower density of 
1.889 g/cm3 used in the cited study. 

Coordination numbers are time and spatially 
averaged values. In order to provide a probability 

distribution for certain Ca–Cl coordination cases, an 
additional analysis was performed. The results are 
presented in Figure 4. 

It is seen that the most probable groupings are [CaCl7] 
and [CaCl6], while [CaCl8] and [CaCl5] are less frequent. 

The angular distribution functions obtained for 
Cl–Ca–Cl angels are presented in Figure 5. 
Unsurprisingly, probability maxima shift towards lower 
angles in a row [CaCl5] → [CaCl6] → [CaCl7] → [CaCl8]. In 
the distributions, the high-angle minor maxima 
correspond to the cases when chlorine ions are “opposite” 
like it was shown by ions 1 and 3 in Figure 3. 

Table 1 – Local structure details. 

Pair n r, Å 
Ca–Cl 6.7 2.7 
Cl–Cl 10.7 a 3.6 
Ca–Ca 11.3 4.6 

a – the cutoff of 4.9 Å was used. 
 
 

 

Figure 2 Radial distribution functions. 

 

Figure 3 On the explanation of the 2nd maximum of Cl–Cl 
distribution. 

 

Figure 4 Probability distribution for N in [CaClN] groupings. 
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Figure 5 Angular probability distribution functions (APDF) for 
Cl–Ca–Cl angles. 

3.2. Vibrational density of states 

In order to detect bond vibrations, the vibrational 
density of states (VDOS) was calculated. In Figure 6, 
VDOS for Ca and Cl ions are presented. Both spectra 
exhibit a smooth distribution across the entire range, 
lacking pronounced peaks. It is worth noting that Ca 
spectrum shows an increased intensity near 220 cm–1, 
which could be attributed to weak Ca–Cl bond vibrations. 

 

Figure 6 The vibrational density of states. 

3.3. Self-diffusion coefficients 

Self-diffusion coefficients (SDCs) were obtained from 
mean-squared displacements of ions. Due to the sufficient 
length of simulation run, SDCs can be calculated with a 
low error margin. At T = 1300 K, DCa = 2.75 · 10–9 m2/s 
and DCl = 3.73 · 10–9 m2/s. For comparison, the 
experimental temperature dependence obtained by 
Bockris et al. [34] gives the values of 3.54 · 10–9 and 
6.15 · 10–9 m2/s, respectively. On the other hand, the Ca 
diffusion coefficient was measured to be 1.67 · 10–9 m2/s 
(T = 1221 K) in another experimental study [35], which is 
notably lower compared to [34]. It can be stated that the 
reference data exhibit uncertainty, and our results lie 
between available reference values. 

3.4. Ca–Cl lifetimes 

In Section 3.1., instantaneous information on the local 
structure was presented. However, it is of great interest to 
investigate how stable this structure is. A convenient way 
to assess stability is to calculate the cation-anion bond 
lifetime. Here, we used an algorithm proposed in [30]. The 
calculated lifetime of Ca–Cl pair was found to be 2.14 ps, 
which is comparable to the cation-anion lifetimes in alkali 
halides [30]. Therefore, at T = 1300 K, the structure 
binding is relatively weak. It should be noted that for 
lower temperatures, Ca–Cl lifetime would be longer. 
Taking into account VDOS described in Section 3.2, the 
lifetime of 2.14 ps correspond to ~ 9 periods of chlorine 
ion oscillation at average. Let us propose an explanation 
for such a low lifetime. Despite the high formal charge of 
Ca, the potential energy surface apparently exhibits no 
pronounced local minima: due to competition between 
neighboring calcium ions, potential energy barriers are 
low. Therefore, the thermal fluctuation, which allows 
chlorine ions to move from one cation to another, could 
be small as well. One can expect that Ca–Cl lifetime would 
increase drastically if CaCl2 is mixed with alkali 
chloride(s). In this case, a potential energy surface would 
become less uniform: for chlorine ions, local minima near 
Ca are preferential compared to minima formed with 
single-charged cation. 

4. Conclusions 

We performed ab initio molecular dynamics of 
molten CaCl2 for ~ 100 ps. Despite the fact that the density 
functional theory is a relatively accurate approach, 
inherent limitations lead to minor disagreement in the 
prediction of CaCl2 density, as was shown in [17]. For that 
reason, we used the experimental density for our 
calculations. Due to the high duration of molecular 
dynamic simulation, we gained sufficient statistic and 
calculated both instantaneous and dynamic properties. 
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The key findings of this study are as follows. The structure 
of molten CaCl2 at 1300 K does not exhibit highly stable 
units, as was shown by lifetime calculation. In terms of 
spatial arrangement, Ca is most commonly surrounded by 
7 or 6 chlorine ions, although 5- and 8-coordinated cases 
are possible as well. We emphasize that [CaClN] units 
discussed in this paper are no more than instantaneous 
local coordination cases and not separate structures. 
These statements were supported by vibrational densities 
of states, where no strong vibrational bands were found. 
Finally, self-diffusion coefficients calculated in this study 
lie between available experimental data, which both 
supports our findings and enriches data on the transport 
properties of molten calcium chloride. 

Supplementary materials 

No supplementary materials are available. 

Funding 

This research had no external funding. 

Acknowledgments 

None. 

Author contributions 

Dmitry Zakiryanov: Conceptualization; Data 
curation; Formal Analysis; Writing – Original draft. 

Conflict of interest 

The authors declare no conflict of interest. 

Additional information 

Dmitry Zakiryanov ORCID: 
https://orcid.org/0000-0003-2649-7871 

References 

1.  Li Y, Xu X, Wang X, Li P et al., Survey and evaluation of 
equations for thermophysical properties of binary/ternary 
eutectic salts from NaCl, KCl, MgCl2, CaCl2, ZnCl2 for heat 
transfer and thermal storage fluids in CSP, Solar Energy, 152 
(2017) 57–79. https://doi.org/10.1016/j.solener.2017.03.019 

2.  Tian H, Wang W, Ding J, Wei X, Thermal performance 
and economic evaluation of NaCl–CaCl2 eutectic salt for high-
temperature thermal energy storage, Energy, 227 (2021) 
120412. https://doi.org/10.1016/j.energy.2021.120412 

3.  Du L, Ding J, Tian H, Wang W, et al., Thermal 
properties and thermal stability of the ternary eutectic salt 
NaCl-CaCl2-MgCl2 used in high-temperature thermal energy 
storage process, Applied Energy, 204 (2017) 1225–1230. 
https://doi.org/10.1016/j.apenergy.2017.03.096 

4.  Jacob R, Sergeev D, Yazhenskikh E, Müller M, 
Evaluation of the calcium chloride-calcium fluoride system for 
high temperature thermal energy storage, Journal of Energy 
Storage, 72 (2023) 108521. 
https://doi.org/10.1016/j.est.2023.108521 

5.  Jones RO, Density functional theory: Its origins, rise to 
prominence, and future, Reviews of Modern Physics, 87 (2015) 
897–923. https://doi.org/10.1103/revmodphys.87.897 

6.  Geerlings P, De Proft F, Langenaeker W, Conceptual 
Density Functional Theory, Chemical Reviews, 103 (2003) 1793–
1874. https://doi.org/10.1021/cr990029p 

7.  Deringer VL, Caro MA, Csányi G, Machine Learning 
Interatomic Potentials as emerging Tools for Materials Science, 
Advanced Materials, 31 (2019) 1902765. 
https://doi.org/10.1002/adma.201902765 

8.  Behler J, Perspective: Machine learning potentials for 
atomistic simulations, The Journal of Chemical Physics, 145 
(2016) 170901. https://doi.org/10.1063/1.4966192 

9.  Xie Y, Bu M, Zhang Y, Lu G, Effect of composition and 
temperature on microstructure and thermophysical properties 
of LiCl-CaCl2 molten salt based on machine learning potentials, 
Journal of Molecular Liquids, 383 (2023) 122112. 
https://doi.org/10.1016/j.molliq.2023.122112 

10.  Rong Z, Pan G, Lu J, Liu S, et al., Ab-initio molecular 
dynamics study on thermal property of NaCl–CaCl2 molten salt 
for high-temperature heat transfer and storage, Renewable 
Energy, 163 (2020) 579–588. 
https://doi.org/10.1016/j.renene.2020.08.152 

11.  Gegentana N, Cui L, Zhou L, Du X, Deep Potential 
Molecular Dynamics Systematic Study of Microstructure and 
Thermophysical Properties of NaCl-CaCl2 Molten Salt System 
across Phase Transition Temperature, Journal of Thermal 
Science, 33 (2024) 2245–2258. 
https://doi.org/10.1007/s11630-024-2054-5 

12.  Gegentana N, Cui L, Zhou L, Du X, A deep potential 
molecular dynamics study on the ionic structure and transport 
properties of NaCl-CaCl2 molten salt, Ionics, 30 (2023) 285–
295. https://doi.org/10.1007/s11581-023-05265-8 

13.  Bu M, Liang W, Lu G, Yu J, Local structure elucidation 
and properties prediction on KCl–CaCl2 molten salt: A deep 
potential molecular dynamics study, Solar Energy Materials and 
Solar Cells 232 (2021) 111346. 
https://doi.org/10.1016/j.solmat.2021.111346 

14.  Xie Y, Bu M, Lu G, Local structure and thermophysical 
property prediction for CaCl2-KCl molten salt with machine 
learning potentials, Materials Today Communications, 41 
(2024) 110243. https://doi.org/10.1016/j.mtcomm.2024.110243 

15.  Luo X, Ling C, Xu T, Liu W et al., Thermophysical 
property and micro-structure of the molten NaCl-KCl-CaCl2 
salt at high temperature by FPMD simulation, Solar Energy 
Materials and Solar Cells, 288 (2025) 
113630. https://doi.org/10.1016/j.solmat.2025.113630 

16.  Xie Y, Bu M, Lu G, Insights into CaCl2-NaCl-KCl 
molten salt: A machine learning approach to unraveling 
structure and properties, Journal of Energy Storage, 102 (2024) 
114156. https://doi.org/10.1016/j.est.2024.114156 

17.  Bu M, Liang W, Lu G, Yu J, Static and dynamic ionic 
structure of molten CaCl2 via first-principles molecular 
dynamics simulations, Ionics, 27 (2020) 771–779. 
https://doi.org/10.1007/s11581-020-03852-7 

https://orcid.org/0000-0003-2649-7871
https://doi.org/10.1016/j.solener.2017.03.019
https://doi.org/10.1016/j.energy.2021.120412
https://doi.org/10.1016/j.apenergy.2017.03.096
https://doi.org/10.1016/j.est.2023.108521
https://doi.org/10.1103/revmodphys.87.897
https://doi.org/10.1021/cr990029p
https://doi.org/10.1002/adma.201902765
https://doi.org/10.1063/1.4966192
https://doi.org/10.1016/j.molliq.2023.122112
https://doi.org/10.1016/j.renene.2020.08.152
https://doi.org/10.1007/s11630-024-2054-5
https://doi.org/10.1007/s11581-023-05265-8
https://doi.org/10.1016/j.solmat.2021.111346
https://doi.org/10.1016/j.mtcomm.2024.110243
https://doi.org/10.1016/j.solmat.2025.113630
https://doi.org/10.1016/j.est.2024.114156
https://doi.org/10.1007/s11581-020-03852-7


Electrochem. Mater. Technol. 4 (2025) 20254052                                                                                                                                                                                                                                    ARTICLE 

 

 
 
6 
 

18.  Perdew JP, Burke K, Ernzerhof M, Generalized gradient 
approximation made simple, Physical Review Letters, 77 (1996) 
3865–3868. https://doi.org/10.1103/physrevlett.77.3865 

19.  Umesaki N, Structural characterization of molten 
calcium chloride by molecular dynamics simulation, AIP 
Conference Proceedings, 256 (1992) 561–562. 
https://doi.org/10.1063/1.42392 

20.  Biggin S, Enderby JE, The structure of molten calcium 
chloride, Journal of Physics C Solid State Physics, 14 (1981) 3577–
3583. https://doi.org/10.1088/0022-3719/14/25/006 

21.  Grimme S, Antony J, Ehrlich S, Krieg H, A consistent 
and accurate ab initio parametrization of density functional 
dispersion correction (DFT-D) for the 94 elements H-Pu, The 
Journal of Chemical Physics, 132 (2010) 154104. 
https://doi.org/10.1063/1.3382344 

22.  Grimme S, Hansen A, Brandenburg JG, Bannwarth C, 
Dispersion-Corrected Mean-Field electronic structure Methods, 
Chemical Reviews, 116 (2016) 5105–5154. 
https://doi.org/10.1021/acs.chemrev.5b00533 

23.  Goerigk L, A comprehensive overview of the DFT-D3 
London-Dispersion correction, in: Elsevier eBooks, 2017: pp. 
195–219. https://doi.org/10.1016/b978-0-12-809835-6.00007-4 

24.  Kühne TD, Iannuzzi M, Del Ben M, Rybkin VV et al., 
CP2K: An electronic structure and molecular dynamics 
software package - Quickstep: Efficient and accurate electronic 
structure calculations, The Journal of Chemical Physics, 152 
(2020) 194103. https://doi.org/10.1063/5.0007045 

25.  VandeVondele J, Hutter J, Gaussian basis sets for 
accurate calculations on molecular systems in gas and 
condensed phases, The Journal of Chemical Physics, 127 (2007) 
114105. https://doi.org/10.1063/1.2770708 

26.  Goedecker S, Teter M, Hutter J, Separable dual-space 
Gaussian pseudopotentials, Physical Review. B, Condensed 
Matter, 54 (1996) 1703–1710. 
https://doi.org/10.1103/physrevb.54.1703 

27.  Koput J, Ab Initio Prediction of the Potential Energy 
Surface and Vibration-Rotation Energy Levels of CaCl2, Journal 
of Physical Chemistry A, 112 (2008) 2743–2746. 
https://doi.org/10.1021/jp711785p 

28.  Janz GJ, Thermodynamic and transport properties for 
molten salts: correlation equations for critically evaluated 
density, surface tension, electrical conductance, and viscosity 
data, Journal of Physical and Chemical Reference Data, 17 (1988) 
309. 

29.  Porter T, Vaka MM, Steenblik P, Della Corte D, 
Computational methods to simulate molten salt thermophysical 
properties, Communications Chemistry, 5 (2022) 69. 
https://doi.org/10.1038/s42004-022-00684-6 

30.  Zakiryanov D, The refined determination of the ion 
pair lifetimes in ionic liquids, Computational and Theoretical 
Chemistry, 1210 (2022) 113646. 
https://doi.org/10.1016/j.comptc.2022.113646 

31.  Thomas M, Brehm M, Fligg R, Vöhringer P, et al., 
Computing vibrational spectra from ab initio molecular 
dynamics, Physical Chemistry Chemical Physics, 15 (2013) 6608. 
https://doi.org/10.1039/c3cp44302g 

32.  Brehm M, Kirchner B, TRAVIS - a free analyzer and 
visualizer for Monte Carlo and molecular dynamics trajectories, 
Journal of Chemical Information and Modeling, 51 (2011) 2007–
2023. https://doi.org/10.1021/ci200217w 

33.  Yu M, Trinkle DR, Accurate and efficient algorithm 
for Bader charge integration, The Journal of Chemical Physics, 
134 (2011) 064111. https://doi.org/10.1063/1.3553716 

34.  Bockris JO, Richards SR, Nanis L, Self-Diffusion and 
structure in molten group II chlorides, The Journal of Physical 
Chemistry, 69 (1965) 1627–1637. 
https://doi.org/10.1021/j100889a031 

35.  Ichikawa K, Shimoji M, Niwa K, Impurity diffusion of 
calcium ions in alkali chloride + calcium chloride mixed melts 
and Self‐Diffusion of calcium ions in molten calcium chloride, 
Berichte Der Bunsengesellschaft Für Physikalische Chemie, 69 
(1965) 248–255. https://doi.org/10.1002/bbpc.19650690313 

https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1063/1.42392
https://doi.org/10.1088/0022-3719/14/25/006
https://doi.org/10.1063/1.3382344
https://doi.org/10.1021/acs.chemrev.5b00533
https://doi.org/10.1016/b978-0-12-809835-6.00007-4
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/1.2770708
https://doi.org/10.1103/physrevb.54.1703
https://doi.org/10.1021/jp711785p
https://doi.org/10.1038/s42004-022-00684-6
https://doi.org/10.1016/j.comptc.2022.113646
https://doi.org/10.1039/c3cp44302g
https://doi.org/10.1021/ci200217w
https://doi.org/10.1063/1.3553716
https://doi.org/10.1021/j100889a031
https://doi.org/10.1002/bbpc.19650690313


 
 

 

 
 

eISSN: 2949-0561 

 
 

ARTICLE 

 
 
Cite this: Electrochem. Mater. Technol. 
4 (2025) 20254053 
 
 
 
 
 
 
Received: 8 June 2025 
Accepted: 16 June 2025 
Published online: 20 June 2025 
 
 
DOI: 10.15826/elmattech.2025.4.053 
 

 

 

Details on oxygen surface exchange mechanism over 

Pr1.6Ca0.4Ni1−yCuyO4+δ solid oxide fuel cell/electrolyzer air 

electrodes 

 
Vladislav Sadykov a, Ekaterina Sadovskaya a, Nikita Eremeev a *, 

Elena Pikalova b 
 
In the design of solid oxide fuel cell/electrolyzer air electrodes, the oxygen mobility and surface reactivity 
are of paramount importance. In this study, the oxygen surface heteroexchange rate is examined for a series 
of promising electrode materials, Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.4). The investigation encompasses the 
relationship between this rate and the structural, surface, and electrochemical properties. Single-phase 
materials synthesized by a nitrate combustion technique using glycerol as a fuel possess an orthorhombic 
structure. The oxygen surface reactivity is studied by the temperature-programmed isotope exchange of 
oxygen with 18O2 in a flow reactor. The values of the oxygen heteroexchange rate (𝑅∗) and surface exchange 
constant (𝑘∗) are acquired using mathematical modeling. The isotope exchange between the gas oxygen and 
the sample surface occurs primarily via the 𝑅2-type of exchange mechanism, i.e., the simultaneous exchange 
of two atoms of the oxygen molecule with two atoms of oxygen in the sample surface. The process is limited 
by surface exchange of oxygen characterized by high values of surface exchange constant (up to ~ 10–5 cm/s 
at 700 °C). The best characteristics are achieved for the Pr1.6Ca0.4Ni1−yCuyO4+δ samples, y = 0.0–0.2. There 
is a correlation of the oxygen exchange kinetic parameters (surface exchange constant, tracer diffusion 
coefficient) with the electrochemical properties of the electrodes according to the Adler–Lane–Steele model. 

keywords: solid oxide fuel cells, solid oxide electrolyzers, layered nickelates, oxygen surface exchange, 
isotope exchange of oxygen 
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1. Introduction 

First-order Ruddlesden–Popper (RP) phases 
Ln2MO4+δ (Ln = La, Pr, Nd, etc.; M = Co, Ni, Cu, etc.) 
have attracted considerable attention due to their efficient 
application in solid oxide fuel cells (SOFCs) and 
electrolyzers (SOEs) as air [1–7] and fuel [2, 5, 8–10] 
electrodes, oxygen separation membranes [11–13], and 
components of catalysts for hydrogen and syngas 
production [11, 14]. They have also demonstrated promise 
in a variety of other applications [15, 16]. Their high 
performances in such applications are provided by the 
distinguishable features of these materials due to a layered 
structure comprising alternating perovskite and rock-salt 
layers. Among their advances are high mixed ionic-
electronic conductivity, oxygen mobility and surface 

reactivity, moderate thermal expansion coefficients and 
chemical stability under operating conditions (except for 
Pr2NiO4+δ). In particular, achieving a high level of oxygen 
mobility and surface reactivity is imperative to ensure the 
effective operation of the SOFC/SOE air electrodes. In 
this case, the electrode reaction (oxygen 
reduction/evolution reactions, ORR/OER) is not limited 
by a triple-phase boundary (gas – electrode – electrolyte), 
but occurs on a double-phase boundary (gas–electrode) as 
well [3–5, 7, 17–19]. There has been an Adler–Lane–Steele 
(ALS) model, in which the mixed ion-electron conducting 
(MIEC) electrode performance correlates with the oxygen 
self-diffusion coefficient and surface exchange constant 
values of the electrode material as well as the 
microstructure features [19–21]. 

Excellent oxygen transport properties of first-order 
RP phases, including Ln nickelates, are attributed to a 
cooperative mechanism of oxygen migration involving 
both regular and highly mobile interstitial oxygen 
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presented in a high excess [3, 7, 12, 19, 22–27]. This 
mechanism (known also as an interstitial mechanism) 
involves the movement of interstitial oxygen in a rock salt 
layer across the Ln3 triangle into the apical position of 
NiO6 octahedra in a perovskite layer, and this apical 
oxygen is displaced across the neighboring Ln3 triangle 
into the interstitial position. Such a mechanism provides 
high values of the oxygen self-diffusion coefficient (up to 
~ 10–8–10−7 cm2/s at 700 °C). The doping of A- and B-sites 
with various cations has been demonstrated to exert a 
substantial influence on the cooperative mechanism and, 
consequently, on the oxygen mobility of the RP phases 
[22, 24–30]. This is related to the interstitial oxygen 
content, the size of the dopant cation, as well as other 
structural and defect features. 

Another salient feature pertains to oxygen surface 
reactivity, given that surface exchange of oxygen in the 
oxide and in the gas phase constitutes a pivotal process in 
ORR/OER [31–33]. Interstitial oxygen in the rock salt 
layers and regular oxygen in the perovskite layers have 
been demonstrated to be two major active centers for 
ORR and OER. The governing factors have been 
demonstrated to be oxygen adsorption and 
incorporation. Ln nickelates have been shown to exhibit 
high values of the oxygen surface exchange constant (up 
to ~ 10−7–10−6 cm/s at 700 °C) [26, 28, 29, 32, 34–36]. 
The surface exchange of oxygen for RP phases typically 
occurs via 𝑅1 and 𝑅2 type of exchange mechanisms 
according to the Muzykantov’s classification [37, 38], i.e., 
the simultaneous exchange of one or two oxygen atoms 
from the oxygen molecule with one or two oxygen atoms 
from the oxide surface, respectively. The rate-determining 
steps in this process are believed to be either oxygen 
dissociative adsorption and incorporation, or both stages 
may be competing depending on the sample composition 
and synthesis technique. It has been demonstrated that 
interstitial oxygen plays an important role in the 
incorporation of adsorbed oxygen [26, 32, 33, 35]. The 
oxygen surface exchange process is influenced by the 
dopant nature and content due to the effects of surface 
properties, defects, the rate-determining step, the affinity 
of oxygen to A- and B-site cations, and the surface 
diffusion energy barrier [27–29, 33–36]. 

In several recent works performed jointly in IHTE UB 
RAS, UrFU and BIC SB RAS [39–41], the physicochemical 
properties of Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.4) 
materials perspective for air electrodes in various 
electrochemical devices have been studied. The materials 
have demonstrated a moderate level of the total 
conductivity (𝜎𝑡𝑜𝑡, 155–90 S/cm at 700 °C depending on 
the Cu content) and the thermal expansion coefficient 
(TEC, 13.5–13.7 × 10–6 K–1 in the range of 100–900 °C). 

They exhibit excellent phase stability and chemical and 
thermomechanical compatibility with CeO2- and 
BaCe(Zr)O3-based electrolytes. Moreover, Cu-doping was 
found to enhance the electrochemical activity of the 
related electrodes. For instance, the polarization 
resistance of the Pr1.6Ca0.4Ni0.8Cu0.2O4+δ electrode is in the 
range of 0.19–0.27 Ω · cm2 (at 700 °C) depending on the 
electrolyte substrate [39]. According to the data obtained 
using temperature-programmed isotope exchange of 
oxygen (TPIE) with C18O2 in a flow reactor, the highest 𝐷∗ 
value for Ofast, moving via the cooperative mechanism, 
was demonstrated for Pr1.6Ca0.4Ni0.8Cu0.2O4+δ equal to 
9.4 · 10–8 cm2/s at 700 °C [41]. To complement these 
findings, in the present work, the surface exchange 
properties of these materials have been studied by TPIE 
with 18O2. The correlation of the electrode performance 
with oxygen surface heteroexchange rate and diffusion 
coefficient values according to the ALS model has been 
demonstrated. 

2. Experimental 

The materials of the Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–
0.4, PCNO, PCNCO01–PCNCO04) series were 
synthesized by nitrate combustion using glycerol as a fuel, 
as described in detail in the works [39, 41]. 

The structural properties of the materials were 
examined after the final step by powder X-ray diffraction 
(XRD) analysis using a Shimadzu XRD-7000 
diffractometer (Japan) with a graphite monochromator 
with Cu Kα1 radiation at room temperature in air. The 
XRD patterns were obtained over the angle range of 
10 < 2θ < 90 with a step size of 0.02 ° and an exposure 
time of 5 s at each point. 

A Brunauer–Emmett–Teller (BET) method was 
employed to determine the specific surface area values, 
utilizing a SORBI N.4.1 analyzer (Meta, Russia). 

The oxygen surface reactivity of the samples was 
studied by the temperature-programmed isotope 
exchange (TPIE) of oxygen with 18O2 in a flow reactor. The 
samples (0.25–0.5 mm fraction, 50 mg weight) were 
loaded into a quartz tubular reactor (inner diameter of 
3 mm). Pretreatment was carried out at 700 °C during 
0.5 h in a flow of 1 % O2 + He (flow rate of 25 ml/min) 
followed by cooling. The TPIE experiments were carried 
out in 1 % 18O2 + He (flow rate of 25 ml/min) while 
heating from 50 °C to 800 °C with a ramp of 5 °C/min. 
The gas phase composition at the reactor outlet was 
analyzed by a UGA 200 mass spectrometer (Stanford 
Research Systems, USA). The dependencies of the 18O 
atomic fraction (𝛼) and the 16O18O molecular fraction (𝑓34) 
in the gas phase were used for calculations of isotope 
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exchange kinetic parameters via mathematical modeling 
[29, 42, 43]. 

3. Theory 

3.1. Dissociative adsorption-desorption and three types of 
exchange mechanisms 

The surface exchange of oxygen in the molecular 
oxygen – solid oxide systems is known to occur via the 
Muzykantov–Boreskov mechanism, or the dissociative 
adsorption-desorption mechanism [26, 29, 35, 36, 44–
46], which includes the steps of: 

• physical adsorption; 
• chemisorption of an oxygen molecule with its 

dissociation (Equations 1–3): O2 (𝑔) + 2( )𝑎 = 2(O)𝑎, (1) O2 (𝑔) + ( )𝑎 + [ ]𝑆 = (O)𝑎 + [O]𝑆, (2) O2 (𝑔) + 2[ ]𝑆 = 2[O]𝑆, (3) 

where ( )𝑎 and [ ]𝑆 are the adsorption site and oxygen 
vacancy on the surface, respectively, (O)𝑎 and [O]𝑆 are 
the adsorbed (weakly bound, capable of surface diffusion) 
and surface (strongly bound with oxygen vacancy) 
oxygen species, respectively; 

• incorporation (Equation 4): (O)𝑎 + [ ]𝑆 = ( )𝑎 + [O]𝑆. (4) 

For isotope exchange with 18O2 (as well as other 
molecules containing two identical atoms), according to 
the Muzykantov’s classification [37, 38], there are three 
types of exchange mechanism: 

• Homoexchange 
• 𝑅0-type (0-atomic type, I type, Equation 5): 

O218 + O216 = 2 O16 O18 ; (5) 

• Heteroexchange 
• 𝑅1-type (1-atomic type, II type, Equations 6 and 7): 

O218 + [ O16 ] = O16 O18 + [ O18 ], (6) O16 O18 + [ O16 ] = O216 + [ O18 ]; (7) 

• 𝑅2-type (2-atomic type, III type, Equations 8–10): 

O218 + 2[ O16 ] = O216 + 2[ O18 ], (8) O218 + [ O16 ] + [ O18 ] = O16 O18 + 2[ O18 ], (9) 

O16 O18 + 2[ O16 ] = O216 + [ O16 ] + [ O18 ]. (10) 

3.2. Mathematical models for description of TPIE 18O2 
data 

There are two models applied in this work for the 
description of isotope exchange data: 

• Model 1 (Equations 11–17) considering a direct 
exchange of molecular oxygen with the oxygen of the 
oxide surface [29]; 

• Model 2 (two-step model, Equations 18–25) 
considering the exchange of the molecular oxygen with 
the chemisorbed oxygen atoms (O2𝐺𝐴𝑆 ↔ O𝐴𝐷𝑆, as formed 
according to the Equations 1–3) followed by the exchange 
of the chemisorbed oxygen atoms with the surface oxygen 
of the oxide surface (O𝐴𝐷𝑆 ↔ O𝑆, Equation 4). 

Model 1 𝜕𝛼𝐺𝜕𝑡 + 1𝜏 𝜕𝛼𝐺𝜕𝜉 = 𝑁𝑆𝑁𝐺 𝑅(𝛼𝑆 − 𝛼𝐺) (11) 𝜕𝛼𝑆𝜕𝑡 = 𝑅(𝛼𝐺 − 𝛼𝑆) − 𝑁𝐵𝑈𝐿𝐾𝑁𝑆 𝐷ℎ2 𝜕𝛼𝐵𝑈𝐿𝐾𝜕𝜂 |𝜂=0 (12) 𝜕𝛼𝐵𝑈𝐿𝐾𝜕𝑡 = 𝐷ℎ2 𝜕2𝛼𝐵𝑈𝐿𝐾𝜕𝜂2  (13) 

In the case of 𝑅0-type of exchange mechanism: 𝜕𝑓34𝜕𝑡 + 1𝜏 𝜕𝑓34𝜕𝜉 = 𝑁𝑆𝑁𝐺 𝑅0(2𝛼𝐺(1 − 𝛼𝐺) − 𝑓34) (14) 

In the case of 𝑅1-type of exchange mechanism: 𝜕𝑓34𝜕𝑡 + 1𝜏 𝜕𝑓34𝜕𝜉 = 𝑁𝑆𝑁𝐺 (𝑅1(𝛼𝐺(1 − 𝛼𝑆) +  + 2𝛼𝑆(1 − 𝛼𝐺) − 𝑓34), 𝑅1 = 2𝑅 
(15) 

In the case of 𝑅2-type of exchange mechanism: 𝜕𝑓34𝜕𝑡 + 1𝜏 𝜕𝑓34𝜕𝜉 = 𝑁𝑆𝑁𝐺 (𝑅2(2𝛼𝑆(1 − 𝛼𝑆) − 𝑓34), 𝑅2 = 𝑅 
(16) 

Initial and boundary conditions: 𝑡 = 0: 𝛼 = 𝛼𝑂𝑋 = 𝑓34 = 0  𝜉 = 0: 𝛼 = 𝛼𝑖𝑛𝑝𝑢𝑡, 𝑓34 = 𝑓34𝑖𝑛𝑝𝑢𝑡  (17) 

Here, 𝑁𝐺 , 𝑁𝑆 and 𝑁𝐵𝑈𝐿𝐾 are the numbers of atoms in 
the gas phase, on the surface and in the bulk of the oxide, 
respectively; 𝑅1 and 𝑅2 are the exchange rates via 𝑅1- and 
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𝑅2-types of mechanism, respectively, 𝐷 is the tracer 
diffusion coefficient, ℎ is the characteristic size of the 
oxide particle; 𝜂 is a dimensionless distance from the oxide 
surface; 𝛼𝐺, 𝛼𝑂𝑋, 𝛼𝑆 and 𝛼𝐵𝑈𝐿𝐾 are 18O fractions in the gas 
phase, in the oxide, on the surface and in the bulk of the 
oxide, respectively; 𝑡 is time; 𝜏 is the contact time; 𝜉 is 
dimensionless length of the sample layer in the reactor. 

Model 2 𝜕𝛼𝐺𝜕𝑡 + 1𝜏 𝜕𝛼𝐺𝜕𝜉 = 𝑁𝐴𝐷𝑆𝑁𝐺 𝑅(𝛼𝐴𝐷𝑆 − 𝛼𝐺) (18) 𝜕𝛼𝐴𝐷𝑆𝜕𝑡 = 𝑅(𝛼𝐺 − 𝛼𝐴𝐷𝑆) − 𝑁𝑆𝑁𝐴𝐷𝑆 (𝛼𝑆 − 𝛼𝐴𝐷𝑆) (19) 𝜕𝛼𝑆𝜕𝑡 = 𝑅(𝛼𝐴𝐷𝑆 − 𝛼𝑆) − 𝑁𝐵𝑈𝐿𝐾𝑁𝑆 𝐷ℎ2 𝜕𝛼𝐵𝑈𝐿𝐾𝜕𝜂 |𝜂=0 (20) 𝜕𝛼𝐵𝑈𝐿𝐾𝜕𝑡 = 𝐷ℎ2 𝜕2𝛼𝐵𝑈𝐿𝐾𝜕𝜂2  (21) 

In the case of 𝑅0-type of exchange mechanism: 𝜕𝑓34𝜕𝑡 + 1𝜏 𝜕𝑓34𝜕𝜉 = 𝑁𝐴𝐷𝑆𝑁𝐺 𝑅0(2𝛼𝐺(1 − 𝛼𝐺) − 𝑓34) (22) 

In the case of 𝑅1-type of exchange mechanism: 𝜕𝑓34𝜕𝑡 + 1𝜏 𝜕𝑓34𝜕𝜉 = 𝑁𝐴𝐷𝑆𝑁𝐺 (𝑅1(𝛼𝐺(1 − 𝛼𝐴𝐷𝑆) +  + 𝛼𝐴𝐷𝑆(1 − 𝛼𝐺) − 𝑓34), 𝑅1 = 2𝑅 
(23) 

In the case of 𝑅2-type of exchange mechanism: 𝜕𝑓34𝜕𝑡 + 1𝜏 𝜕𝑓34𝜕𝜉 = 𝑁𝐴𝐷𝑆𝑁𝐺 𝑅2(2𝛼𝐴𝐷𝑆(1 − 𝛼𝐴𝐷𝑆) −  −𝑓34), 𝑅2 = 𝑅 

(24) 

Initial and boundary conditions: 𝑡 = 0: 𝛼𝐺 = 𝛼𝐴𝐷𝑆 = 𝛼𝑆 = 𝛼𝐵𝑈𝐿𝐾 = 𝑓34 = 0  𝜉 = 0: 𝛼𝐺 = 𝛼𝑖𝑛𝑝𝑢𝑡, 𝑓34 = 𝑓34𝑖𝑛𝑝𝑢𝑡  (25) 

Here, 𝛼𝐴𝐷𝑆 is 18O fraction of the adsorbed oxygen, 𝑁𝐴𝐷𝑆 is the number of adsorbed oxygen atoms. 

3.3. Adler–Lane–Steele model 

For elucidation of the correlations of the 
electrochemical performance of electrodes with the 
oxygen exchange and diffusion rates, the ALS model 
(Equation 26) is applied [20, 21, 28, 47]: 

𝑅𝑝 = 𝑅𝑇4𝐹 √ 𝜋𝑡𝑜𝑟𝑡(1 − 𝜋𝑝𝑜𝑟)4𝑆𝑠𝑝𝐶𝑂𝐷𝑜𝑣𝑒𝑟∗ 𝑘∗, (26) 

where 𝑅𝑝 is the polarization resistance of the electrode; 𝐹 
is the Faraday constant; 𝜋𝑡𝑜𝑟𝑡 and 𝜋𝑝𝑜𝑟 are the electrode 
tortuosity and porosity, respectively; 𝑆𝑠𝑝 is the specific 
surface area of the electrode; 𝐶𝑂 is the molar 
concentration of oxide anions in the oxide; 𝐷𝑜𝑣𝑒𝑟∗  is the 
mean integral oxygen tracer diffusion coefficient; 𝑘∗ is the 
oxygen surface exchange constant. 

Hence, the correlations between 𝑅𝑝 and (𝐷𝑜𝑣𝑒𝑟∗ 𝑘∗)0.5 
can be considered. 𝐷𝑜𝑣𝑒𝑟∗  can be calculated considering the 
diffusion coefficients of various oxygen forms. 𝑘∗ can be 
calculated as being proportional to the oxygen surface 
heteroexchange rate [35, 48]. 

4. Results and discussion 

4.1. Structural features and oxygen content 

According to the XRD data (Figure 1), all 
Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.4) samples are single-
phase and possess an orthorhombic structure with the 
Bmab space group. The refinement of unit cell parameters 
was carried out using the Rietveld full-profile analysis 
method with the FullProf Suite software (presented in 
Table 1). The unit cell parameter c increases with 
increasing Cu content in the series, whereas the a and b 
parameters decrease, which can be related to the tendency 
of Jahn–Teller Cu2+ ions to form elongated CuO6 
octahedra [49, 50]. These multidirectional changes result 
in an increase in the unit cell volume. More detailed data 
on the structural characterization of samples are 
presented in the authors’ previous works [39, 41]. 

 

Figure 1 XRD patterns obtained at room temperature for the as-
synthesized Pr1.6Ca0.4Ni1−yCuyO4+δ materials. Reproduced from 
Ref. [41] under the CC BY 4.0 license.
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Table 1 – Structure parameters and oxygen content for the Pr1.6Ca0.4Ni1−yCuyO4+δ series [39, 41]. 

y 0.0 0.1 0.2 0.3 0.4 
Sample designation PCNO PCNCO01 PCNCO02 PCNCO03 PCNCO04 

a, [Å] 5.3537(1) 5.3441(2) 5.3340(3) 5.3270(1) 5.3220(2) 
b, [Å] 5.3726(2) 5.3686(3) 5.3626(3) 5.3580(1) 5.3560(2) 
c, [Å] 12.3706(3) 12.4166(3) 12.4659(3) 12.5051(4) 12.5521(4) 

V, [Å3] 355.82(2) 356.24(1) 356.58(1) 356.98(2) 357.8(2) 
4+δ 4.12 4.09 4.02 3.97 4.00 

The oxygen content according to the TGA data 
[39, 41] is given in Table 1. The examples of temperature 
dependencies of oxygen overstoichiometry according to 
the TGA data in air are given in Figure 2. The overall 
oxygen content decreases with increasing temperature 
due to the oxygen desorption, which is typical for first-
order RP phases. More detailed data on the oxygen 
content of the samples are presented in the authors’ 
previous works [39, 41]. 

 

Figure 2 Total oxygen content in the materials of the 
Pr1.6Ca0.4Ni1−yCuyO4+δ series, as defined via TGA data in air. 
Reproduced from Ref. [41] under the CC BY 4.0 license. 

4.2. Oxygen surface reactivity 

Figure 3 (upper image) demonstrates the 
dependencies for the 18O atomic fractions in the gas phase 
oxygen (𝛼𝐺) acquired for the Pr1.6Ca0.4Ni1−yCuyO4+δ 
samples during TPIE run. The variation of 𝛼𝐺 depends on 
both surface exchange rates and bulk diffusion of oxygen. 
The higher the total rate of O2 exchange with the oxide 
oxygen – the lower the temperature at which a significant 
decrease in 𝛼𝐺 is observed. As illustrated in Figure 3, the 𝛼𝐺(𝑇) dependencies for the PCNO and PCNCO01 
samples are highly analogous. A slight decrease in the 
observed exchange rate for the PCNCO01 sample is most 
likely related to the higher specific surface area (𝑆𝑠𝑝 is 
1.5 m2/g and 2.1 m2/g for the PCNO and PCNCO01 
samples, respectively). The oxygen surface exchange rate 
demonstrates a substantial decline when the Cu content is  

 

Figure 3 Temperature-programmed isotope exchange of 
oxygen with 18O2 in the flow reactor for the 
Pr1.6Ca0.4Ni1−yCuyO4+δ samples. Points – experiment, lines – 
modeling. 

elevated from y = 0.1 to 0.3 (PCNCO01–03). However, a 
subsequent increase in the Cu content to y = 0.4 
(PNCNO04) results in an increase in the oxygen surface 
exchange rate. 

The potential causes of the decrease in the oxygen 
surface exchange rate with increasing the Cu content in 
the Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.3) are evident. It has 
been established that CuO exhibits an oxygen surface 
heteroexchange rate with 18O2 that is approximately one 
order of magnitude lower than that of NiO [51]. 
Pr2CuO4+δ exhibits reduced activity in the isotope 
exchange of oxygen in comparison with Pr2NiO4+δ [52]. 

However, Miyoshi et al. [53] have shown that the 
substitution of Ni with Cu has a significant impact on both 
mixed conductivity and oxygen diffusion. Specifically, 
two compositions of Pr2Ni0.8Cu0.2O4+δ and 
Pr2Ni0.75Cu0.25O4+δ showed considerably higher oxygen 
permeation rates of 60 and 100 μmol · min–1 · cm–2 at 
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1000 °C through a membrane with a thickness of 0.5 mm 
than that of the other B-site doped (with Co, Fe, Mn, Zn, 
Al, Ga, Mg) Pr2NiO4+δ oxides. 

Yashima et al. [54], using Density Functional Theory 
calculations, have shown that in the Pr2Ni1−xCuxO4+δ 
crystal structure the degeneracy in molecular or ionic 
complexes with electronically degenerate states can be 
removed by a distortion where the Cu–O bond length in 
the direction perpendicular to the perovskite layer (bonds 
between Cu2+ and apical oxygen ions), increases. Due to 
the distortion, the bonds between Cu2+ and the apical 
oxygen ions are weaker than the bonds between Cu2+ and 
the equatorial oxygen ions. Thereby, the apical ion can 
contribute to oxygen ion diffusion by moving into the 
interstitial site. This creates a vacancy at the apical site 
while simultaneously increasing the number of ionic 
charge carriers. 

It is established that highly mobile interstitial oxygen 
plays a crucial role in the surface exchange for RP phases 
[26, 32, 33, 35]. The observed decrease in the oxygen 
surface exchange rate in the row of Pr1.6Ca0.4Ni1−yCuyO4+δ 
(y = 0.0–0.3) (Figure 3) is in agreement with the decrease 
in the interstitial oxygen content (Table 1), as well as the 
decrease in the oxygen tracer diffusion coefficient values 
with increasing Cu content, as previously demonstrated 
by C18O2 TPIE [41]. 

The PCNCO04 sample exhibits slightly higher 
oxygen content (δ = 0.00) compared to PCNCO03 
(δ = –0.03, Table 1) [39, 41]. 

A higher surface reactivity for the PCNCO04 sample 
compared to the PCNCO03 one may also be related to 
the surface properties. As demonstrated in the work [39] 
by X-ray photoelectron spectroscopy (XPS), there are 
four forms of surface oxygen for the PCNCO samples 
with a binding energy of 528.8, 530.15, 531.2 and 532.6 eV 
(Table 2). The first two forms likely correspond to the 
structural oxygen associated with Ni and Pr [39]. The third 
form may correspond to the oxygen within (CO3)2– 
groups, as well as adsorbed oxygen and oxygen in the 
defect sites of the crystal lattice [39, 55, 56]. The peak at 
532.6 eV may be associated with adsorbed water [39, 54]. 
The PCNCO04 sample exhibits the greatest contribution 

of the surface oxygen linked to Pr (Table 2) [39]. All of 
these factors may be considered responsible for the higher 
oxygen surface exchange rate for the PCNCO04 sample 
compared to the PCNCO03 one. 

The effect of the diffusion retardation on the 
dynamics of exchange with 18O2 can be demonstrated 
qualitatively by comparing the dynamic extent of 
exchange (𝑋), defined as the amount of oxygen 
substituted at a given point in time divided by its total 
amount in the sample (Equation 27), during TPIE 18O2 and 
C18O2 [41] runs (Figure 4). 

𝑋 = 1𝑁 2𝐶𝑂2𝑈𝛼𝑖𝑛𝑝𝑢𝑡𝑅𝑇 ∫ (𝛼𝑖𝑛𝑝𝑢𝑡 − 𝛼𝐺)𝑑𝑇𝑇𝑒𝑛𝑑
𝑇0  (27) 

where 𝑁 is the total amount of oxygen atoms in the 
sample, 𝐶𝑂2 is the oxygen concentration in the gas phase, 𝑈 is the flow rate, 𝑅𝑇 is the heating ramp rate. 

As follows from Figure 4, the onset of isotope 
exchange with 18O2 is shifted by ~ 100 °C or more towards 
higher temperatures compared to the exchange with 
C18O2 for all samples. Therefore, the dynamics of 
exchange with 18O2 at low temperatures is limited by the 
exchange of oxygen in the gas phase with oxygen on the 
sample surface. While reaching 𝑋 = 20 % (i.e. 
approaching the minima of the 𝛼𝐺 curves), the extent of 
exchange with C18O2 for the PCNO and PCNCO01 
samples is ~ 60 %, while for other samples, this extent is 
significantly lower. This suggests that the limiting effect of 
bulk diffusion is negligible for the PCNO and PCNCO01 
samples, while it can be substantial for other samples, 
particularly PCNCO02. 

Based on the mathematical modeling employing 
Model 1 (Equations 11–17) a satisfactory description of the 𝛼𝐺(𝑇) dependencies is obtained. The oxygen tracer 
diffusion coefficient values are derived from the TPIE 
C18O2 data acquired in the authors’ previous work [41]. 
The estimation errors for calculating the oxygen tracer 
diffusion coefficients and their effective activation 
energies do not exceed ± 15 % (if the other is not 
specified)  [41].  These  values  (Table 3)  are  then  used  in 

Table 2 – The contribution (in [%]) of the oxygen states peaks to the total O1s XPS spectra [39]. 

Sample 
528.8 eV 530.15 eV 531.2 eV 0.3 

Ni–O Pr–O (CO3)2− (H2O)ads 
PCNO 30.1 19.5 42.0 8.4 

PCNCO01 30.0 18.7 43.3 7.9 
PCNCO02 27.7 16.6 45.2 10.5 
PCNCO03 30.8 16.9 39.2 13.1 
PCNCO04 27.5 21.3 35.5 15.6 
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Figure 4 The dynamic extent of exchange for the Pr1.6Ca0.4Ni1−yCuyO4+δ samples during TPIE 18O2 (solid lines, this work) and C18O2 
(dashed lines, from Ref. [41]) runs. 

Table 3 – The oxygen tracer diffusion coefficient (𝑫∗) values at 700 K and their effective activation energies (𝑬𝒂) for various 
oxygen forms (with the fraction of 𝜽) according to the TPIE C18O2 data modeling [41]. 

Sample 
Ofast Omiddle Oslow 𝜽, [%] 

𝑫∗ · 1011, 
[cm2/s] 

𝑬𝒂, 
[kJ/mol] 

𝜽, [%] 
𝑫∗ · 1013, 
[cm2/s] 

𝑬𝒂, 
[kJ/mol] 

𝜽, [%] 
𝑫∗ · 1015, 
[cm2/s] 

𝑬𝒂, 
[kJ/mol] 

PCNO 77 3.6 160 23 0.6 160 0 – – 
PCNCO01 40 2.3 30 0.5 160 30 (0.1 ÷ 1) 160 
PCNCO02 15 4.2 25 (0.2 ÷ 2) 160 60 1.0 160 
PCNCO03 20 1.7 20 (0.1 ÷ 1) 160 60 0.7 160 
PCNCO04 13 0.7 7 (0.1 ÷ 1) 160 80 1.1 160 

 
subsequent calculations. On the other hand, the 𝛼𝐺(𝑇) 
dependencies for the PCNO and PCNCO01 samples can 
be described using a uniform model [29] with a single 
diffusion coefficient within the sample bulk. This suggests 
no limiting effect of oxygen diffusion for the PCNO and 
PCNCO01 samples. For other samples, the 𝛼𝐺(𝑇) 
dependencies cannot be described by a uniform model; 
therefore, oxygen bulk diffusion must be taken into 
account. The limiting effect of diffusion manifests 
exclusively at elevated isotope substitution extents for the 
PCNCO03 and PCNCO04 samples. In contrast, for the 
PCNCO02 sample, diffusion begins to limit the process 
almost immediately upon the onset of isotope exchange. 

Figure 5 demonstrates the dependencies of the 18O 
atomic (𝛼𝐺) and 16O18O molecular (𝑓34) fractions in O2 
acquired for the PCNO samples. The 𝑓34 dependence is 
determined not only by the surface exchange rate, but 

also by the exchange mechanism. Generally, there are two 
types of heteroexchange 𝑅1 (Equations 6 and 7) and 𝑅2 
(Equations 8–10) [26, 28, 29, 37, 38, 44–46]. As 
illustrated in Figure 5, Model 1 is incapable of explaining 
the 𝑓34 dependence, regardless of whether 𝑅1 or 𝑅2 is 
considered as the exchange mechanism. Employing the 
two-step model (Model 2, see Section 3.2 for details) 
allows a successful description of both 𝛼𝐺(𝑇) and 𝑓34(𝑇) 
dependencies using the 𝑅2-type of exchange mechanism 
for all samples (Figure 3, upper and lower images, 
respectively). 

The calculations demonstrated that the limiting effect 
of the O𝐴𝐷𝑆 ↔ O𝑆 step occurs only for the PCNO and 
PCNCO01 samples. In the case of PCNCO02 sample at the 
onset of isotope exchange, the O2𝐺𝐴𝑆 ↔ O𝐴𝐷𝑆 step is 
limiting, then oxygen diffusion in the oxide bulk is 
limiting.  For the PCNCO03 and  PCNCO04 samples,  the  
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Figure 5 Temperature-programmed isotope exchange of 
oxygen with 18O2 in the flow reactor for the Pr1.6Ca0.4NiO4+δ 
sample. Points – experiment, lines – description using various 
models. O2𝐺𝐴𝑆 ↔ O𝐴𝐷𝑆 step is mainly limiting, except for high 
oxygen isotope substitution extents. The calculated values 
of the surface exchange rates for the O2𝐺𝐴𝑆 ↔ O𝐴𝐷𝑆 (𝑅2) 
and O𝐴𝐷𝑆 ↔ O𝑆 (𝐾) steps are given in Table 4 and 
Figure 6(a). It is noteworthy that the effective activation 
energy values for all Pr1.6Ca0.4Ni1−yCuyO4+δ (y = 0.0–0.4) 
samples remain constant within the estimation error 
range, 180 kJ/mol (Table 4). The oxygen surface 

exchange rate is known to depend on various factors, 
including the frequency of exchange attempts, the surface 
coverage by adsorbed oxygen species, oxygen vacancies, 
and other oxygen forms; the enthalpies and entropies of 
oxygen adsorption, incorporation, and charge transfer 
[57–59]. The experimental findings suggest that the 
incorporation of Cu does not appear to exert a substantial 
influence on these enthalpies and entropies. However, it 
may have an impact on the contribution of the oxygen 
surface form, as evidenced by the XPS data (Table 2) [39]. 
Additionally, there is the possibility that the attempt 
frequency may be affected. 

In order to compare the samples studied with the 
other samples and make correlations according to the ALS 
model, the oxygen surface exchange values (𝑘∗) should be 
calculated. As follows from the calculations (Figure 6(b)), 
the samples possess high 𝑘∗ values (~ 10–7–10–5 cm/s at 
700 °C), which is comparable or even exceeding the values 
for other first-order RP phases [26, 28, 29, 32, 34–36]. 

Table 4 – The values of the oxygen surface exchange rates (𝑹𝟐, 𝑲) at 700 K and their effective activation energies (𝑬𝒂(𝑹, 𝑲)) 
according to the TPIE 18O2 data modeling. 

Sample 
𝑹𝟐, 

[μmol/(m2 · s)] 
𝑲, 

[μmol/(m2 · s)] 
𝑬𝒂(𝑹, 𝑲), 
[kJ/mol] 

PCNO 0.8 0.3 180( ± 0.3) 

PCNCO01 0.8 

PCNCO02 0.1 Not limited 

PCNCO03 0.01 

PCNCO04 0.03 

  

Figure 6 – Arrhenius plots for oxygen surface exchange rates (a) and constants (b) according to the TPIE 18O2 in the flow reactors 
for the Pr1.6Ca0.4Ni1−yCuyO4+δ samples, y = 0.0 (1), 0.1 (2), 0.2 (3), 0.3 (4) and 0.4 (5). 
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4.3. Correlation with electrochemical properties 

Electrochemical impedance measurements and 
detailed analysis of the electrode performance were 
carried out in the authors’ previous works [39, 40]. The 
polarization resistance values, 𝑅𝑝, for the single-layer 
Pr1.6Ca0.4Ni1−yCuyO4+δ electrodes on the SDC electrolyte 
were calculated as 1.88, 1.05, 1.54, 1.65 and 0.91 Ω · cm2 at 
700 °C for y = 0.0, 0.1, 0.2, 0.3 and 0.4, respectively. The 
effective activation energy values, found from the 
reciprocal 𝑅𝑝 temperature dependencies, are 130, 120, 120, 
120 and 90 kJ/mol for y = 0.0, 0.1, 0.2, 0.3 and 0.4 
(Figure 7). The variation of the effective activation energy 
of 𝑅𝑝 with the Cu content, while the effective activation 
energies of 𝐷∗and 𝑘∗ are almost constant (Tables 3 and 4) 
may be due to the variation of the oxygen content 
(Equation 26) with temperature as shown by the TGA 
data [39, 41] as well possible deviations from the ALS 
model [60–62]. 

While analyzing the correlations of polarization 
resistance with oxygen content, diffusion coefficient, and 
surface exchange constant within the framework of the 
ALS model [20, 21, 28, 34, 47], the trends of decreasing 𝑅𝑝 with increasing the (𝐷∗𝑘∗)0.5 and δ values were 
observed (Figure 8). 

The 𝑅𝑝 and δ dependencies on the Cu content are 
non-monotonous, while (𝐷∗𝑘∗)0.5 gradually decreases 
with increasing the Cu content. Especially, there are 

correlations of 𝑅𝑝 with (𝐷∗𝑘∗)0.5 for 
Pr1.6Ca0.4Ni1−yCuyO4+δ, y = 0.1–0.3, and with δ for 
y = 0.1–0.4. There are deviations from direct correlations, 
which can be explained by the effect of microstructure 
and textural properties of the electrodes, and/or the 
variation of oxygen overstoichiometry with the 
temperature. 

 

Figure 7 – Arrhenius plots for the reciprocal polarization 
resistance of the Pr1.6Ca0.4Ni1−yCuyO4+δ electrodes without 
collector layer, y = 0.0 (1), 0.1 (2), 0.2 (3), 0.3 (4) and 0.4 (5) 
[39]. 

  

Figure 8 – Correlation of polarization resistance, oxygen overstoichiometry, tracer diffusion coefficient and surface exchange 
constant for the Pr1.6Ca0.4Ni1−yCuyO4+δ series (y = 0.0–0.4). 

5. Conclusions 

The present study demonstrates the effect of the Cu 
content in the Pr1.6Ca0.4Ni1−yCuyO4+δ series on the oxygen 
surface reactivity. The temperature-programmed isotope 

exchange with 18O2 studies demonstrate that the oxygen 
surface exchange occurs via the 𝑅2-type of mechanism, 
i.e., two-atomic heteroexchange. For some samples, the 
limiting effect of the adsorbed oxygen incorporation into 
the oxide surface is shown. The oxygen surface exchange 
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rate tends to decrease with increasing the Cu content, 
which can be explained by a decrease in the highly-mobile 
interstitial oxygen content and mobility. The exception 
for the Pr1.6Ca0.4Ni0.6Cu0.4O4+δ sample exhibiting higher 
oxygen surface exchange rate values compared to the 
Pr1.6Ca0.4Ni0.7Cu0.3O4+δ sample can be explained by the 
combined effect of the sample surface properties and/or 
the oxygen content. Nevertheless, all samples possess high 
oxygen surface exchange constant values 
(~ 10–7–10–5 cm/s at 700 °C) that are comparable or even 
exceeding the values for other first-order RP phases and is 
very attractive for practical application as SOFC/SOE air 
electrodes. The correlations of the electrode performance 
and materials’ oxygen kinetics are demonstrated. 
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Progress in infiltration technology applied to air electrodes 

with proton-conducting electrolyte backbones 

 
Elena Pikalova a * 

 
Lowering the operating temperature of solid-state energy devices to 500–700 °C has driven an increased 
attention being paid to protonic ceramic cells (PCCs) due to several advantages they offer such as low 
activation energy for proton diffusion, fuel flexibility, higher power efficiency provided by the absence of 
fuel dilution at the anode, as well as enhanced potential for lower housing and stacking costs. However, a 
significant challenge for fuel/electrolysis cells based on proton-conducting electrolytes is the performance 
of air electrodes for efficient oxygen reduction and water splitting reactions. The infiltration of catalysts 
into porous backbone layers has been demonstrated to be a highly effective method for the fabrication of 
highly active and durable PCC electrodes. This Focus Review summarizes the achievements in the application 
of the infiltration technique to the formation of air electrodes with proton-conducting 
electrolyte/composite backbones modified with various catalysts as a promising simple and cost-effective 
way to eliminate electrode/electrolyte mismatch issues and provide significant performance enhancement. 

keywords: proton conducting fuel cells, air electrode, proton-conducting electrolytes, infiltration technique, 
electrolyte backbone, composite backbone, enhanced performance, durability 
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1. Introduction 

Protonic ceramic cells (PCCs) represent a promising 

class of electrochemical devices for the efficient clean 

energy [1, 2]. Compared to conventional solid state 

devices, these cells offer several advantages, including low 

activation energy for proton diffusion, fuel flexibility, 

ability to operate in the intermediate temperature range 

(500–700 °C), and the elimination of the need for 

expensive noble metals as electrocatalysts [3]. Moreover, 

PCCs exhibit wide-ranging application prospects for the 

production of hydrogen and valuable chemical products 

at intermediate temperatures [2]. 

Despite the promising potential of PCCs, their 

widespread implementation faces difficulties due to the 

challenge of insufficient electrochemical performance. 

Lowering the operation temperature and the presence of 

water in the air electrode, which can partly block the 

active sites for ORR, cause large overpotentials. This 

factor may contribute greatly to the deterioration of the 

whole cell performance. Therefore, the absence of highly 

active and durable cathodes, which compromise both cell 

efficiency and long-term stability, can be considered as 

the main obstacle for the PCC commercialization. 

Overcoming these limitations will help to unlock full 

potential of PCCs and accelerate their integration into the 

global energy landscape [4–7]. 

Air electrode materials developed for PCCs currently 

encompass electronic conductors, oxide-ionic – electronic 

conductors, protonic – electronic conductors, triple-

conducting oxides, as well as composite electrodes 

[4, 8–11]. Modifying the electrodes in PCCs to meet the 

requirements for the PCCs efficient operation at 

decreased temperatures involves optimizing their material 

composition, microstructure, and surface properties to 

enhance performance. The guide on chemical and 

structural design of oxygen electrodes, including those for 

PCCs, was represented recently by Tarutin et al. [12]. 

Several advanced techniques were proposed to improve 

PCCs’ air electrode activity: methods to change the 
electrode composition under the influence of external 
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conditions with the formation of heterogenic catalysts 

[13–15], creation of nanocomposites with extended triple 

phase boundary (TPB) using infiltration [16–20], 

infiltration/reactive sintering [21], and a one-pot method 

[22–24], surface modification by spin-coating [25], 

electrospinning [26], atomic layer deposition [27], and 

pulsed laser deposition [28], and others. 

The infiltration-based modification of the electrodes 

offers three primary advantages. First, it is an efficient 

approach to enhance the electrocatalytic activity of PCFC 

electrodes at low cost by applying an appropriate catalyst 

without utilization of complicated equipment. Secondly, 

due to lowering the sintering temperature of the 

electrodes, it facilitates the utilization of a diverse array of 

active materials that are otherwise incompatible with 

conventional electrodes due to their high reactivity with 

other PCFC components. Finally, this approach facilitates 

the creation of nanoscale and/or nanostructured 

composite electrodes, which will enhance the performance 

of existing PCFC systems due to the increased TPBs. Due 

to all these outlined advantages, the infiltration technique, 

which appeared in 90th of XX century [29], is still 

attracting enhanced attention among other methods of 

the electrode nanoengineering [30, 31]. 

The majority of the studies conducted in Russia were 

focused on enhancing the electrocatalytic activity of 

SOFC air electrodes through the infiltration of Pr-based 

catalysts [32–38]. A limited number of studies have 

focused on the infiltration of air electrodes in PCFCs 

[16, 39, 40]. Nevertheless, as far as the interest to PCCs is 

constantly growing, so more studies to improve their 

performance using infiltration are underway. 

Recent reviews have elucidated the specifics and 

demonstrated advantages of the infiltration technique for 

the SOFC air electrodes [41–49]. 

Impregnation/infiltration technique was mentioned as 

promising in the reviews on the PCFCs electrodes, 

including composites [4, 8, 44, 50–53]. However, to the 

best of our knowledge, there is no any specific review on 

the infiltration of the PCFCs air electrodes. Therefore, the 

present review is focused on infiltration technology 

applied to air electrodes for PCCs, particularly, for the 

electrodes with proton-conducting electrolyte backbones. 

The review begins with an outline of the primary 

principles of PCC operation and the range of available 

PCC electrode materials. It emphasizes the application of 

the infiltration technique, which is a simple, cost-effective 

method of fabricating nanoscale composite electrodes 

with an extended triple phase boundary. Next, it 

transitions to its main subject: nanocomposite air 

(oxygen) electrodes based on proton-conducting 

electrolyte/composite backbones, considering infiltration 

of various catalysts, influence of microstructure, loading 

level and sintering conditions on the electrode 

performance. 

2. Proton ceramic cells: specifics of operation and 

requirements for oxygen electrodes 

The main advantage of proton ceramic fuel cells 

(PCFCs) over other known classes of fuel cells based on 

solid-state electrolytes is the effective operation at 

reduced temperatures due to the higher mobility and 

lower activation energy of protons compared to oxide 

ions in this range [54, 55]. In addition, the water in the 

electrochemical reaction is generated at the PCFC 

cathode, eliminating fuel dilution at the anode (Figure 1). 

In the case of the electrolysis cell, no separation of the 

output  gas  mixture is required.  PCECs differ from  PCFCs  

 

Figure 1 Principles of the operation of electrochemical devices based on a proton-conducting electrolyte: fuel cell (PCFC) and 
electrolysis cell (PCEC). The diagram shows common and specific requirements for air electrodes for these devices. 
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not only by polarization polarity applied to the cells, but 

also unconventional conditions of highly humidified 

atmospheres. 

The main role of the PCCs oxygen electrodes is to 

provide the sites for the electrochemical reactions – the 

oxygen reduction reactions (ORR)/oxygen evolution 

reactions (OER), and the water-splitting reactions (WSR). 

Sufficient electronic conductivity is also necessary for the 

stable current collection. Functionality of oxygen 

electrodes in PCFC and PCEC defines specific 

requirements for these electrodes. Requirements for air 

electrodes for PCFCs include high electronic/ionic 

conductivity and stability under working conditions 

(500–700 °C, 10–5 ≤ pO2 (atm) ≤ 0.21, in the presence of 

H2O and CO2), high catalytic activity for ORR, 

thermomechanical and chemical compatibility with 

electrolyte and interconnect materials, good adhesion to 

the electrolyte, and suitable porosity for gas exchange 

across the electrode bulk and between the 

electrode/electrolyte interface. High catalytic activity for 

OER and WSR, as well as hydrothermal stability, are 

important for PCEC’s air electrodes [9, 12]. 

3. Major types of oxygen electrodes for PCCs 

The following major types of oxygen electrodes can 

be distinguished: pure electronic conductors (ECs) that 

only allows electron (e–) to conduct, mixed ionic (O2–) and 

electronic (e–) conductors (MIECs), mixed protonic (H+) 

and electronic (e–) conductors (MPECs), and triple-

conducting oxides that allows all types of charge carriers 

– ionic (H+) and (O2–), and electronic (e–) (TIECs) 

[4, 5, 50, 56, 57]. 

Figure 2 shows specifics of the ORR reaction in PCFCs 

in dependence on the oxygen electrode conducting 

nature. The first studies concerning PCFCs reported the 

use of ECs, such as Pt [58–63] or traditional Sr-doped 

LaMnO3 (LSM) [64, 65] as a cathode. However, Pt is not 

preferred for practical applications due to its high cost. 

Moreover, Pt in contact with a proton-conducting 

electrolyte is found to show significant polarization losses 

caused by the limited number of reaction sites, localized 

mainly at the cathode/electrolyte interface [66, 67]. LSM 

electrodes require specific modifications to be effectively 

used in PCFCs at reduced operating temperatures as well 

[68–70]. 

Generally, mixed ionic and electronic conductors 

(MIECs) are considered as the most promising cathode 

materials for the next-generation SOFCs with reduced 

operating temperatures due to their excellent catalytic 

activities for ORR through the extension of the 

electrochemically active sites to the entire surface of the 

cathode [71–73]. Due to their high conducting properties, 

fast oxygen kinetics, and excellent catalytic activity, 

conventional and double perovskites, layered and misfit 

layered phases were considered as air electrode materials 

in contact with proton-conducting electrolytes 

[51, 74–78]. However, in PCFCs, the electrochemically 

active sites of a MIEC air electrode are also limited to the 

triple-phase boundary (TPB) which is the 

electrode/electrolyte interface due to their poor proton-

conducting properties. 

MPECs are proton-conducting materials that exhibit 

enhanced electronic conductivity when doped with 

transition metals or multivalent elements, such as Co, Fe, 

Pr, and Bi. These materials have been investigated for their 

potential application as PCC oxygen electrodes and 

proton-conducting membrane materials [50, 77, 79–83]. 

The effectiveness of MPECs can be attributed to their 

triple phase boundary, which may prolong the water 

evolution reaction at the electrode surface. However, 

MPECs have not received sufficient attention from 

researchers because of poor outcomes between electronic 

and proton conduction upon doping and poor catalytic 

activity   to   ORR   due   to   a   relatively   lower   content 

 

Figure 2 Schematic representation of the ORR reaction in oxygen electrodes with a different type of conductivity (from the left to 
the right) ECs, MIECs, MPECs and TIECs on a proton-conducting electrolyte. 
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of transition metals in solid solutions compared to MIECs. 

Accordingly, for highly efficient PCFCs, the active 

sites of the cathode should be extended to the bulk sites 

by facilitating O2− electroreduction rates and 

electrochemical activities for H+ and e− in the cathode 

material. Triple ionic-electronic conductors (TIECs) meet 

these requirements [8, 84–92]. However, it worth noting 

that the term "triple-conducting" signifies that all three 

partial conductivities (electronic, oxygen-ionic, and 

protonic) have to be comparable. This objective has not 

be attained by contemporary state-of-the-art electrode 

systems within the intermediate temperature range, as 

sufficient mobility/concentration of protons is only 

achieved at temperatures as low as 200–400 °C [11, 51]. 

Examples of the composition of the electrodes with 

different conducting nature and performance (peak 

power density, PPD) of the anode-supported PCFCs at 

600 °C are presented in Table 1. The lines’ color in the 
table is related with colors of electrodes shown in the 

schematic in Figure 2. 

Composite electrodes enable the extension of the TPB 

from the electrolyte/cathode interface to the entire 

cathode bulk. Typically, in the research of PCC composite 

oxygen electrodes, a catalyst (ECs, MIECs) is mixed with a 

proton  conductive  electrolyte  material  to  realize  triple- 

Table 1 – Air electrode materials for PCFCs. PPDs of the cells 
with doped BaCe(Zr)O3 membranes of different thicknesses are 
presented at 600 °C. 

Composition 
Electrolyte: 
thickness 

PPD Ref 

La0.8Sr0.2MnO3–δ a BCY15 : 20 180 [65] 

LaNi0.4Fe0.6O3–δ b BZY : 20 46 [93] 

Sm0.5Sr0.5CoO3–δ c BCZYZn : 20 246 [94] 

La0.6Sr0.4Co0.2Fe0.8O3–δ d BZCY7 : 55 235 [95] 

Ba0.5Sr0.5Co0.8Fe0.2O3–δ BCY10 : 20 390 [96] 

Ln1.2Sr0.8NiO4+δ 

(Ln = La/Pr) 

BZCY7 : 10 223/ 
127 

[97] 

Ca3Co4O9+δ e BZCY : 25 246 [98] 

SmBaCuCoO5+δ BZCY7 : 30 152 [99] 

BaCo0.7Fe0.22Sc0.08O3–δ BZCY7 : 10 591 [100] 

BaCe0.5Fe0.3Bi0.2O3–δ BZCY7 : 25 362 [101] 

NdBa0.5Sr0.5Co1.5Fe0.5O5+δ BZCY7 : 15 690 [84] 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ f BZCYYb : 18 600 [92] 

BaCo0.4Fe0.4Zr0.1Y0.1O3–δ BZCY7 : 40 669 [102] 

BaCe0.1Zr0.2Y0.1Fe0.6O3–δ BCZYYb : 30 75 [89] 

BaZr0.2Y0.2Fe0.6O3–δ BZY : 20 175 [103] 
a – BaCe0.85Y0.15O3–δ; 
b – BaZr0.8Y0.2O3–δ; 
c – BaCe0.5Zr0.3Y0.16Zn0.04O3–δ; 
d – BaZr0.1Ce0.7Y0.2O3–δ; 
e – BaCe0.5Zr0.3Y0.2O3–δ; 
f – BaCe0.5Zr0.3Y0.1Yb0.1O3+δ. 

conductivity [10, 11, 39, 104–106]. Reducing 

thermomechanical mismatch between cathode and 

electrolyte is also among the advances of the composite 

electrodes, as the most of electrode materials exhibit 

significantly higher thermal expansion coefficients (TECs) 

compared to those of current proton-conducting 

electrolytes, which may led to adhesion issues even on the 

stage of the electrode fabrication [107]. Meanwhile, other 

types of composite cathodes, composed of a cathode 

catalyst and an oxygen ion conductor, have been 

proposed [108–112]. Oxygen ion conductors are excellent 

oxygen reduction catalysts; therefore, the oxygen 

reduction and oxide ion migration capabilities can be 

enhanced in the composite. 

Triple-phase conducting composite cathodes, 

comprising both proton and oxygen conducting 

electrolytes as well as EC or MIEC [113, 114] or composites 

containing MIEC and TIEC [115], combining all the 

advantages of the composite component and diminishing 

drawbacks, have recently gained attention as promising 

electrode candidates for PCCs. 

The critical aspect of the PCC design pertains to the 

chemical compatibility of the electrode and electrolyte 

materials, which influence not only power characteristics 

but also long-term stability. The problem with chemical 

interaction in composite electrodes can be resolved by 

decreasing sintering temperature of the electrodes or 

eliminating of the sintering step [41, 42, 116–121]. 

4. Infiltration technique as an advanced tool for the 

electrode modification 

The infiltration-based modification of the electrodes 

facilitates the creation of nanoscale surface layers and/or 

nanostructured composite electrodes, which may enhance 

the performance of existing PCFC systems due to the 

increased TPBs, as schematically shown in Figure 3. 

The lowering the sintering temperature of the 

electrodes, it facilitates the utilization of those electrode 

materials  that  are  incompatible  with  proton-conducting 

 

Figure 3 Schematic representation of a conventional composite 
(left) and a nanocomposite electrode (right) prepared using an 
infiltration technique. Red lines represent a triple phase 
boundary. 
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electrolytes due to their high chemical reactivity or/and 

a mismatch in thermal expansion properties [107]. 

The infiltration process typically includes several 

sequential steps: the preparation of a porous backbone, 

the preparation and introduction of a liquid precursor 

solution into the backbone structure, and the subsequent 

heat treatment, which may result in the formation of 

separate particles or films [44, 122], as it is shown in 

Figure 4. 

Furthermore, each stage of the process requires the 

consideration of specific controllable parameters. At the 

initial stage, the following issues must be taken into 

account: the level and nature of the backbone 

conductivity and its microstructure, which is defined by 

the dispersity of the powders and the type of pore former 

used, as well as the formation method and sintering 

conditions. The precursor solution preparation also 

presumes a number of the controllable parameters, such 

as the choice of solution media, chelating agents, and 

surfactants. The subsequent heat treatment step enables 

the production of nanosized particles of the material 

introduced by infiltration. The sintering temperature and 

dwelling time, which have a significant impact on the size, 

crystallinity, and grain growth of the particles are 

controllable parameters at this step. 

Schematically, the most important controllable 

parameters for the infiltration process are shown in 

Figure 5. 

According to the backbone conducting nature, 

considered in the previous section, several classes of PCCs 

electrodes, presented in literature can be distinguished: (a) 

porous electrolyte (proton-conducting, oxygen-ion 

conducting or composite) backbones with infiltrated 

electrocatalyst;       (b)       single-component      electronic 

 

Figure 4 Schematic of infiltration: (a) backbone preparation; (b) 
infiltration with a precursor solution; and formation of the 
infiltrate after a sintering step represented by (c) separate 
particles or (d) films [122]. 

 

Figure 5 Controllable parameters of the infiltration process. 

backbones; (c) single-component mixed ionic/protonic 

and electronic conducting (MIEC [123], MPECs) 

backbones; (d) triple-conducting backbone (TIECs) and 

(e) composite electrodes backbones. 

Utilization of electrolyte backbones allows high 

sintering temperatures to ensure optimal adhesion and 

structural stability of the electrode. This method 

eliminates issues related to the electrode/electrolyte 

mismatching. The size of infiltrated catalyst particles can 

be controlled at a nanometer level due to low calcination 

temperatures, allowing for the generation of numerous 

reactive zones, which can enhance the electrode 

performance significantly. Moreover, the proton-

conducting backbone allows the TPB to be extended to the 

electrode volume. 

5. PCC air electrodes fabricated by infiltrating 

electrolyte-containing backbones 

5.1. Infiltration of the proton-conducting electrolyte 

backbones 

In the pioneering studies, the electrodes with a 

proton conducting backbone infiltrated with ECs/MIECs 

were considered [124–127]. Wu et al. [125] fabricated 

nanocomposites on the base of a BaCe0.8Sm0.2O2.9 (BCS) 

backbone infiltrated with Sm0.5Sr0.5CoO3–δ (SSC@BCS) by 

introducing a Sm, Sr, Co nitrate water solution with the 

addition of glycine (1 : 2) to the BCS porous backbone, 

pre-sintered at 1100–1400 °C. Here, a designation 

SSC@BCS has been introduced to discern composites 

prepared by infiltration from those prepared by mixing 

(SSC-BCS). The lowest polarization resistance, 𝑅𝑝, of about 

0.21 Ω · cm2 at 600 °C, was achieved with the BCS 

backbone sintered at 1100 °C, the SSC loading level of 

55 wt. %, and the SSC infiltrate sintering temperature of 
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800 °C. Figure 6(a) demonstrates the BCS backbone with 

various loading levels. It is seen that at 55 wt. % loading, 

the particles grow (to about 250 nm) and form a well-

connected network over the BCS backbone, which results 

in the superior electrode performance. For the 

conventional SSC-BCS composite electrode with the same 

SSC content and sintering temperature of 1100 °C, 𝑅𝑝 was 

0.63 Ω · cm2 at 600 °C. The peak power densities (PPDs) 

of the anode supported cell with the BCS electrolyte of 

70 µm in thickness were 239 and 307 mW · cm−2 at 

700 °C for SSC-BCS and SSC@BCS cathodes, respectively. 

The cell ohmic resistance, 𝑅𝑜ℎ𝑚𝑖𝑐, contributed the most to 

the total cell resistance (0.676 and 0.691 Ω · cm2 at 700 °C 

for the cell with the impregnated and conventional 

composite electrode, respectively) due to high electrolyte 

thickness. 

Following this study, Zhao et al. [124] investigated 

SSC@BaZr0.1Ce0.7Y0.2O3–δ (BZCY) electrodes, obtained by 

infiltrating a Sr, Sm, Co water-alcohol nitrate solution 

with the addition of Pluronic P123 as a surfactant and urea 

as a chelating agent. A single cell with a BaCe0.7In0.3O3–δ 

(BCI) electrolyte (~ 18 µm) and such a nanocomposite 

cathode with 75 wt. % SSC loading demonstrated a PPD of 

491 mW · cm−2 at 700 °C, respectively. The short-term 

durability test (1000 min) of the cell based on the 

infiltrated  SSC@BZCY  under  a  constant  current density 

 

Figure 6 (a) SEM images of the infiltrated BCS-based electrode with 0, 25 and 55 wt. % of the SSC loading (Reconstructed using the 
data [125]); (b) Microstructure of LSFC electrode prepared by spray pyrolysis and 12 cycles infiltrated LSCF@BZCY electrode 
(constructed using the data [127]); (c) Polarization resistance (left) and characteristic capacitances (right), obtained for the PLNCN-
infiltrated BZCY-based electrodes with various loading (at 600 °C) (Reconstructed using the data [130]); (d) Electrochemical 
performance and derived DRT of single-cells at 750 °C with PBC-BZCYYb composite cathodes made with varying number of times 
of PBC impregnation into BZCYYb backbone (from the left to the right): I–V–P curves using humidified hydrogen; DRT of single-
cells derived from EIS and (contributions of anode and cathode processes to polarization resistance of single-cells (Reconstructed 
using the data [131])). 
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of 200 mA · cm−2 at 600 °C showed excellent 

microstructural and performance stability of the 

infiltrated electrode. 

Daʹas et al. [128], using infiltration of a classical 

electron-conducting La0.8Sr0.2MnO3–δ (LSM) to 

BaZr0.8Y0.2O2.9 cathode backbone obtained promising 

performance 109, 154, and 200 mW · cm−2 at 500, 550, 

and 600 °C, respectively, compared to 2, 6, and 

14 mW · cm−2 at 500, 550, and 600 °C for the cell with the 

conventional LSM-BZY composite electrode, sintered at 

1100 °C. Such a drastic difference in the performance was 

due to some reasons. First, TPB for the infiltrated 

electrode was significantly enhanced, and second, 

decreasing the sintering temperature of the LSM@BZY 

electrode allowed elimination of the chemical interaction 

between the components, which is known to be significant 

at 1100 °C [107]. At 500 and 600 °C, the 𝑅𝑜ℎ𝑚𝑖𝑐/𝑅𝑝 of the 

cell with the impregnated electrode were 0.63/3.32 and 

0.41/0.64 Ω · cm2, respectively. It is also worth noting that 

to implement the infiltration process, the authors used an 

advanced scalable inject printing technique, widely used 

for infiltration YSZ-based cells [129]. 

Ricote et al. [127] initiated a comparative study of the 

microstructure and performance of 

La0.58Sr0.4Co0.2Fe0.8O3–δ (LSCF) cathodes deposited on 

BZCY by infiltration in 4 (2.5 wt. % loading) and 

12 infiltration cycles (~ 7 wt. % loading) and those 

obtained by spray pyrolysis. Single-phase LSCF was 

obtained after final sintering at 700 °C for 2 h for all the 

cells. The area specific resistances (ASR) of 0.61 Ω · cm2 at 

600 °C, respectively, were obtained for the spray-

pyrolyzed LSCF cathode on BZCY in dry and humidified 

air [127]. Corresponding polarization resistances of 

0.63 Ω · cm2 and 0.98 Ω · cm2 were measured for 12 cycles 

infiltrated LSCF@BZCY. Analysis of the electrochemical 

impedance spectra collected between 450 °C and 600 °C 

in air with varying p(H2O) revealed that the charge 

transfer contribution was the lowest for the backbone-

infiltrated cathode while the oxygen 

dissociation/adsorption contribution was the lowest for 

the spray-pyrolyzed cathode. The electrochemical 

properties are correlated to the cathodes’ microstructure 
(Figure 6(b)). The spray-pyrolyzed LSCF cathode was 

between 2 and 6 µm thick with the presence of ridges. 

LSCF@BZCY cathodes were 35–40 µm thick, however, as 

the infiltrated LSCF did not percolate through the entire 

thickness, therefore, only the LSCF in contact with the 

current collector acted as cathode, which explains its 

relatively low activity. 

Shimada [132] enhanced the performance of the LSFC-

based cathode for the anode-supported PCFC with a 

BaZr0.1Ce0.7Y0.1Yb0.1O3–δ (BZCYYb) electrolyte using a 

combined approach. First, a submicron porous BZCYYb 

electrolyte layer was formed on the surface of the dense 

electrolyte. Second, this layer was impregnated with LSCF-

BZCYYb fine particulates, yielding a three-dimensionally 

extended TPB region. PPD at 700 °C exceeded 1 W · cm−2 

and remained high even at lower operating temperatures, 

i.e., 1.05, 0.81, 0.57, 0.38, and 0.24 W · cm−2 at 700, 650, 

600, 550, and 500 °C, respectively. 

Ye et al. [133], studying the performance of anode-

supported tubular reversible cells with a thin-film 

CaZr0.9In0.1O3–δ (CZI) electrolyte established the optimal 

loading level of La0.6Sr0.4CoO3–δ (LSC)@CZI air electrode 

as 50 wt. %. At 800 °C, the current density of 

182 mA · cm−2 at 1.3 V was obtained, while the observed 

PPD value for the optimized cell was 110 mW · cm–2. Taking 

into account that the TEC of CZI materials is about 

3 × 10–6 K–1, which is much lower than that of common air 

electrode materials, the infiltration technique to form a 

composite air electrode is a perspective (if not the only) 

way to avoid TEC mismatch. This strategy may be applied 

to construct cells with novel, recently developed proton-

conducting electrolytes with relatively low TEC values 

[134–138]. 

The study performed by Ricote group revealed that 

the presence of ionic conduction in a catalyst material 

infiltrated into a proton-conducting backbone is not 

necessary for a good performance. Instead, high 

electronic conductivity is a critical factor [126]. They 

fabricated BZCY-based electrodes infiltrated with LaCoO3 

(LC) electronic conductor. Single phased LC was formed 

after annealing in air at 600 °C for 2 h, with a particle size 

of 60–80 nm covering the BZCY grains (200 nm – 1 µm). 

The LC@BZCY performed 0.39 and 0.11 Ω · cm2 at 500 

and 600 °C respectively, in air (pH2O = 0.01 atm) was the 

lowest value reported for the PCFC cathodes. Contrarily, 

for the electrode obtained by the BZCY backbone 

infiltration with La2NiO4+δ (LN) with the same loading 

[139], despite high ionic conductivity and fast ionic 

transport characteristic for this catalyst, ASR values of 

161.8, 29.3 and 3.7 Ω · cm2 were measured at 500, 600 and 

700 °C, respectively. The main reason for that was 

supposed to be significantly lower electronic conductivity 

LN compared to Co-containing electrode materials 

(~ 65 S · cm–1 at 600 °C [140]). 

Infiltration of a multi-doped RP phase with increased 

electronic conductivity to the proton-conducting 

backbone was reported by Li et al. [130]. The authors 

obtained a complex (Pr0.9La0.1)2(Ni0.74Cu0.21Nb0.05)O4+δ 

phase through the infiltration of a water-based nitrate 

solution (0.1 M) with the addition of glycine as a chelating 
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agent to the porous BZCY backbone, pre-sintered at 

1200 °C. After each infiltration step, the sample was 

calcined at 900 °C and characterized. The addition of 

ethanol to the water-based precursor solution allowed 

loading of 27.3, 36.9, 46.1, and 53.6 wt. % to be obtained 

after 1, 2, 3 and 4 infiltration cycles. With increasing the 

PLNCN content, the nanocoating microstructure changed 

from separate particles with their growth with formation 

of the uniform network (46.1 wt. %), and then to the thin 

film (53.6 wt. %). The lowest polarization resistance was 

found for the composite with 46.1 wt. % loading 

(Figure 6(c)). Analysis of the spectra have shown that low-

frequency resistance, 𝑅𝐿, made a major contribution to 𝑅𝑝. According to the characteristic capacitance values, the 

46.1 wt. % loaded sample has the fastest ORR dynamics. 

PPD of the single cell with a thin-film BCZY electrolyte 

(~ 18 µm) as high as 0.77 W · cm−2 was achieved at 700 °C 

by using the optimized PLNCN@BZCY cathode, 

demonstrating excellent performance stability during the 

test for 200 h at 600 °C. 

Recently, Sun et al. [141], reported on the infiltrated 

La1.2Sr0.8NiO4–δ (LSN)@BaCe0.68Zr0.1Y0.1Yb0.1Cu0.02O3–δ 

(BCZYYbCu) oxygen electrode with the 42.2 wt. % 

loading as optimal for the application in a fuel electrode-

supported reversible cell with the BCZYYCu electrolyte of 

13 µm in thickness. PPD of 1220 mW · cm−2 and an 

electrolysis current density of –3.02 A · cm−2 (at 1.3 V) at 

700 °C were obtained, which was approximately 3 times 

higher than those reported for the reversible cell with 

conventional LSN-BCZYYbCu composite electrodes 

(460 mW · cm−2 and 1.37 A · cm−2 at 700 °C, respectively 

[97]). Polarization resistances of infiltrated and 

conventional electrodes were 0.04 and 0.15 Ω · cm2 at 

700 °C [97, 141]. 

In the past decade, layered double perovskite 

materials LnBaCo2O5+δ (Ln = Pr, Eu, Nd, Sm, Gd) have 

been considered as potential cathodes for SOFCs due to 

their superior oxygen diffusion capability and excellent 

surface exchange kinetics [142]. A number of studies was 

devoted to the application of PrBaCo2O5+δ (PBC) as an 

oxygen electrode due to the excellent conductivity of 

2000 S · cm–1 at 25 °C and ~ 800 S · cm–1 at 500 °C in air 

with the chemical surface exchange coefficient (𝑘𝑐ℎ𝑒𝑚) 

and diffusion coefficient (𝐷𝑐ℎ𝑒𝑚) equal to 

10–2 cm · s–1 and 5 · 10–5 cm2 · s–1, respectively. Cathodes 

with PBC infiltrated on Ce0.9Gd0.1O1.95 (GDC) backbones 

demonstrated even lower polarization resistance 

compared to that of SSC@GDC (0.031 and 0.042 Ω · cm2 

at 600 °C in air for 50 wt. % PBC and 50 wt. % SSC 

infiltrated cathodes, respectively) on the GDC electrolyte. 

Liu et al. [131] prepared by infiltration PBC@BZCYYb 

nanocomposite cathodes for an anode-supported PCFC 

with a BZCYYb electrolyte of 30 µm in thickness. The 

optimal PBC loading in the composite cathode of 36 wt. % 

was obtained by 4 infiltration cycles. The results of the 

analysis of partial anode and cathode contributions using 

a DRT technique are shown in Figure 6(d). According to 

Wang [143], P1 typically corresponds to proton diffusion 

from the anode into the electrolyte, P2 to hydrogen 

adsorption/dissociation/proton formation in the anode, 

P3 to oxygen adsorption/dissociation/diffusion in the 

cathode and oxygen bulk diffusion in the anode, which 

was negligible here as BZCYYb is basically a proton 

conductor, and P4 to hydrogen transportation in anode 

pores. It is seen that the contribution of the processes 

occurred in the cathode to the total 𝑅𝑝 of all the single-

cells, represented by P3, was smaller than that of the 

processes occurred in the anode (P1, P2 and P4). This is 

different from the behavior of conventional SOFCs, where 𝑅𝑃𝑎 is typically much smaller than 𝑅𝑃𝑐 [35]. It is also noted 

that as the PBC impregnation was increased from 1 time to 

4 times, 𝑅𝑃𝑐 was decreased from 0.087 to 0.013 Ω · cm2, 

while the time constant 𝜏𝑐 was gradually increased from 

0.001 to 0.010 s, suggesting that the amount of charge 

involved in the cathode reaction was greatly increased. At 

700 °C, the cell attained 0.36 W · cm–2 PPD. 

Bi et al. [144] studied performances of the anode-

supported cell with a thin-film BaZr0.8Y0.2O3–δ (BZY) 

electrolyte (15 µm) and SSC@BZY and PBC@BZY 

nanocomposite cathodes. 𝑅𝑝 value for the SSC@BZY 

electrode was measured as 0.08 Ω · cm2 at 600 °C, which 

was significantly lower than those for the conventional 

SSC-SDC composite electrodes used with BZY-based cells 

(1.30 Ω · cm2 [145]). The 𝑅𝑜ℎ𝑚𝑖𝑐 value, in which the major 

contribution comes from electrolyte resistance and 

interfacial contact resistance, was as low as 0.22 Ω · cm2 at 

600 °C. Lowering the impregnated electrode sintering 

temperature down to 800 °C prevented the formation of 

a low conductive Sm2Zr2O7 phase [146], thus decreasing 

the 𝑅𝑜ℎ𝑚𝑖𝑐 value. Due to excellent cathode performance, 

the PPD values of 249, 389, and 602 mW · cm–2 at 500, 

550, and 600 °C, which was 1.44-fold higher compared to 

the highest BZY cell performance previously reported 

[147]. Even higher performance was obtained using the 

PBC@BZY cathode (292, 425, and 650 mW · cm–2 at 500, 

550, and 600 °C). The authors noted the importance of 

the sintering conditions on the composite microstructure 

and, consequently, on the cell power output. Increasing 

the sintering temperature of PBC@BZY from 800 to 

1200 °C resulted in a drastic decrease of PPD down to 

8 mW · cm–2 at 600 °C. 
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5.2. Influence of backbone microstructure and 

conductivity 

The microstructure, thickness, and conductivity of 

the electrolyte backbone along with the loading level, 

catalytic activity, and electronic conductivity of the 

infiltrated catalyst will influence the electrode 

performance and determine the ability to utilize the 

extended surface area. 

The microstructure of the electrolyte backbone 

determines both the distribution of the infiltration 

solution and the size of the resulting infiltrated particles. 

In addition, the network of backbone particles also 

controls the transport of protons from/to the electrolyte, 

and oxygen and water molecules in the porous electrode. 

Therefore, a higher porosity may facilitate deep 

penetration and uniform distribution of the infiltrated 

catalyst, thereby increasing the active surface area and the 

TPB density. However, excessive porosity leads to a 

decrease in ionic conductivity due to a reduction in 

electrolyte material volume and to degrade the 

mechanical integrity of the electrolyte backbone. Low 

porosity, contrarily, may deteriorate impede catalyst 

infiltration and gas diffusion which could potentially limit 

the electrode performance. Numerous studies on the 

influence of the backbone porosity obtained by 

introduction of various pore formers combined with the 

choice of optimal sintering conditions variation, as well as 

application such methods as free-casting and 

electrospinning were performed for the conventional YSZ 

electrolyte backbones [148–151]. However, there are a few 

studies concerning optimization of proton-conducting 

backbones.  

Strandbakke et al. [152] studied the influence of the 

backbone content and microstructural parameters on the 

performance of the Ba0.5Gd0.8La0.7Co2O6–δ infiltrated 

nanocomposite BGLC@BZCY electrodes on the 

BaZr0.7Ce0.2Y0.1O3 (BZCY72) electrolyte. The authors used 

various deposition methods (spray coating (BB1 and BB3 

samples) and painting (BB2 sample)). Along with it, they 

added to the BB3 sample suspension (based on BZCY72) 

1 wt. % NiO as a sintering additive, and activated charcoal 

(14 wt. %) were prepared by wet milling at 300 rpm for 

2 h in a planetary mill with ZrO2 jars and balls. The BB1 

sample suspension based on BaZr0.2Ce0.7Y0.1O3 (BZCY27) 

also contained 14 wt. % of charcoal. The spray coated 

samples were sintered in air at 1500 °C for 10 h (BB1) and 

8 h (BB3). For BB2, BZCY72 mixed with 1 wt. % NiO was 

pre-calcined at 1050 °C for 24 h, then mixed with 1 wt. % 

ZnO and 50 wt. % graphite (Sigma Aldrich) as the pore 

former. After deposition, it was sintered at 1400 °C for 

10 h. The SEM images of the prepared backbones are 

shown in Figure 7(a). 

It is seen that the BB1 and BB3 structures are 

macroscopically more porous, additionally, BB1 structure 

has larger and more well-sintered grains, probably due to 

the higher Ce to Zr ratio compared to the BB3 sample. The 

grain size, or more precisely, the width and number of 

necks between the grains, grain boundaries, will have an 

effect on the proton transport in the backbone, 

determining to which thickness the backbone is utilized. 

Thus, it was supposed that BB1 will facilitate better proton 

transport than BB2 and BB3, while the two latter will 

provide a potentially larger electrode surface area and 

electrolyte/electrode interface for the mass transfer and 

charge transfer reactions, respectively. These three 

backbones were infiltrated with a BGLC nitrate solution 

with several complexing agents (ammonium EDTA and 

triethanolamine (TEA)). Additionally, BGLC electrodes 

with the addition of various electrode inks were deposited 

directly on the electrolyte substrates. Among the three 

backbone electrodes, BB3 gives the lowest 𝑅𝑝, reaching 10 

and 0.03 Ω · cm2 at 300 °C and 700 °C, respectively, in 

agreement with modelled from the spectra partial 𝑅𝑝 for 

protonic charge carriers (Figure 7(b)). The lower 

exchange resistance for all backbone-based electrodes 

compared to the single-phase electrodes indicates that this 

microstructural design is preferable for a distributed 

reaction zone even for a triple-conducting material. 

 

Figure 7 (a) SEM images of the BZCY27 (BB1) and BZCY72 (BB2, 
BB3) backbones formed on the BZCY72 electrolyte. Detailed 
description is provided in the text; (b) Exchange resistances for 
BB1-BB3 and for painted single-phase BGLC electrodes with 
various electrode inks (587 and 1082) (Reconstructed using the 
data [152]). 
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To determine the contribution of the properties of 

the protonic conductor to the composite electrode 

performance Shin et al. [153] used Ba(Ce0.75Y0.15)O3–δ 

(BCY), Ba(Ce0.45Zr0.30Y0.15)O3–δ (BCZY), and 

Ba(Zr0.75Y0.15)O3–δ (BZY) porous backbones for the 

infiltrating active electrode materials such as 

(La0.8Sr0.2)FeO3–δ (LSF) for the cathode and 

(La0.7Sr0.3)V0.9O3–δ (LSV) for the anode (15 vol. % of LSF 

or LSV loading, which was calculated using the loaded 

weight of component and the porosity of a porous 

backbone). Final sintering temperatures were 850 and 

700 °C to produce single phases. The polarization 

resistance of LSF@BZY, LSF@BCZY, and LSF@BCY at 

700 °C was 0.080, 0.055, and 0.049 Ω · cm2. The BCY or 

BCZY backbone was shown to be more effective for 

enhancing the cathode performance, while BZY – for the 

anode. The cell with optimized electrodes, namely 

BCZY@LSF cathode and BZY@LSV anode, exhibited PPDs 

of 320 and 670 mW · cm–2 at 600 and 700 °C, 

respectively. 

Despite the absence of any references to the 

infiltration of nanoscale structures based on proton-

conducting electrolytes, the development of nanofibrous, 

freeze-casted electrodes for PCFC creates the base for their 

future appearance [154–156]. 

5.3. Triple conducting composite electrodes fabricated 

using infiltration. Stability issues 

Li et al. [114] reported on the influence of GDC 

loading on the performance of the conventional PBC-

BZCY composite cathode. The PBC-BZCY electrode 

without GDC loading showed 𝑅𝑝 of 2.53 Ω · cm2 at 

600 °C, and then it was decreased on the dependence on 

the GDC loading as 1.23 Ω · cm2 (19.4 wt. %) and 

0.48 Ω · cm2 (31.2 wt. %). Schematically, double and 

triple conducting composites are shown in Figure 8. The 

TPB-O represents the place where ORR takes place 

(oxygen molecular, electron, and oxygen ion are 

available), such as the interface of PBC-GDC. The TPB-H 

densities denoted the place where water is created. 

The elementary reactions for the H+/O2–/e– 

conducting composite cathode are shown in Table 2. 

Compared with the double conducting (H+/e− or O2−/e−) 

cathode materials, intermediate species both H+ and O2− 

may transfer to the TPB-H for triple phase conducting 

cathode, which would accelerate the cathode reaction of 

H-SOFCs. As a result, Li et al. [114] reported for the anode-

supported cell with the BZCY electrolyte (12 µm) and the 

29.6 wt. % GDC@PBC-BZCY cathode the excellent power 

density of 1.02 W · cm–2 at 700 °C and extremely low 

polarization resistance of 0.051 Ω · cm2 at 700 °C as well 

as good stability over 100 h at 600 °C. 

Table 2 – Elementary reaction steps for H+/O2−/e− conducting 
composite cathode in PCFC. 

Step Elementary reaction 

1 𝑂2 (𝑔) → 2𝑂𝑎𝑑  

2 𝑂𝑎𝑑 + 𝑒𝑐𝑎𝑡ℎ𝑜𝑑𝑒− → 𝑂𝑎𝑑−  

3 𝑂𝑎𝑑− → 𝑂𝑇𝑃𝐵−𝑂−  

4 𝑂𝑇𝑃𝐵−𝑂− + 𝑒𝑐𝑎𝑡ℎ𝑜𝑑𝑒− → 𝑂𝑇𝑃𝐵−𝑂2−  

5 𝑂𝑇𝑃𝐵−𝑂2− → 𝑂𝑇𝑃𝐵−𝐻2−  

6 𝐻𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒+ → 𝐻𝑇𝑃𝐵−𝐻+  

7 𝐻𝑇𝑃𝐵−𝐻+ + 𝑂𝑇𝑃𝐵−𝐻2− → 𝑂𝐻𝑇𝑃𝐵−𝐻−  

8 𝐻𝑇𝑃𝐵−𝐻+ + 𝑂𝐻𝑇𝑃𝐵−𝐻− → 𝐻2𝑂𝑇𝑃𝐵−𝐻 

9 𝐻2𝑂𝑇𝑃𝐵−𝐻 → 𝐻2𝑂(𝑔) 

 

Figure 8 Schematic illustration of the cathode reaction of PCFCs (a) with PBC-BZCY conventional composite cathode and (b) with 
that modified by infiltration GDC@PBC-BZCY [114]. 



Electrochem. Mater. Technol. 4 (2025) 20254054                                                                                                                                                                   FOCUS REVIEW 

 

 
 
11 
 

Saqib et al. [157] proposed a modified triple 

conducting air electrode for the reversible PCC with 

BaCe0.7Zr0.1Y0.2–xYbxO3–δ (BCZYYb) electrolyte (17 µm) via 

SDC infiltration to the composite BaCo0.4Zr0.1Fe0.4Y0.1O3+δ 

(BCZFY)-BCZYYb electrode. After infiltration of 

0.198 wt. % SDC, 𝑅𝑝 decreased from 1.388 to 

1.079 Ω · cm2, due to the favorable extension of TPBs, 

while increasing the SDC loading amount to 0.225 wt. % 

caused severe agglomeration of SDC particles on the 

cathode surface, resulting in increasing 𝑅𝑝 to 2.94 Ω · cm2. 

The SDC-infiltrated cell reached the current density of 

1.76 A · cm−2 at 700 °C at an applied voltage of 1.5 V 

compared to 1.17 A · cm−2 for the non-infiltrated cell 

indicating that well-distributed SDC nanoparticles, as an 

oxygen-ionic conductor, significantly improve the OER 

activity in the PCEC mode. 

Solís et al. [158] observed 90 % improvement of the 

performance of the conventional La5.5WO11.25–δ 

(LWO)/LSM composite cathode in PCFC based on an 

LWO protonic conducting electrolyte by infiltration 

20 wt. % SDC. Choi et al. [159] used sequential infiltration 

of an electron-conducting component (Sr-doped LaVO3, 

35 wt. % loading), and small amounts of CeO2 and Pd as 

catalysts to the porous 

Ba(Zr0.75Y0.15)O3–δ backbone to produce highly active 

electrodes for hydrogen pump, which demonstrated 𝑅𝑝 of 

0.15 Ω · cm2 at 1 A · cm−2 at 700 °C. The overpotential at 

a large current density of 2 A · cm−2 was only about 1.1 V 

at 700 °C. 

Triple ion-electron conducting (TIECs) cathode 

materials are the newest type of cathode materials in the 

PCFC application developed recently [8, 160]. 

Theoretically, this type of cathode materials is the best 

cathode materials to minimize 𝑅𝑝 at intermediate-to-low 

operating temperature, as it provides the largest 

electrochemical reaction sites (Figure 2). Nevertheless, a 

few studies were performed to further enhancement of 

TIEC-based cathodes, particularly, using the infiltration 

technique. 

Hwang et al. [161] reported on nanocomposite 

electrodes prepared by infiltration of 

Ba(Co0.4Fe0.4ZrO.1Y0.1)O3–δ (BCFZY) and 

(Ba0.95La0.05)(Fe0.8Zn0.2)O3–δ (BLFZ) to a porous 

Ba(Ce0.55Zr0.3Y0.15)O3–δ (BCZY) electrolyte backbone. The 

electrodes, infiltrated several times to achieve 15 vol. %, 

with final sintering temperature of 850 °C. Moreover, to 

construct a triple-component cathode, BCFZY precursor 

solution was infiltrated in five cycles into the BCZY-BLFZ 

nanocomposite cathode after the final calcination of BLFZ 

at 850 °C. It was determined that the BLFZ-based fuel cell 

had a lower 𝑅𝑜ℎ𝑚𝑖𝑐 compared to that based on BCFZY due 

to higher BLFZ conductivity. However, it exhibited poor 

catalytic activity. The cell with a triple-component 

composite cathode, combining positive qualities of two 

electrode materials, demonstrated superior performance 

both for H2 (880 mW · cm–2 compared to 620 mW · cm–2 

at 600 °C) and for CH4 (610 mW · cm–2 compared to 

420 mW · cm–2) fuels. Based on these results, the authors 

suggested possible contributions of the cathode ORR 

activity to CH4 reformation at the anode (Figure 9(a)). 

The oxygen ions generated by the ORR on the BCFZY 

surface react with the protons to form water. Some of the 

oxygen ions also move to the anode through the 

electrolyte, facilitating the reformation of CH4 to produce 

hydrogen. 

Jing et al. [162] achieved the reduction by 

approximately 59 % at 600 °C of the BLFZ-BCZYYb 

composite cathode resistance by introducing a 

nanostructured BLFZ@BCZYYb active layer (NAL). The 

single cell with the NAL showed an over 1.3-fold and 1.5-

fold increase in PPD, 601 and 486 mW · cm–2 at 650 °C 

with H2 and NH3 fuel, respectively. In the recent study, 

the same group proposed additional activation of the 

developed NAL layer with PrOx. The synergistic 

combination of oxygen-vacancy-rich PrOx to enhance 

reaction kinetics and triple-conducting BLFZ to facilitate 

proton conduction and expand the reactive site 

(Figure 9(b)), which allowed a 72 % reduction in 𝑅𝑝 at 

600 °C in a symmetrical cell with NAL compared to the 

conventional BLFZ-BCZYYb. Consequently, hydrogen-

electrode-supported full cells with NAL achieved a PPD of 

460 W · cm–2 and a current density of 0.562 A · cm–2 at 

1.3 V and 600 °C, showing 1.608-fold and 2.030-fold 

improvements compared to the characteristics of the cell 

without NAL, respectively.  

Xia et al. [163] improved performance of the anode 

supported PCFC with a BZCY electrolyte and a 

BaFe0.8Zn0.1Bi0.1O3–δ (BFZB) cathode from 816 to 

1138 mW · cm–2 at 700 °C using the infiltration technique 

to prepare BFZB@BZCY nanocomposite. A unique 3D 

triple-conducting electrode was in situ prepared by 

infiltration of a porous BZCY backbone with Co(NO3)2 

(up to 35 wt. %) and high-temperature sintering. 

The authors [163] established that the reaction 

between Co2+ and BaZr0.4Ce0.4Y0.2O3–δ (BZCY) after firing 

at temperatures ≥ 900 °C resulted in beneficial formation 

of oxide products, including Ba(Zr0.4Ce0.4Y0.2)1–xCoxO3–δ, 

(Ce,Zr,Y)O2, and Co3O4. Ba(Zr0.4Ce0.4Y0.2)1–xCoxO3–δ 

offers conducting pathways for proton, electron, and 

oxygen ion, (Ce,Zr,Y)O2 and Co3O4 additionally help 

conducting oxygen ion and electron, respectively. Due to 

an increased number of active sites, a typical symmetrical 
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Figure 9 (a) Schematic presentation of the electrochemical reaction at the triple-component cathode in the CH4 fuel [161]; (b) The 

mechanism of PrOx/BLFZ nanoparticles synergy for concerted promotion of electrochemical reaction in the bilayer cathode 

comprising conventional BLFZ-BCZYYb porous layer and BCZYYb@PrOx/BLFZ nanocomposite active layer [19]; (d) SEM images 

the 42.2 wt. % LSN-infiltrated BCZYYbCu electrode (a) before and (b) after 100 h test at 700 °C (Reconstructed using the data 

[141]); (e) Curves of ASR values as a function of time during cycling testing of BCZI + LSC (left) and BCZI@LSC (right) single cells 

(Reconstructed using the data [164]). 

cell with the 3D cathode has demonstrated low 

polarization resistances of 0.058 and 0.198 Ω · cm2 at 700 

and 600 °C, respectively. 

5.4. Stability issues 

The long-term stability of infiltrated electrodes is a 

critical issue before the successful commercialization of 

the infiltration technology, even though significant 

progress has been made in the performance enhancement 

of cell electrodes. 

Sun et al. observed no degradation of the current 

density of the reversible cell with Co-free 

LSN@BCZYYbCu electrode during the thermal cycles 

from 400 to 700 °C (7 cycles for 14 hours). However, 

after a long-term test for 100 h at 700 °C, current density 

declined by 19.4 %, the ohmic cell resistance, 𝑅𝑂, 

increased by 3.8 %, and 𝑅𝑝 increased by 73.5 %, mainly 

due to the growth, agglomeration, and sintering of the 

LSN nano-particles (Figure 9(c)). 

Chen et al. [164] conducted a cycling performance 

and interface stability tests of tubular protonic reversible 

solid oxide cells with the BaCe0.5Zr0.4In0.1O3-La0.6Sr0.4CoO3 

air electrodes formed by conventional mechanical mixing 

(BCZI + LSC) and by infiltration (BCZI@LSC). LSC 

solution was then impregnated into the porous BCZI 

backbone, pre-sintered at 1300 °C and calcined at 500 °C 

to form the electrode with 40 wt. % loading, while 

BCZI + LSC was sintered at 1100 °C. In the air electrode 

obtained by conventional mechanical mixing, BCZI 

proton conductor material and LSC oxygen electrode 

material are randomly stacked together, with the three-

phase reaction interface at their junction (Figure 9(d), 

left). Conversely, in the impregnated electrode, LSC 

oxygen electrode material uniformly covered the surface 

of the BCZI proton conductor backbone, as confirmed by 

the SEM image (Figure 9(d), right). As a result, the cell 

with the BCZI@LSC electrode, representing a continuous 

catalytic thin film, exhibited electrochemical performance 

enhanced by 51 %. The cells endured 11–14 reversible 

cycles for 300–360 h, showing slight decreasing in 𝑅𝑝. 

The ohmic resistance degraded significantly for both cells. 

It was revealed that after long-term high-temperature 

operation and thermal cycling, the LSC film in the 

infiltrated electrode became discontinuous, leading to a 

reduced continuous area of the electron-conducting phase 

in BCZI@LSC and a time-dependent increase in the 𝑅𝑂 

value. 

According to Wang et al. [165], the microstructural 

degradation of the infiltrated nanoparticles can be 

restrained by lowering the operation temperature. As for 
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example, BCY@LSC electrodes demonstrated good 

stability without significant performance degradation 

when tested at 600 °C in 10 vol. % humidified air for 

900 h. The growth of cathode nanoparticles can be 

hindered with the co-impregnation of both catalyst and 

electrolyte nanoparticles [166]. 

The main principles formulated by Kiebach [167] on 

the basis of 5000 hours degradation study should be 

taken into account when constructing the cells with 

impregnated electrodes: 

1) The introduction of a sufficient amount of 

electrocatalyst into the backbone is imperative to ensure 

percolation, even in the presence of particle coarsening or 

growth; 

2) It is crucial to operate the SOFC at maximum 

exposure and operation temperatures as low as possible to 

avoid surface area loss due to surface wetting to ensure 

longer lifetime of infiltrated cells; 

3) To optimize the performance in stacks, infiltrated 

electrodes should be utilized preferably with highly-

conducting contact (collecting) layers to ensure the 

uniform distribution of current across the entire electrode 

surface area. 

In summary, it is important to acknowledge that the 

infiltration technique may also be successfully applied to 

enhance the densification of proton-conducting 

electrolyte membranes [168] and to fabricate composite 

electrolytes [169–171]. 

6. Conclusions 

In this review, the advances in utilization of 

infiltration technique to enhance the air electrode 

performance of ceramic fuel and electrolysis cells with 

proton-conducting electrolytes were considered. The 

controllable parameters of infiltration were shown to be 

of great importance for the sustainable implementation of 

this technique on both the laboratory and industrial scale. 

The use of electrolyte backbones was in the focus of this 

review as it eliminates issues related to the 

electrode/electrolyte mismatching, ensures excellent 

electrode adhesion to the electrolyte, allows controlling 

the size of infiltrated catalyst particles at a nanometer level 

and, consequently, the generation of numerous reactive 

zones due to low calcination temperatures. Moreover, 

specifically for the proton-conducting backbone, it allows 

the TPB to be extended to the electrode volume, which 

allows not only triple conducting materials, but various 

electron conductors and MIECs to be successfully used to 

obtain highly performed air electrodes for PCCs. 

Typically, a catalyst loading of 35 to 55 wt. % is 

required to achieve minimal 𝑅𝑝 and maximal PPD. For the 

electrodes with the electrolyte backbone, the results 

obtained by different research groups can be compared 

using a polarization resistance enhancement factor, 𝑓𝑝, 

and a cell performance enhancement factor, 𝑓𝑃𝑃𝐷, which 

are defined as follows: 𝑓𝑝 = 𝑅𝑝(𝐶𝑎𝑡 − 𝐸𝑙)/𝑅𝑝(𝐶𝑎𝑡@𝐸𝑙), (1) 𝑓𝑃𝑃𝐷 = 𝑃𝑃𝐷(𝐶𝑎𝑡@𝐸𝑙)/𝑃𝑃𝐷(𝐶𝑎𝑡 − 𝐸𝑙), (2) 

where 𝑅𝑝, 𝑃𝑃𝐷(𝐶𝑎𝑡@𝐸𝑙) are characteristics of an 

infiltrated nanocomposite electrode, while 𝑅𝑝, 𝑃𝑃𝐷(𝐶𝑎𝑡 − 𝐸𝑙) correspond to a conventional composite 

electrode of the same composition. Examples of the 

enhancement factors are shown in Figure 10. It is seen that 

typically 𝑓𝑝 > 𝑓𝑃𝑃𝐷. Decreasing ohmic losses related to the 

electrolyte thickness and enhancing the anode 

performance will consequently further increase 𝑓𝑃𝑃𝐷. 

The main limitation of using the electrolyte 

backbone is the need to load a significant amount of 

catalyst to achieve maximum enhancement. This process 

may require numerous infiltration cycles (4–8). However, 

using electrolyte backbones with optimized porosity, as 

well as introducing surfactants (Pluronic 123 and Triton X-

100) and chelating agents, may decrease the number of 

cycles to one to three and ensure the uniform distribution 

of infiltrated particles sized in the low nanometer range 

(10–20 nm and below). This enhances both the catalytic 

activity and durability of the infiltrated electrodes. 

 

Figure 10 Enhancement factors for the polarization resistance, 𝑓𝑝, and for the cell performance, 𝑓𝑃𝑃𝐷 , obtained for various 

nanocomposite air electrodes: SSC@BCS [125], SSC@BZY [64], 
PBC@BCZYYb [131], LSM@BZY [128], LSN@BCZYYbCu [141]. 
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