
1. Introduction

Proton-conducting materials based on complex oxides are

extensively studied, being of great interest in terms of both

fundamental and applied science.1 ± 5 At elevated temper-

atures, such oxide systems, which are naturally free from

hydrogen in any form, have the potential to interact with

the hydrogen-containing components of a gas atmosphere,

resulting in the production of protons. Due to their benefi-

cial crystallochemical characteristics, some complex oxides

allow the formation of a high concentration of protons,

which can result in predominantly protonic transportation.6

This feature represents applied advantages compared with

conventional oxygen-ionic conductors due to the lower

potential barrier and higher mobility of protons. As a result,

such proton-conducting materials provide a good basis for
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the fabrication of various electrochemical cells. Currently, a

proton-conducting sign has been revealed for numerous

compounds based on such parent phases as La(Y,Yb)O3,7, 8

LaScO3,9 CaZrO3,10 SrCeO3,11 SrZrO3,12 Ba2In2O5,13

Ba2CaNbO5.5,14 LaNbO4,15 La2Ce2O7,16 La2Zr2O7,17

La6MoO12,18 etc. Among them the materials based on

BaCeO3 (cerates) or BaZrO3 (zirconates) have been broadly

studied as one of the most pronounced proton conduc-

tors.1 ± 6

From the viewpoint of their potential operation across

low- and intermediate-temperature ranges, protonic ceramic

fuel cells (PCFCs) and protonic ceramic electrolysis cells

(PCECs) compete with cells based on oxygen-conducting

electrolytes, i.e. solid oxide fuel cells (SOFCs) and solid

oxide electrolysis cells (SOECs).1 ± 5 Since their mode of

energy conversion approaches single-step, resulting in

quite high overall efficiency, PCFCs and PCECs are prom-

ising electrochemical systems.19, 20 Due to their high theo-

retical attractiveness for developing hydrogen and

electrochemical energy fields, the problem of obtaining

high practical performance and corresponding long-term

stability is becoming increasingly urgent as a means of

ensuring the future commercialisation of PCFCs/PCECs.

One of the possible approaches for achieving excellent

operational conditions in electrochemical systems lies in

careful modification of the electrode materials, which must

satisfy a number of strict requirements:21 ± 24 phase stability,

chemical compatibility, suitable thermo- and chemico-

mechanical properties, high electronic conductivity, accept-

able ionic transportation, high tolerance to poisoning and,

finally, excellent electrochemical (electrocatalytic) perform-

ance. In this regard, various single-phase oxides, composite

materials and heterogeneous systems have been successfully

adopted as oxygen or steam electrodes to provide oxygen

reduction (ORR) and water evolution (WER) reactions,

which determine the overall efficiency and performance of

low- and intermediate-temperature PCFCs/PCECs based

on thin-film electrolytes.25 ± 27 Among existing alternatives,

the design of electrodes based on BaCeO3, BaZrO3 or

Ba(Ce,Zr)O3 and doped with transition elements is consid-

ered as one of the contemporary trends. This is due to a

synergetic effect: on the one hand, a basic perovskite

structure is maintained to provide possible proton trans-

portation as well as superior chemical and mechanical

compatibilities with the corresponding electrolytes; on the

other hand, the existence of redox-active elements in large

quantities results in enhanced electrical and electrochemical

properties.

Although many review articles have been published in

the last few years, they describe different aspects of proton-

conducting electrolytes, including proton transportation

behaviour,1, 2 materials design,4, 6 technological issues 28, 29

or application features.3, 15, 30, 31 In this brief review, we

highlight the recent achievements in the design and develop-

ment of PCFCs and PCECs, the functional components of

which are based on the same fragmentary type of ABO3

(A=Ba, B=Ce, Zr or Ce/Zr). In particular, the main

focus of the present review is directed towards the func-

tional properties of M-doped ABO3 materials (M is a

transition element) which can serve not as electrolytes, but

as electrodes of PCFCs and PCECs and their role in the

achievement of the target performance of the electrochem-

ical devices.

In this review work, the following designations and

abbreviations are used:

Abbreviations:

D Ð oxygen diffusion coefficient,

DD Ð degradation degree,

DR Ð degradation rate,

MIECs Ð mixed ionic-electronic conductors,

OCV Ð open circuit voltage,

ORR Ð oxygen reduction reaction,

PCFCs Ð protonic ceramic fuel cells,

PCECs Ð protonic ceramic electrolysis cells,

SOFCs Ð solid oxide fuel cells,

SOECs Ð solid oxide electrolysis cells,

TEC Ð thermal expansion coefficient,

TG Ð thermogravimetry,

TPB Ð triple phase boundary,

WER Ð water evolution reaction,

XRD Ð X-ray diffraction,

sp. gr. Ð space group.

Symbols:

k Ð oxygen surface exchange constant,

M Ð transition element,

R Ð acceptor dopant,

Ro Ð ohmic resistance,

Rp Ð polarisation resistance,

Rtotal Ð total resistance,

Pmax Ð maximal power density,

pO2
Ð oxygen partial pressure,

pH2O Ð water vapour partial pressure,

T Ð temperature,

rA, rB and rO Ð ionic radii of A-, B- and O-ions,

respectively,

t Ð Goldschmidt's tolerance factor,

a Ð the TEC value,

d Ð oxygen stoichiometry,

Z Ð overpotential.

Defect notation:

h
.
Ð electronic holes,

e 0 Ð electrons,

Ox
O Ð oxide ion at the normal oxygen site,

OHO
.
Ð proton defects,

R0Ce(Zr) Ð acceptor dopant localised in the Ce(Zr)

sublattice,

VO
..
Ð oxygen vacancies.

Composition designations:

ABO3 Ð perovskite structure,

Ba(Ce,Zr)O3 Ð general system of the considered mate-

rials, BaCeO37BaZrO3, which include boundary composi-
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tions (BaCeO3, BaZrO3), solid solutions (BaCe17xZrxO3) as

well as doped or co-doped derivatives,

Ba(Ce,Zr,R)O3 Ð same as above, but doped with

R-dopant(s),

BCB Ð BaCe0.5Bi0.5O37d

BCCY Ð BaCo0.7(Ce0.8Y0.2)0.3O37d,

BCCY 0 Ð BaCe0.7Co0.2Y0.1O37d,

BCF Ð BaCe0.5Fe0.5O37d,

BCFB Ð BaCe0.5Fe0.3Bi0.2O37d,

BCFBx Ð BaCe0.5Fe0.57xBixO37d (x=0, 0.1, 0.2 and

0.3)

BCFC Ð BaCo0.4FeCe0.1O37d,

BCFZ Ð BaCo0.4Fe0.4Zr0.2O37d,

B0.9CFZY Ð Ba0.9Co0.4Fe0.4Zr0.1Y0.1O37d,

BCFZY Ð BaCo0.4Fe0.4Zr0.1Y0.1O37d,

BCP Ð BaCe0.6Pr0.4O37d,

BCS Ð BaCe0.8Sm0.2O37d

BCSC Ð BaCe0.4Sm0.2Co0.4O37d,

BCSF Ð BaCe0.4Sm0.2Fe0.4O37d,

BCxFZ Ð BaCoxFe0.77xZr0.3O37d (x=0.2, 0.3, 0.4

and 0.5),

BCFCG Ð BaCo0.4Fe0.4Ce0.1Gd0.1O37d,

BCZY Ð BaCe0.7Zr0.1Y0.2O37d,

BCZYYb Ð BaCe0.7Zr0.1Y0.1Yb0.1O37d,

BFCC Ð BaFe0.6Co0.3Ce0.1O37d,

BFSB Ð BaFe0.5Sn0.2B0.3O37d,

BSCF Ð Ba0.5Sr0.5Co0.8Fe0.2O37d,

BZY Ð BaZr0.8Y0.2O27d,

BZCY35 Ð BaZr0.3Ce0.5Y0.2O37d,

BZCY442 Ð BaZr0.4Ce0.4Y0.2O37d,

BZCY63 Ð BaCe0.6Zr0.3Y0.1O37d,

BZC64 Ð BaZr0.6Co0.4O37d,

BZCC Ð BaZr0.1Ce0.7Co0.2O37d,

BZF0.6Y Ð BaZr0.2Fe0.6Y0.2O37d,

BZFxY Ð BaCo0.87xFexY0.2O37d (x=0.2, 0.4, 0.6 and

0.8),

LCSF Ð La0.6Sr0.4Co0.2Fe0.8O37d,

LSM Ð lanthanum strontium manganite,

La17xSrxMnO37d,

PBC Ð PrBaCo2O5+d,

SDC Ð Ce0.8Sm0.2O27d,

YSZ Ð yttria-stabilised zirconia, Zr17xYxO27d.

2. General overview

2.1. Crystal structure features
The ABO3 perovskite structure represents one of the largest

bases for oxide materials utilised at elevated temperatures.

The ABO3 structure possesses a high flexibility allowing

accommodation of different cations at the A- and B-site

positions.32 As a result, all types of conductors (predom-

inantly ionic, predominantly electronic, mixed ionic-elec-

tronic) can be formed depending on different charge

combinations of basic cations (A+/B5+,A3+/B3+, A2+/B4+),

as well as their redox behaviour and ionic radii.

In general, it is possible to evaluate the stability of

perovskite structures using the Goldschmidt's tolerance

factor (Eqn 1), which is based on the geometrical consid-

eration of structural fragments of ABO3.33

t � rA � rO���
2
p �rB � rO�

(1)

where rA, rB and rO are the corresponding radii of A-, B-

and O-ions in the corresponding coordination states.

Using experimental data for a large number of oxide

materials, it is found that the perovskite structure forms

when the t value drops to within the range of 0.71 ± 1.06.

If this factor is close to 1.00, a cubic symmetry emerges;

otherwise, different distortions of ABO3 are observed with a

deviation of t from unity.34

BaCeO3 and BaZrO3 belong to the perovskite-structured

materials (Fig. 1 a). Barium as an alkaline-earth element

with a large ionic radius occupies the A-site of ABO3, being

coordinated by twelve neighbouring oxygen ions. Cerium or

zirconium, having lower ionic radii, is placed in the B-sub-

lattice of ABO3, where six oxygen ions form a B-centred

octahedra. Using Shannon's ionic radii,35 the t value of

BaCeO3 and BaZrO3 amounts to 0.938 and 1.004, respec-

tively. Under experimental conditions, a doped BaZrO3 can

be seen to adopt a cubic-type perovskite structure at room

temperature (Fig. 1 b), whose stability extends up to

1600 8C.36 Conversely, an orthorhombic structure is most

frequently observed for pure BaCeO3, which, however, can

transform to monoclinic, rhombohedral or even cubic

structures at normal conditions depending on nature of
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Figure 1. General perovskite structure of the Ba(Ce,Zr)O3-based materials (a) and its evolution with heating (b).
Abbreviations: M Ð monoclinic, O Ð orthorhombic, R Ð rhombohedral, C Ð cubic.
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dopants, their concentration and/or degree of hydration

(Fig. 1 b).37 ± 39

2.2. Defect chemistry
When BaCeO3 or BaZrO3 is doped with elements having a

constant oxidation state (R=Ln3+, Sc3+, In3+, Y3+), a

wide range of solid solutions can be formed. These oxides

are used as a basis for designing electrolyte materials having

a predominantly ionic conducting behaviour. In details,

such a doping causes the formation of oxygen vacancies

(VO
..
):

R2O3 2R0Ce�Zr�+VO
..
+3Ox

O (2)

The oxygen vacancies compensate for the defects with

an effective negative charge (R0Ce�Zr�) and govern the oxy-

gen-ionic transport of BaCeO3- and BaZrO3-based materi-

als when these oxides are not significantly hydrated (low

water vapour partial pressures, very high temperatures) or

protonic transport (by means of proton defects, OHO
.
)

emerging in other cases, including at low temperatures

coupled with high water vapour partial pressures:40 ± 42

H2O+VO
..
+Ox

O 2OHO
.

(3)

Along with ionic transportation, cerates and zirconates

show electronic transport on account of hole- (Eqn 4) or

electron (Eqn 5) charge carriers, which can make a consid-

erable contribution to overall transport under oxidising and

reducing conditions, respectively.43 ± 45

1

2
O2+VO

..
2 h

.
+Ox

O (4)

Ox
O

1

2
O2+2 e 0+VO

..
(5)

On the basis of experimental results, p-type electronic

conductivity can be seen to emerge at oxidising conditions

above 500 8C and then rapidly increase with heating, start-

ing to predominate over other partial (oxygen-ionic, pro-

tonic) conductivities at temperatures higher than

700 ± 800 8C.6 Considering n-type electronic conductivity,

it is possible that this originates under strongly reduced

atmospheres (very low oxygen partial pressures, pO2

{) on

account of the partial reduction of Ce4+-ions:

2CexCe +Ox
O 2Ce0Ce +VO

..
+

1

2
O2 (6)

The equilibrium constant of this reaction varies from

10742 at 400 8C to 10717 at 800 8C, leading to a very low

contribution of n-type electronic conductivity under real

experimental conditions.46

The total conductivity of the considered ceramic materi-

als attains moderate values (not more than 0.1 S cm71 at

900 8C) 47, 48 despite the gas compositions used. Due to this

fact, the BaCeO3- or BaZrO3-based materials are mostly

considered as electrolytes of protonic ceramic electrochem-

ical cells. However, the electronic transport can be deliber-

ately enhanced using elements with transition oxidation

states (M), forming as-called mixed ionic-electronic con-

ductors, MIECs.49 ± 51 If the M-elements can substitute the

basic ions of ABO3 to form single-phase derivatives

(Fig. 2 a), the transport properties of the materials depend

'�Ce;Zr�O2 '

{Here and below partial pressures are provided in relative units (i.e. they

are normilized to P=1 atm).

Fe-doping Fe-doping

Ox Red

Ba Ce, Zr FeOx FeRed O

a

b

Figure 2. Schematic representations of the gradual Fe-doping of Ba(Ce,Zr)O3 (a) and reduction of the obtained products (b).
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on the charge conditions of M-ions, which are regulated by

the external factors. For example, in the model

BaZr17xFexO37d system, the Fe-ions can be consequently

reduced by decreasing the oxygen partial pressure (Fig. 3 a,

ref. 52), forming first the Fe3+-ions (Eqn 7) and then Fe2+-

ions (Eqn 8).

2 FexZr +Ox
O 2Fe0Zr +VO

..
+

1

2
O2 (7)

2 Fe0Zr +Ox
O 2Fe00Zr +VO

..
+

1

2
O2 (8)

Here, FexZr and Fe00Zr are holes and electrons localised at

the Fe0Zr-ions. An additional equation (which is equivalent

to the hole/electron interaction, null h
.
+e0) links all of

these defects:

2 Fe0Ce Fe00Ce +FexCe (9)

The reduction of the elements with transition oxidation

states results in changes in the crystal structure (Fig. 2 b,

Ref. 53), consisting in chemical strain effects: an increase in

the ionic radius of M-ions and removal of oxygen from its

regular crystal position. Both of these outcomes affect the

functional properties of the materials. For example, the

conductivity caused by an increase in the concentration of

electron charge carriers by doping with transition elements

is not monotonic (Fig. 3 b, Ref. 54). As a result of changes

in the transportation mechanism, a percolation-type behav-

iour is observed: the p-type electron conductivity at low M

concentrations is managed by transportation of holes local-

ised at oxygen ions, while at higher M concentrations it is

provided by holes localised at M-cations. Therefore, with a

gradual growth of the M concentration, the total conduc-

tivity increases slightly 54 (or even decreases),55, 56 but then

rises rapidly to reach 1710 S cm71. From this perspective,

the priority should be given the Ba(Ce,Zr)O3-based systems

containing more than 40 mol.% of M in the Ce/Zr-posi-

tions.

2.3. Functional properties of oxygen (steam) electrodes
The electrode materials utilised in PCFCs or PCECs must

fulfil strict requirements determining the overall perform-

ance of the electrochemical systems. There are various terms

used to describe electrode performance: overpotential (Z),
area specific resistance or polarisation resistance (Rp). In

this work, the latter term will be used for convenience. The

Rp parameter depends on different factors,57 ± 62 which can

be categorised in two main groups (Fig. 4): chemical and

morphological stabilities. In turn, these factors control

(electro)catalytic activity of the electrode material as well

as excellent exchange transport through the interfaces.

Chemical stability comprises all aspects of a material's

stability, such as long-term tolerance, chemical compatibil-

ity with the electrolyte, electrode tolerance to poisoning by

gas phase components, etc. The morphological stability

group includes problems associated with the delamination

process, coarsening of particles, etc. On the one hand, the

mentioned drawbacks result in the deterioration of electri-

cal contacts [decreasing triple phase boundary (TBP), active

electrode area or porosity]; on the other hand, ionic and

electronic current fluxes are also decreased. Various strat-

egies can be deliberately utilised for the suppression of such

undesirable processes.63 ± 67 One of these is to develop

log x (x in BaZr17 xFexO37d)
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Figure 3. Transport properties of BaZr17xFexO37d materials: (a) concentrations of existing defects depending on oxygen partial pressure
for x=0.1 at 800 8C;52 (b) concentration dependence of the total conductivity obtained at 500 8C in dry O2 (pO2

=1).54 Designations: [ ]
brackets denote concentration of defects, n is the concentration of electrons, p is the concentration of holes, VO

..
is the oxygen vacancy, Fe0Zr

is the Fe3+-ion located at the zirconium sublattice of BaZrO3, Fe
00
Zr is the Fe

2+-ion located at the zirconium sublattice of BaZrO3, pO2
is the

oxygen partial pressure, x is the level of Fe-doping of BaZrO3, s is the total conductivity.
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Figure 4. Possible reasons for increasing polarisation resistance of
the electrodes in electrochemical systems.
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electrodes having the same basic structure as the used

electrolyte and consequently exhibiting a high chemical

compatibility with it.

2.4. Justification for the design of Ba(Ce,Zr)O3-based
electrodes
The design of electrodes based on barium cerate or barium

zirconate allows many problems to be overcome. Firstly,

this approach can increase chemical compatibility since

both functional [M-doped Ba(Ce,Zr)O3 and R-doped

Ba(Ce,Zr)O3] materials are composed of the same structural

fragments. In other words, the degree of possible interaction

decreases considerably due to its being determined by the

chemical activity of M- and R-cations with respect to each

other. Thermal compatibility can also be improved by

means of ensuring similar thermochemical strain responses.

On account of their large perovskite structure, as well as the

basic properties of Ba2+-, Ce4+- and Zr4+-cations,

M-doped oxides might show hydration behaviour along

with meaningful oxygen-ionic and electronic transport

caused by M-cations. Such a combination opens new

opportunities for the formation of single-phase triple-con-

ducting materials, which are highly appreciated for their

utilisation in protonic ceramic electrochemical cells.68 ± 70 In

detail, triple-conduction behaviour extends the electro-

chemical active sites from the TPB to the entire surface of

the electrode particles, see Fig. 5.

As illustrated in Fig. 5 a, in two protonic and electronic

conductors when three phases of provided transportation of

electrons (electrode), protons (electrolyte) and oxygen (gas

atmosphere) exist simultaneously, the electrochemical

reduction process is limited by the TPB region, see Eqn 10.

In cases where MIECs are applied (Fig. 5 b), the oxygen

reduction stage occurs over the entire electrode surface

(Eqn 11). However, the resulting water evolution reaction

stage is still limited by the TPB length (Eqn 12). Eventually,

the entire surface of the electrode becomes active towards

both ORR and WER (Fig. 5 c, Eqs. 10 ± 13), extending the

electrochemically active region from the length of the TPB

to the surface of the double-phase boundary, i.e. the

electrode's surface. However, in order to ensure sufficient

rates of ORR and WER, the electrode materials should

have high levels of each partial conductivity. Otherwise, the

limiting cases (electronic conductors or MIECs) will be

realised.

2H�electrolyte �
1

2
O2gas � 2e0electrode H2Ogas (10)

1

2
O2gas � 2e0electrode O2ÿ

electrode (11)

2H�electrolyte �O2ÿ
electrode H2Ogas (12)

2H�electrode �Oads; electrode � 2e0electrode H2Ogas (13)

3. Functionality of the M-doped Ba(Ce,Zr)O3

materials

Amongst the wide variety of oxide compositions,

Ba(Ce,Zr)O3 doped with praseodymium, cobalt and iron

have been most thoroughly studied. Therefore, the main

emphasis is devoted to such materials and their individual

properties: phase structure, mechanical and chemical com-

patibilities, hydrogen capability and electrical conductivity.

3.1. Phase structure
The phase structure of the ABO3 perovskites depends on

numerous factors, including A and B matrix cations, con-

centration and type of dopants, their redox properties,

cationic and anionic nonstoichiometry and even technolog-

ical factors (temperatures of high-temperature treatments,

dwelling times).32 ± 34 When barium occupies the A-sublat-

tice, while Ce or Zr occupy the B-sublattice, single-phase

materials of BaCeO3 having orthorhombic structure and

BaZrO3 with cubic structure are stable at room temper-

ature, as discussed in detail in Section 2.1.

In case of Ba(Ce,Zr)O3 doped with the M-transition

elements, different results can be obtained in terms of the

phase structure and purity of the obtained derivatives (see

Table 1).

When Fe-doping is used with the BaCeO3-based system,

a limited range of solid solutions forms. According to

numerous works,71, 72, 74, 75, 83 two ranges of solid solutions

exist in the BaCe17xFexO37d system, which are limited by

compositions with x& 0.15 and 0.85. Such a low solubility

limit can be explained by the high differences in ionic radii

between the basic (Ce4+, rVICe4� =0.87�A, here the superscript

denotes the coordination state) and guest (iron,

rVIFe4� =0.585�A, rVIFe3� =0.645�A) cations, which cause ener-

getically unfavourable conditions. A similarly limited range

for the heavy Fe-doped oxides (0.854 x4 1) confirms this

assumption. As shown by Eqn 1, a decrease in the average

ionic radii of the B-ions leads to an increase in the tolerance

factor; this implies that the overall stability of the perov-

skite structure (and its symmetry) should also increase,

namely in the range of single-phase materials. Indeed,

BaCe0.85Fe0.15O37d has an orthorhombic perovskite

structure,75 while a hexagonal structure is detected for the

nominal BaCe0.4Sm0.2Fe0.4O37d composition 71 and

BaCe0.15Fe0.85O37d exhibits a cubic-type perovskite struc-

ture.75
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Figure 5. Simplified scheme of the electrochemically active sites in PCFCs with electronic (a), mixed oxygen-ionic/electronic (b) and triple
(c) conducting electrodes. These sites are highlighted by a colour.
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Table 1. Powder synthesis method, sintering conditions and crystal structures of various perovskite cathodes based on Ba(Ce,Zr)O3.

Composition Synthesis method Sintering Phase structure Ref.

conditions:

T/ 8C t/ h

Fe-doped Ba(Ce,Zr)O3

BaCe0.4Sm0.2Fe0.4O37d Combined EDTA± 900 10 Dual phase system: BaCe17x(Sm/Fe)xO37d and 71, 72

citrate complexing 1100 10 BaFe17y(Sm/Ce)yO37d with orthorhombic and

sol ± gel hexagonal structures, respectively

BaZr0.9Fe0.1O37d Solid state synthesis 1150 5 Cubic structure 73

BaCe0.5Fe0.5O37d Combined EDTA± 900 2 Dual phase system: BaCe0.15Fe0.85O37d and 74

citrate complexing 950 2 BaCe0.85Fe0.15O37d

sol ± gel 100 2

BaCexFe17xO37d Pechini method 1100 3 x= 0.15 Ð cubic structure, x=0.50 Ð dual phase, 75

(x=0.15, 0.50, 0.85) x= 0.85 Ð orthorhombic structure

BaZr17xFexO37d Pechini method 1000 6 Cubic structure 54

(x=07 0.9)

BaZr0.85Y0.1Fe0.05O37d Solid-state reaction 1400 32 Cubic structure 76

BaZr0.1Ce0.7Y0.1Fe0.1O37d Solid-state reaction 1100 12 ± 24 Orthorhombic structure 77

1350 6

BaZr17xFexO37d Sol ± gel auto 900 5 x=0±0.4 Ð cubic structure, x=0.5 Ð cubic 78

(x=0.0, 0.05, 0.10, 0.20, combustion structure with BaCO3 impurity phase

0.30, 0.40 and 0.50) technique

BaZr17xFexO37d Citrate ± nitrate 1000 10 x=0±0.3 Ð cubic structure 52

(x=0.1, 0.2 and 0.33) synthesis

BaZr17xFexO37d Citrate ± nitrate 1000 6 x=0±0.3 Ð cubic structure, x=0.8 Ð two-phase 79

(x=070.9) synthesis system (cubic and tetragonal structures)

BaZr0.97xYb0.1FexO37d Citrate ± nitrate 1450 5 Cubic structure 80

(x=0, 0.2 and 0.4) synthesis

BaFe0.9Zr0.1O37d Combined EDTA± 1100 5 Cubic structure 81

citrate complexing

sol ± gel method

BaCe0.5Fe0.3Bi0.2O37d Citrate ± nitrate gel 1000 3 Orthorhombic structure with BaFeO3-based 82

combustion method cubic second phase

BaCe0.5Fe0.57xBixO37d Citrate ± nitrate gel 1000 3 Dual phase system with both cubic and ortho- 83

(x=0, 0.1, 0.2 and 0.3) combustion method rhombic structures (with the increase of x, the con-

centration of cubic phase decreased gradually)

BaCe0.5Fe0.57xBixO37d Pechini method 1000 3 Single-phase material 84

(x=0.5)

Fe and Co codoped Ba(Ce,Zr)O3

BaFe0.6Co0.3Ce0.1O37d Modified Pechini 1100 3 Single-phase material 85

method

BaCo0.4Fe0.4Zr0.2O37d Combining EDTA 800 5 Cubic structure 86

acid and citric 1100 3

complexes

Ba0.9Co0.4Fe0.4Zr0.1Y0.1O37d EDTA citrate with 1100 3 Cubic structure 87

combustion method

BaCo0.4Fe0.4Zr0.27xYxO37d Sol ± gel method 1000 5 Cubic structure 88

(x=0, 0.05, 0.1, 0.15)

BaxCo0.4Fe0.4Zr0.1Y0.1O 37d Combined EDTA± 1100 5 x=1±0.9 Ð cubic structure, x=0.85 Ð cubic 89

(x=1, 0.95, 0.9 and 0.85) citricacid complexing structure with Co37xFexO4 impurity

sol ± gel process

BaCoxFe0.77xZr0.3O37d Citrate ± nitrate 1050 3 Cubic structure 90

(x=0.2, 0.3, 0.4 and 0.5) synthesis

BaFe0.6Ce0.1Co0.3O37d Pechini method 950 5 Cubic structure 91
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For the BaZr17xFexO37d system, a difference in ionic

radii is considerably lower (rVIZn4� =0.72�A), leading to the

appearance of solid solutions in the wider concentration

range: 04 x4 0.6 54 or 04 x4 0.4.78

Table 1 (continued).

Composition Synthesis method Sintering Phase structure Ref.

conditions:

T/ 8C t/ h

Fe and Co codoped Ba(Ce,Zr)O3

BaCo0.4Fe0.4Zr0.2O37d Citric acid and EDTA 1100 10 Cubic structure 92

complexing route

Ba(Co0.4Fe0.4Zr0.1Y0.1)xO37d Sol ± gel method 1000 5 Cubic structure 93

(x=1.0, 0.975, 0.95, 0.925

and 0.90)

BaCo0.4Fe0.4Zr0.2O37d Glycerin ± nitrate 1100 4 Single-phase material 94

process

BaCo0.7Fe0.37xZrxO37d Sol ± gel method 1100 8 x=0, 0.02 Ð hexagonal structure with impurities 95

(x=0±0.12) of Co3O4 and Fe3O4; x=0.04 ± 0.1 Ð cubic structure,

x=0.12 Ð cubic structure with BaZrO3 impurity

BaCo0.7Fe0.2Zr0.1O37d Solid-state reaction 1100 8 Cubic structure with BaZrO3 impurity 96

Co-doped Ba(Ce,Zr)O3

BaZr0.1Ce0.7Y0.27xCoxO37d Solid-state reaction 1100 10 0 4 x4 0.075 Ð single phase, 97

(x=0, 0.02, 0.05, 0.075, x5 0.1 Ð second phase based BaCoO3

0.1, 0.2)

BaCe0.97xCoxY0.1O37d The citric acid 1100 5 x=0.05, 0.08 Ð single phase, 98

(x=0.05, 0.08, 0.1, 0.2) complex method x=0.12 Ð second phase based BaCoO3

BaCe0.4Sm0.2Co0.4O37d Citrate ± nitrate 900 10 Two phases of BaCe17x(Sm/Co)xO37d and 99

synthesis 1100 10 BaCo17x(Sm/Ce)xO37d with trace of Ba2CoO4

1200 2 impurity

BaCo0.7(Ce0.8Y0.2)0.3O37d Citrate ± nitrate 7 7 Two phases of cubic perovskite phase based on 100

synthesis BaCo0.9(Ce0.8Y0.2)0.1O37d and rhombohedral

perovskite phase based on BaCe0.8Y0.2O37d

BaZr0.1Ce0.7Y0.1 Co0.1O37d Solid-state reaction 1100 12724 Orthorhombic structure 77

1350 6

BaZr17xCoxO37d Citrate ± nitrate 1100 2 x4 0.4 Ð single phase, x=0.5 Ð appearance of 101

(x=0.1, 0.2, 0.3, 0.4, 0.5) synthesis the secondary phase of BaCoO3

Pr-doped Ba(Ce,Zr)O3

BaCe17xPrxO37d Pechini method 1000 3 Orthorhombic structure 102

(x=0.20, 0.40)

Ba(Zr0.7Ce0.2)17(x/0.9)PrxY0.1O37d Pechini method 1350 4 Single-phase materials: x=0.225 Ð sp. gr. R3C, 38

(x=0, 0.225, 0.445, 0.675, 0.9) x=0.445 Ð sp. gr. Imma, x=0.9 Ð sp. gr. Pnma

Ba(Zr0.7Ce0.2)17xPrxY0.1O37d Pechini method 1350 4 Single-phase materials: x=0 ±0.6 Ð sp. gr. R3C, 103

(x=0, 0.2, 0.4, 0.6, 0.8, 1.0) x= 0.87 sp. gr. Imma, x= 1Ð sp. gr. Pnma

BaCe0.80Gd0.27xPrxO37d Solid-state reaction 1350 10 Orthorhombic structure 104

(x=0.005, 0.01, 0.015, 0.02,

0.05, 0.1)

Ba(Ce0.87xPrxGd0.2)O37d Solid-state reaction 7 7 Orthorhombic (sp. gr. Pmcn) 105

(x=0.4, 0.6, 0.8)

BaZr0.85Y0.1Pr0.05O37d Solid-state reaction 1400 32 Cubic structure 76

BaCe0.8Pr0.2O37d Solid-state reaction 1250 10 Orthorhombic structure 106

BaZr0.87xPrxY0.2O37d Combustion synthesis 1100 6 Single phase 107

(x=0±0.4) procedure

BaZr0.97xPr0.1YxO37d Combustion method 1100 6 Cubic structure 108

(x=0, 0.1, 0.2)

A.V.Kasyanova, L.R.Tarutina, A.O.Rudenko, J.G.Lyagaeva, D.A.Medvedev

674 Russ. Chem. Rev., 2020, 89 (6) 667 ± 692



In general, the Co-doped cerates and zirconates display

the same phase behaviour due to the closely related nature

of Co-ions to Fe-ions. For example, BaCe17xCoxO37d and

BaZr17xCoxO37d are single-phase at 04 x4 0.1 77 or

04 x4 0.4,101 respectively.

A different tendency is observed for the Pr-doped

Ba(Ce,Zr,R)O3, where solid solutions can be formed over

the entire concentration range.38, 103 This might additionally

be explained in terms of the relatively close ionic radii (for

cerates, rVIPr4� =0.85�A). Moreover, praseodymium has sim-

ilar chemical properties to cerium, allowing the formation

of a BaPrO3-based system with proton transportation.

3.2. Chemical compatibility with the proton-conducting
electrolytes
The chemical compatibility of the functional materials used

together at elevated temperatures is an important property

for ensuring high-performance characteristics and the

stability over long periods of time. It is well known that

the long-term operation of SOFCs can result in the inter-

diffusion of cations; as a result, impurity- (and, as a rule,

low conductive or ionic-blocking) phases are formed at the

interface.109 ± 112 In order to overcome this drawback, vari-

ous strategies can be utilised.

One of the most rational approaches concerns a decrease

in the maximal temperatures of cathode fabrication and

SOFC operation down to the low-temperature

range.26, 113, 114 This leads to a considerable improvement

in the quality of the interface due to a reduced chemical

interaction rate. However, the electrochemical performance

of the functional materials can be unsatisfactory due to the

high ohmic resistance of the electrolyte and slow electro-

chemical kinetics of the electrodes.

Another strategy lies in the utilisation of buffer layers,

which prevent the formation of contact phases between

chemically active compounds. A vivid confirmation of this

can be seen in the porous cerium-based buffer layers

(Ce17xRxO27d, where R=Y, Gd, Sm or La,

0.14 x4 0.3) placed between the conventional YSZ elec-

trolyte and LSM as La-based electrodes. Here, YSZ is the

yttria-stabilised zirconia, Zr17xYxO27d; LSM is the lantha-

num strontium manganite, La17xSrxMnO37d. This addi-

tional layer prevents the formation of a La2Zr2O7-insulator

phase at the interface due to a lack of direct contact between

YSZ and LSM.115 ± 117 However, even in this case a chemical

interaction is possible, since cationic interdiffusion between

LSM, YSZ and doped CeO2 over a long period of time

might also lead to the formation of SrCeO3 or SrZrO3

exhibiting low ionic conductivities.118 ± 120

As can be seen from the provided examples, the arising

problems are associated with the strong chemical differ-

ences between the functional materials, on the one hand,

and the ability to form wide ranges of solid solutions and

new compounds, on the other hand. It is evident that these

problems can be partially or fully eliminated by designing

electrolyte/electrode pairs composed of the same fragmen-

tary type. In that case, as mentioned above, their chemical

activity will be determined by nature of the dopants [R and

M in M-doped Ba(Ce,Zr,R)O3 electrodes and R-doped

Ba(Ce,Zr)O3 electrolytes]. An analysis of experimental

results (Table 2) shows that these phases are definitely

compatible.

3.3. Thermo-mechanical and chemo-mechanical behaviour
Issues associated with mechanical compatibility of the func-

tional materials used together in electrochemical cells are

more complex in the case of protonic-conducting systems

compared with their oxygen-conducting analogues. This is

due to the fact that the thermo-chemical behaviour of the

PCFC or its components depends not only on two external

parameters (temperature and oxygen partial pressure), but

also on water vapour partial pressure, resulting in a wide

variation of strain effects, as illustrated in Fig. 6 a. In case

of the materials having different responses to changes in T,

pO2
and pH2O, the mechanical stresses between them can

increase to such a degree that irreversible processes (layer

delamination, cracks or pore formation, see Fig. 4) can

result in the destruction of the entire electrochemical

system.

Materials considered for high-temperature application

can be divided in three main groups (Fig. 6 a):

1. Oxides whose thermal expansion behaviour depends

mainly on the temperature factor. This group includes

materials composed of cations having a constant oxidation

state 7 for example, YSZ 124, 125 Ð as well as single-phase

materials based on transition elements, which exhibit a

slight variation in terms of oxygen stoichiometry

(La17xSrxMnO37d, Ln2NiO4+d, LaNi0.6Fe0.4O37d)

depending on pO2
at higher temperatures.124, 126, 127

2. Oxides showing a pO2
-induced chemical strain along

with conventional thermal strain. Such mixed behaviour

occurs for materials composed of transition elements, whose

oxidation and spin states can be quite easily altered with pO2

Table 2. High chemical compatibility (no interaction) of R-doped electrolyte and M-doped electrode materials revealed for calcined mixtures on
the basis of X-ray diffraction analysis: R=Y and/or Yb, M=Co and/or Fe.

Electrolyte composition Electrode composition Weight ratio Calcination parameters Ref.

T /8C t /h

BaZr0.1Ce0.7Y0.1Yb0.1O37d BaFe0.6Co0.3Ce0.1O37d 1 : 2 1100 3 85

BaZr0.1Ce0.7Y0.2O37d BaZr0.1Ce0.7Co0.2O37d 7 7 7 97

BaZr0.1Ce0.7Y0.2O37d BaCe0.5Fe0.3Bi0.2O37d 1 : 1 950 3 83

BaZr0.1Ce0.7Y0.2O37d Ba0.9Co0.4Fe0.4Zr0.1Y0.1O37d 1 : 1 1200 10 87

BaCe0.7Zr0.1Y0.1Yb0.1O37d BaCo0.4Fe0.4Zr0.1Y0.1O37d 3 : 2 1100 4 121

BaZr0.1Ce0.7Y0.1Yb0.1O37d BaCo0.7(Ce0.8Y0.2)0.3O37d 1 : 1 1000 2 100

BaCe0.7Zr0.1Y0.1Yb0.1O37d BaCo0.4Fe0.4Zr0.2O37d 1 : 1 1000 9 94
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variation, for example, Ce17xPrxO27d, SrFe17xTixO37d

and LnBaCo2O5+d.128 ± 130

3. Oxides having a pronounced pH2O-induced chemical

strain as a result of their hydration/dehydration. The most

widely known representatives of this group are cerates and

zirconates of alkaline-earth elements.123, 131 ± 133

The mechanistic nature of pO2
-induced chemical strain

for oxide materials is thoroughly described in the review

works of Bishop et al.134 and Herklotz et al.135 In brief, this

effect appears to be caused by changes in the chemical

composition of an oxide, particularly its oxygen stoichiom-

etry, d. In turn, the d variation affects the concentration of

point defects due to their interaction (see, for example,

Eqs. 7 and 8). Respectively, the reference conditions, the

appearance of oxygen vacancies at the anionic sublattice

and the reduction of cations at the cationic positions are

dimension-determined processes, which can either play an

individual role (under isothermal conditions) or take place

along with thermal strain, see Fig. 6 b.

pH2O-Induced chemical strain affects lattice deformation

upon water uptake (Eqn 3), when the oxygen atom of a

water molecule fills a vacant position in the anionic sub-

lattice.53 From a macroscopic point of view, this process

leads to an increase in the effective ionic radius of the

oxygen site (rVO

..=1.18�A, rOHO

. =1.35�A)133,136 and,

accordingly, its dimensional parameters. For example, a

decrease in temperature in a humid atmosphere leads to a

decrease in the relative change of linear dimensions for an

almost completely dehydrated proton-conducting material

(that does not undergo phase transitions), as illustrated in

Fig. 6 c. Under conditions of relatively high temperatures,

at which the hydration effect is negligible, this decrease is

mainly associated with the thermal effect. At lower temper-

atures, the oxide starts to take up water in accordance with

Reaction 3, chemically expanding in view of the mentioned

differences in effective ionic radii. As a result, the exper-

imental dependence deviates from linearity; in this case, the

dilatometric curve has a bend, which is not associated with a

phase transition (for example, doped BaZrO3). However,

the nature of the dilatometric curve becomes more compli-

cated in the case of a polymorphic material, whose crystal

structure can be determined not only by temperature, but

also by pH2O (for example, doped BaCeO3).

In concluding the discussion regarding chemical strain

features, we should stress that proton-conducting electro-

lytes, which have high mechanical tolerance towards

changes in pO2
, are sensitive to pH2O changes in a gas

phase. On the other hand, the dimension parameters of

complex oxides serving as electrodes are determined by the

pO2
variation with a small (or negligible) response to the

pH2O change. It is evident that chemical strain incompati-

bility is a serious issue in terms of the real application of

electrochemical cells based on Ba(Ce,Zr)O3 electrolytes.

This issue should be thoroughly considered at the fabrica-

tion and operation stages of the corresponding cells and

stacks.137 The thermal expansion coefficient (TEC, a) is a

convenient parameter for use in the qualitative analysis of

material compatibility. This coefficient is usually deter-
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Figure 6. Thermo-chemical behaviour of functional materials: (a) basic representation of solid oxide electrochemical cells based on
proton-conducting electrolytes and linear response of the functional materials towards pO2
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mined within a certain range of temperatures, when dila-

tometry dependences are close to the linear form. On the

basis of the presented cases (Fig. 6 b and c), `pure' TECs

calculated for the thermal part of the overall expansion

achieve around 12.761076 and 10.261076 K71 for

Ce0.9Pr0.1O27d and BaCe0.8Y0.2O37d, respectively. How-

ever, for real (measured) data, various TECs values are

observed. For example, the dilatometric curve of

Ce0.9Pr0.1O27d is not linear across the whole temperature

range: two linear regions can be distinguished, 20 ± 570 and

570 ± 970 8C, with the corresponding TECs of 11.261076

and 21.961076 K71, respectively. The same phenomenon

occurs for the second case (BaCe0.8Y0.2O37d), when three

close-to-line regions take place at 20 ± 350, 350 ± 800 and

800 ± 1000 8C with corresponding TECs of 10.261076,

5.261076 and 8.161076 K71, respectively. Such measured

parameters are called apparent TECs, since they correspond

to a mixed (thermal and chemical) strain effects instead of

solely thermal ones.

Problems in thermo-chemical compatibility consist not

only in different TECs calculated for the same materials

across both low- and high-temperature ranges, but also in

the fact that different materials possess unequal TEC values

within the same temperature range. To reduce possible

thermal stresses, PCFC and PCEC functional materials

should exhibit similar thermo-chemical behaviour. The

creation of electrolytes and electrodes composed of similar

structural fragments (barium at the A-site and cerium/

zirconium at the B-site of a ABO3 perovskite) is one of the

possible ways of solving the above mentioned problems.

However, even in this case, the TEC discrepancy can be

considerable. As shown in Fig. 7 a,b, the average TECs rise

with an increase of M concentration in the M-doped

Ba(Ce,Zr)O3 systems: from 871061076 K71 for

Ba(Ce,Zr,Ln)O3 oxides to 2561076 K71 for their heavy

M-doped counterparts. As mentioned above, extremely

high TECs result from the pO2
-chemical induced strain

occurring for materials based on the transition elements

(see Eqs. 7 and 8).

By frequently comparing in use electrode systems based

on cobalt (cobaltites) and iron (ferrites), it can be concluded

that the cobalt concentration should be minimised, since it

results in very high TEC levels (Fig. 7 c). Nevertheless, at

the same time, the TEC differences calculated within differ-

ent temperature regions can be reduced. The provided

example is in line with the currently promising strategy in

materials science; according to this, a rational design in

oxygen (steam) electrodes of PCFCs/PCECs is associated

with Co-free materials having decreased thermo-chemical

strain.138, 140 ± 146

When comparing the mechanical compatibility of R-

doped Ba(Ce,Zr)O3 and M-doped Ba(Ce,Zr,R)O3, it is clear

that priority in electrode design should be given to systems

with a low-to-medium concentration of the M-transition

elements. Otherwise, apparent TECs reach high levels for

the extreme members of M-doped Ba(Ce,Zr,R)O3:

*2461076 K71 (80071100 8C) for BaFeO3
147 and

*2461076 K71 (257900 8C) for BaCoO3.148

3.4. Hydration capability
Information concerning the water uptake of complex oxides

is of special interest in terms of the possibility to design

triple-conducting materials 149 with the most attractive elec-

trochemical activity in PCFCs/PCECs (see Fig. 5 c).

Although this belongs to a mainstream area,24, 68, 69, 150 ± 153

there is a limited number of indisputable evidences of

meaningful proton transportation in single-phase electrode

materials based on simple or double perovskite struc-

tures.154, 155 The main difficulty in analysing proton con-

ductivity (in oxides with very high contributions of oxygen-

ionic and electronic conductivities) consists in the fact that

the water uptake occupies an intermediate position between

the water absorption of material surfaces and the strong

interaction between them followed by oxide decomposition

and hydroxide formation. Correspondingly, many conven-

ient techniques used for the determination of proton con-

ductivity in the conventional proton-conducting materials

[such as thermogravimetric (TG) measurements in dry vs.
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wet conditions, separation of conductivity on the basis of its

profile depending on pO2
or pH2O]

156 ± 159 cannot be

employed to determine the proton conductivity of triple-

conducting oxides.

Kim et al.68 first postulated the triple-conducting behav-

iour of a NdBa0.5Sr0.5Co1.5Fe0.5O5+d phase, initiating

active research efforts. As a result, different double perov-

skite materials (such as NdBaCo27xMnxO5+d,160

GdBaCo2O5+d,161 PrBa0.5Sr0.5Co1.5Fe0.5O5+d) 162 have

been proposed as possible candidates having a proton

transfer sign. However, Lozano et al.,154 using isotopic

exchange studies in a system of PrBaCo2O5+d (PBC) with
18O2 and 2H2

16O at elevated temperatures, have revealed

that no visible water uptake can be attributed to the bulk

properties of PBC; instead, only hydrogen is localised at the

large-scale, near-surface defect regions (pores or BaO-en-

riched phases, see Fig. 8 a).

From a general viewpoint, it is clear that a high quantity

of protons can be realised for cathode materials having

fragments of a similar structure using conventional proton-

conducting electrolytes. Taking this into account, Shang

et al.86 have proposed a new composition of

BaCo0.4Fe0.4Zr0.2O37d (BCFZ) designed from a well-

known BaZrO3 matrix phase co-doped with cobalt and

iron. Although basicity (responsible for high proton uptake

of doped zirconates/cerates) deteriorates with the introduc-

tion of Co/Fe, high quantities of such elements do not

prohibit water uptake for the obtained derivatives.163, 164

According to Zohourian et al.,92 the proton concentration

of BCFZ reaches 1.5% and 0.5% at 200 and 400 8C,
respectively, when pH2O is equal to *0.016 (estimated

conductivity level reaches 0.09 ± 0.3 mS cm71 at

350 ± 600 8C).165 The concentration levels were calculated

using the BCFZ defect structure as well as TG data in dry

and wet conditions. Ren et al.89 also proposed a strategy for

improving proton transport of BCFZ. They found that a

Ba-deficiency in BaxCo0.4Fe0.4Zr0.2O37d (x=0.90, 0.95 and

1.00) increases the achievable hydration, leading to an

increase by 40%± 100% in proton concentration,

Fig. 8 b. The proton transportation of the Y-doped BCFZ

(BaCo0.4Fe0.4Zr0.1Y0.1O37d, BCFZY) was confirmed by

Chen et al. utilising an electrical conductivity relaxation

technique.166 It should be mentioned that both BCFZ and

BCFZY electrode compositions have been successfully used

by the O'Hayre research group to fabricate PCFCs/PCECs

that demonstrate outstanding performance.88, 139, 167

Recently, Zohourian et al.168 revealed a relation between

proton concentration of the perovskite-structured oxides

(ABO3) and their crystallochemical factors (ion basicity,

B-site cations and their oxidation state and B7O cova-

lency), which can be illustrated in Fig. 8 c. According to the

performed experiments, Ba0.95La0.05Fe0.8Zn0.2O37d exhibits

the highest proton concentration among *20 studied mate-

rials, exceeding *5 times that of BCFZ under the same

2H16O7 18O7
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conditions. Despite this fact, BCFZ and BCFZY have been

more widely studied than Ba0.95La0.05Fe0.8Zn0.2O37d

(Refs 87, 90, 93, 166, 169 and 170). Kim et al.52 explained

the rather low proton conductivity levels for the heavy

M-doped barium cerates or zirconates in terms of percola-

tion theory (Fig. 8 d ).

Proton transfer is indirectly proposed as being realised

for such oxide materials whose electrochemical activity

improves with air humidification. This comes from the

standard interpretation of the following equation

Rp! (pO2
)7n(pH2O)

7m (14)

Here, Rp is the polarisation resistance of the electrodes,

n and m are the power functions varying from 0 to 1 and the

determining mechanism of the electrode processes.171 ± 173

Although this assumption needs more detailed confirma-

tion, the polarisation resistance of many oxide materials

might decrease with an increase in pH2O in oxidising atmos-

pheres, including Ln2NiO4+d phases,174, 175 layered oxides

Ca3Co4O9+d and Sr3Fe2O77d,145, 176 and perovskite-

related materials of Ba0.5Sr0.5Co0.8Fe0.2O37d,177,178

SrSc0.175Nb0.025Co0.8O37d,70 and PrBaCo27xFexO5+d.
179 This

is a useful property in terms of their application under highly

humid conditions (realised, for example, in SOECs).

3.5. Electrical conductivity
The electrode materials should have a suitable (high) level

of electronic conductivity to provide good electrical con-

nection between the electrolyte/electrode interface region

and the current collectors of the external electrical cir-

cuit.180 Typically, this level needs to be higher than

100 S cm71 in a dense form, since for a porous state it

decreases by more than one order of magnitude compared

to the dense state according to the two-phase material

percolation theory, when gas in pores represents one (insu-

lating) of the phases (see Bruggeman asymmetric model

described in detail in Refs 181 ± 183). Table 3 provides a

comparative analysis of electrical properties for cerates/

zirconates doped with cobalt, iron or praseodymium as

transition elements, while Fig. 9 repeats these data for

clarity of presentation.

Table 3. Electrical conductivity ofM-doped Ba(Ce,Zr)O3-based materials measured by 4-probe direct current method in ambient air atmosphere.

Composition M x /content s /S cm71 Ref.

of M

600 8C 700 8C

BaZr0.1Ce0.7Y0.18Co0.02O37d Co 0.02 8.061073 1.861072 97

BaZr0.1Ce0.7Y0.15Co0.05O37d Co 0.05 3.061073 9.061073 97

BaCe0.85Y0.1Co0.05O37d Co 0.05 6.461073 8.961073 56

BaCe0.825Y0.1Co0.075O37d Co 0.075 6.461073 8.961073 56

BaCe0.85Co0.05Y0.1O37d Co 0.05 3.561073 5.861073 98

BaCe0.82Co0.08Y0.1O37d Co 0.08 1.661073 3.761073 98

BaCe0.8Co0.1Y0.1O37d Co 0.1 2.361073 5.161073 98

BaZr0.1Ce0.7Y0.1Co0.1O37d Co 0.1 8.861072 1.761071 97

BaZr0.1Ce0.7Y0.1Co0.1O37d Co 0.1 1.561073 3.461073 77

BaCe0.8Y0.1Co0.1O37d Co 0.1 5.661073 7.861073 56

BaZr0.9Co0.1O37d Co 0.1 4.461072 5.761072 101

BaZr0.1Ce0.7Co0.2O37d Co 0.2 2.0 2.6 97

BaCe0.7Co0.2Y0.1O37d Co 0.2 1.861072 3.461072 98

BaZr0.8Co0.2O37d Co 0.2 1.661071 1.861071 77

BaZr0.7Co0.3O37d Co 0.3 2.061071 2.161071 77

BaZr0.6Co0.4O37d Co 0.4 2.461071 2.661071 52

BaZr0.5Co0.5O37d Co 0.5 3.061071 3.161071 77

BaCo0.7(Ce0.8Y0.2)0.3O37d Co 0.7 2.5 3.2 100

BaZr0.85Y0.1Fe0.05O37d Fe 0.05 1.061073 2.061073 76

BaCe0.85Y0.1Fe0.05O37d Fe 0.05 3.861073 5.0 1073 56

BaCe0.825Y0.1Fe0.075O37d Fe 0.075 3.761073 4.961073 56

BaZr0.1Ce0.7Y0.1Fe0.1O37d Fe 0.1 5.961074 1.361073 77

BaZr0.9Fe0.1O37d Fe 0.1 1.561074 9.961074 52

BaZr0.8Fe0.2O37d Fe 0.2 1.761073 3.761074 52

BaZr0.67Fe0.33O37d Fe 0.33 4.761072 2.661072 52

BaCe0.4Sm0.2Fe0.4O37d Fe 0.4 2.861072 3.661072 71
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Table 3 (continued).

Composition M x /content s /S cm71 Ref.

of M

600 8C 700 8C

BaCe0.4Sm0.2Fe0.4O37d Fe 0.4 2.461072 3.061072 72

BaCe0.5Fe0.5O37d Fe 0.5 9.461071 7.861071 74

BaZr0.5Fe0.5O37d Fe 0.5 8.761074 1.261073 78

BaFe0.6Ce0.1Co0.3O37d Fe 0.6 1.8 1.5 91

BaCo0.7Fe0.2Zr0.1O37d Fe/Co 0.9 8.5 8.2 95

BaCo0.7Fe0.24Zr0.06O37d Fe/Co 0.94 10.3 9.0 95

BaCo0.2Fe0.5Zr0.3O37d Fe/Co 0.7 1.0 1.1 90

BaCo0.3Fe0.4Zr0.3O37d Fe/Co 0.7 1.6 1.7 90

BaCo0.4Fe0.3Zr0.3O37d Fe/Co 0.7 1.9 2.3 90

BaCo0.5Fe0.2Zr0.3O37d Fe/Co 0.7 4.1 4.9 90

BaCo0.4Fe0.4Zr0.1Y0.1O37d Fe/Co 0.8 1.4 7 88

BaCo0.4Fe0.4Zr0.1Y0.1O37d Fe/Co 0.8 1.2 1.3 100

BaZr0.85Y0.1Pr0.05O37d Pr 0.05 6.061073 1.061072 76

BaZr0.7Pr0.1Y0.2O37d Pr 0.1 1.261072 1.861072 107

BaZr0.7Pr0.1Y0.2O37d Pr 0.1 1.261072 2.561072 108

BaCe0.85Pr0.15O37d Pr 0.15 1.161074 2.661074 184

BaCe0.85Pr0.15O37d Pr 0.15 1.361074 3.161074 185

BaZr0.49Ce0.14Pr0.2Y0.1O37d Pr 0.2 2.061073 7.061073 103

BaCe0.8Pr0.2O37d Pr 0.2 2.261073 1.361073 106

BaZr0.6Pr0.2Y0.2O37d Pr 0.2 1.461072 2.061072 107

BaZr0.525Ce0.15Pr0.225Y0.1O37d Pr 0.225 8.061073 2.261072 38

BaZr0.5Pr0.3Y0.2O37d Pr 0.3 1.661072 2.161072 107

BaZr0.35Ce0.1Pr0.4Y0.1O37d Pr 0.4 2.061072 3.961072 103

BaCe0.4Pr0.4Gd0.2O2.9 Pr 0.4 8.961072 1.161071 105

BaZr0.4Pr0.4Y0.2O37d Pr 0.4 2.861072 4.061072 107

BaZr0.354Ce0.101Pr0.445Y0.1O37d Pr 0.445 3.761072 7.161072 38

BaZr0.21Ce0.06Pr0.6Y0.1O37d Pr 0.6 1.161071 1.961071 103

BaCe0.2Pr0.6Gd0.2O37d Pr 0.6 1.261071 1.361071 105

BaZr0.175Ce0.05Pr0.675Y0.1O37d Pr 0.675 1.161071 2.061071 38

BaZr0.07Ce0.02Pr0.8Y0.1O37d Pr 0.8 2.061071 2.961071 103
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Figure 9. Electrical conductivity of M-doped Ba(Ce,Zr)O3 materials at 700 8C depending on the type of M and its concentration: M=Co
and/or Fe (a) and Pr (b). These data are taken from Table 3.
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It can be seen that for the Co- and Fe-doped systems,

there is a wide window of conductivity noise (Fig. 9 a) that

can depend on many factors, including phase inhomogene-

ity (single-phase materials, two-phase materials, secondary

phases), the different porosity (or relative density) of the

samples, different charge conditions of Co- or Fe-ions.

However, the obvious tendency towards an improvement

in conductivity is observed at higher quantities of these

cations, qualitatively satisfying the tendency mentioned in

Fig. 9 b. Nevertheless, none of the considered examples

show an electronic conductivity higher than 10 S cm71

(level of nominally pure BaFeO3 is about 5 S cm71 at

500 8C);186 as a result, the real conductivity level of porous

electrodes produced using these compositions is estimated

at not more than 1 S cm71, which fails to provide excellent

current distribution. This fact is not discussed in the

literature in terms of the applicability of M-doped

Ba(Ce,Zr)O3 electrodes in PCFCs/PCECs. Therefore, it is

difficult to reach current densities as high as

2 ± 4 A cm72.87, 93, 187 A well-developed microstructure of

the electrodes as well as the use of the electro(catalytical)

additives or current collectors might improve current dis-

tribution in a case of the M-doped Ba(Ce,Zr)O3 electrodes

with an insufficient electronic conductivity.

Analysis of the Pr-doped systems shows that the con-

ductivity of the designed samples is less than 1 S cm71 for

the heavy-doped examples. This fact does not permit their

application as electrodes in PCFCs/PCECs.

4. Performance of the M-doped Ba(Ce,Zr)O3

electrodes

This Section presents evaluation of the BaCeO3- or BaZrO3-

based materials doped with cobalt and iron (as the most

frequently used dopants) from the viewpoint of their appli-

cation in electrochemical devices. First, electrochemical

Table 4. Possible elementary stages for a couple of proton-conducting electrolyte with an electrode having electronic, oxygen-ionic/electronic or
triple-conducting behaviour (presented for fuel cell operation mode).

No. e0 conductors O27/e0 conductors H+/O27/e0 conductors

Oxygen path

1.1 O2 gas>O2 ads, ed O2 gas>O2ads, ed O2 gas>O2 ads, ed

1.2 O2 ads, ed> 2O ads, ed O2 ads, ed> 2O ads, ed O2 ads, ed> 2Oads, ed

1.3 O ads, ed>OTPB, ed O ads, ed>OTPB, ed O ads, ed>O(TPB, ed

1.4 O ads, ed+2 e0surf, ed >O2ÿ
ads; ed O ads, ed+2 e0surf, ed>O2ÿ

ads; ed O ads, ed+2 e0surf, ed>O2ÿ
ads; ed

1.5 O 2ÿ
ads; ed >O2ÿ

TPB; ed O2ÿ
ads; ed >O2ÿ

TPB; ed O2ÿ
ads; ed >O2ÿ

TPB; ed

1.6 O ads, ed+2 e0surf, ed>O2ÿ
ads; ed O ads, ed+2 e0surf, ed>O2ÿ

ads; ed

1.7 O2ÿ
ads; ed >O2ÿ

bulk; ed O2ÿ
ads; ed >O2ÿ

bulk; ed

1.8 O2ÿ
bulk; ed >O2ÿ

TPB; ed O2ÿ
bulk; ed >O2ÿ

TPB; ed

Hydrogen path

2.1 H�bulk; et >H�g:b:; et H�bulk; et >H�g:b:; et H�bulk; et >H�g:b:; et

2.2 H�g:b:; et >H�surf; et H�g:b:; et >H�surf; et H�g:b:; et >H�surf; et

2.3 H�g:b:; et >H�TPB; et H�g:b:; et >H�TPB; et H�g:b:; et >H�TPB; et

2.4 H�surf; et >H�TPB; et H�surf; et >H�TPB; et H�surf; et >H�TPB; et

2.5 H�surf; et >H�int; et

2.6 H�int; et >H�int; ed

2.7 H�int; ed >H�bulk; ed

2.8 H�bulk; ed >H�surf; ed

Electron path

3.1 e0bulk; ed > e0TPB; ed e0bulk; ed > e0TPB; ed e0bulk; ed > e0TPB; ed

3.2 e0bulk; ed > e0surf; ed e0bulk; ed > e0surf; ed e0bulk; ed > e0surf; ed

TPB region

4 OTPB, ed+2H�TPB; et +2 e0TPB; ed >H2O OTPB, ed+2H�TPB; et +2 e0TPB; ed >H2O OTPB, ed+2H�TPB; et +2 e0TPB; ed >H2O

5 O2ÿ
TPB; ed +2H�TPB; et >H2O O2ÿ

TPB; ed +2H�TPB; et >H2O O2ÿ
TPB; ed +2H�TPB; et >H2O

Region of the electrode's surface

6 O ads, ed+2H�surf; ed +2 e0surf, ed>H2O

7 O2ÿ
ads; ed +2H�surf; ed >H2O

Note. The localisation of the formedwatermolecules (adsorbed or gas) is not shown. The stages associated with gas diffusion in pores are excluded

from consideration. Abbreviations: ads Ð adsorbed, bulk Ð grains of polycrystalline materials, g.b. Ð grain boundary of polycrystalline

materials, surf Ð surface, int Ð phase interface, et Ð electrolyte, ed Ð electrode.
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behaviour of these electrodes is theoretically analysed, then

the experimental data are presented for the proton-conduct-

ing systems of different design (symmetrical cells and fuel

cells).

4.1. Electrochemical activity features
As illustrated in Fig. 5, the overall half-reaction occurring

at the oxygen electrode can be presented as

1

2
O2+2 e0+2H+ H2O (15)

Known as ORR, this represents the most common form

of the special cases described by Eqs. 10 ± 13. Many

research efforts have been devoted to improving the electro-

chemical activity of the electrodes with respect to the ORR.

This aim can be advanced using different strategies, details

of which will be further clarified when discussing the

mechanism of ongoing electrode processes.

The main elementary stages taking place for three differ-

ent electrode systems being in contact with a proton-

conducting electrolyte are summarised in Table 4. As can

be seen, a transition from simple-model electrodes with

electronic transfer (for example, Pt, LSM) to triple-con-

ducting analogues [for example, M-doped Ba(Ce,Zr)O3]

considerably increases the number of electrochemically-

active parts. This is the reason why multi-conducting oxides

are preferable for applied field. It should be pointed out

that electron transfer is not rate-limiting stage due to the

higher mobility of electrons compared with protons and

oxygen ions. When considering the ionic charge carriers, the

mobility of protons is also higher than that of oxygen

ions,188 owing to the lower mass and size of the former.

This means that oxygen-involving stages generally regulate

the overall electrode performance regardless of nature of the

electrodes. In particular, numerous studies 142, 189 ± 197 have

shown that oxygen diffusion (stages 1.5, 1.7 or 1.8 in

Table 4), charge transfer (stages 1.4 or 1.6), oxygen disso-

ciation (stage 1.2) and adsorption of electrochemically

active gas components (stage 1.1) can be rate-limiting steps

of the resulting reaction(s) (stages 4 ± 7).

From the foregoing discussion, the following strategies

for preparing electrodes having a desirable electrochemical

activity can be proposed:

1. Technological modification (Fig. 10 a) aimed at

extending the TPB by adding new phase(s) having a differ-

ent type of conductivity with respect to the basic backbones

(matrix) or using nano-sized powders instead of those

having sub-micro and micro-sized particles.

2. Functional tuning (Fig. 10 b) consisting in the design

of materials having a higher activity towards oxygen trans-

port within the bulk of a solid-state particle (oxygen

diffusion coefficient, D) and between the particle and the

gas media (oxygen surface exchange constant, k).

3. Insertion of additional charge carriers in the electro-

lyte/electrode system. As shown in Table 4, the highest

number of electrode pathways is observed for triple-con-

ducting electrodes.

Since two first strategies are quite adequately discussed

in the literature, the next subsections will be devoted to the

third one.

4.2. Symmetrical cells
Barium cerates and zirconates heavily doped with M tran-

sition elements have been studied as possible electrodes for

protonic ceramic electrochemical cells. Initially, it makes

sense to reveal their activity in cells with a symmetric

configuration, when the same electrode is deposited onto

the opposite side of an electrolyte forming a three-layered

structure. Then, this structure can be electrochemically

characterised by means of electrochemical impedance spec-

troscopy analysis.

Table 5 lists target values obtained for the Fe- and Co-

doped Ba(Ce,Zr)O3 electrodes. Since their polarisation

resistances are rather high at low temperatures (below

600 8C), they can be considered as sufficient at higher

temperatures (650 and 700 8C), which, however, belong to

the intermediate-temperature range. A possible reason of

the high Rp for such doped cerates and zirconates might be

an insufficient combination of oxygen heteroexchange

parameters compared to those of conventional electrode
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mosaic-like structure and continuously connected sediments, respectively. (b) Relationship between polarisation resistances of the
Ln2NiO4+d-based electrodes with oxygen heteroexchange parameters (k and D).199
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systems, such as (Ba,Sr)(Co,Fe)O3, doped LnBaCo2O5+d,

doped Ln2NiO4+d.

4.3. Protonic ceramic fuel cells
If, in a symmetrical cell configuration, the M-doped

Ba(Ce,Zr)O3 electrodes are located within one gas atmos-

phere, their operation in fuel cell mode is closer to real

conditions. We found more than 20 sets of laboratory data

on PCFCs composed of the considered electrode materials.

These data are summarised in details in Table 6 and

visualised in Fig. 11.

Although a limited sample, the M-doped Ba(Ce,Zr,Y)O3

system demonstrates a tendency towards a decrease in

polarisation resistance owing to improved electrochemical

activity with respect to ORR (Fig. 11 a). As a result, the

maximal power density of PCFCs also tends to increase

(Fig. 11 b). This again agrees well with the percolation

theory mentioned in Section 3.4.

Interesting results are associated with a high concen-

tration of cobalt and/or iron (0.74 x4 0.9) in

Ba(Ce,Zr,Y)O3. Here a Rp deviation of 1 order of magni-

tude and Pmax deviations of about 4 times may be observed.

Such differences for systems having similar electrolyte and

electrode compositions imply that microstructural parame-

ters might play a key role in the electrode kinetic.202 ± 204

However, such parameters are difficult to identify due to a

lack of qualitative assessment of the electrodes' microstruc-

ture in the provided works. As can be seen from Figs 4, 6 a

and 10 a, the further improvement of the electrode kinetic

might be realised by an increase in the TPB length (utilisa-

tion of nano-sized particles, infiltration, exsolution meth-

ods, formation of the well-adhered electrode layers by

tailoring operation regimes such as time and temperature,

adjustment of the sparing modes of PCFCs/PCECs related

to the reduced chemical-type strain effects for all the func-

tional materials) or its expansion up to the electrode's

surface (design of new triple-conducting materials with

more pronounced proton transportation).

Considering the most promising results, some attractive

electrode materials can be identified. This group includes

the BCFZY composition, which has been successfully uti-

lised by Duan et al.167 The fabricated PCFC was able to

yield a maximal power density of 660, 620 and

590 mW cm72 at 600 8C with hydrogen, ammonia or meth-

anol, respectively, being used as a fuel (Fig. 12 a). More-

over, such a cell showed high tolerance to carbonisation of
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Figure 11. Polarisation resistance (a) and maximal power density (b) of the fabricated PCFCs at 700 8C depending on the M-concentration
in M-doped Ba(Ce,Zr,Y)O3 cathodes. These data are taken from Table 6.72, 75, 83, 87, 90, 97, 98, 101, 121, 200, 201

Table 5. Polarisation resistance for the Fe- and Co-doped Ba(Ce,Zr)O3 electrodes of the symmetrical electrode/electrolyte/electrode cells at
different temperatures

Electrode Electrolyte Rp /O cm2 Ref.

600 8C 650 8C 700 8C

BaCe0.4Sm0.2Fe0.4O37d BaCe0.8Sm0.2O37d 1.75 0.62 0.23 71

BaCe0.4Sm0.2Co0.4O37d BaCe0.8Sm0.2O37d 2.19 0.82 0.37 99

BaCe0.4Sm0.2Co0.4O37d+Ag collector BaCe0.8Sm0.2O37d 1.28 0.54 0.26 99

BaCo0.4Fe0.4Zr0.2O37d BaZr0.1Ce0.7Y0.1Yb0.1O37d 0.77 0.37 7 86

BaCo0.4Fe0.4Zr0.2O37d BaZr0.1Ce0.7Y0.1Yb0.1O37d 5.30 2.49 1.19 88

BaCo0.4Fe0.4Zr0.15Y0.05O37d BaZr0.1Ce0.7Y0.1Yb0.1O37d 2.45 1.10 0.54 88

BaCo0.4Fe0.4Zr0.1Y0.1O37d BaZr0.1Ce0.7Y0.1Yb0.1O37d 2.06 0.87 0.46 88

BaCo0.4Fe0.4Zr0.05Y0.15O37d BaZr0.1Ce0.7Y0.1Yb0.1O37d 2.83 1.42 0.65 88

BaCo0.4Fe0.4Zr0.1Y0.1O37d BaZr0.1Ce0.7Y0.1Yb0.1O37d 1.26 0.69 0.42 121

BaCo0.4Fe0.4Zr0.1Y0.1O37d BaZr0.1Ce0.7Y0.2O37d 0.56 0.28 0.09 89

BaCo0.4Fe0.4Zr0.1Y0.1O37d BaZr0.1Ce0.7Y0.1Yb0.1O37d 0.31 0.13 7 100

BaCo0.7(Ce0.8Y0.2)0.3O37d BaZr0.1Ce0.7Y0.1Yb0.1O37d 0.55 0.11 7 100

A.V.Kasyanova, L.R.Tarutina, A.O.Rudenko, J.G.Lyagaeva, D.A.Medvedev
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Table 6. Design and electrochemical characteristics of PCFCswith the considered electrode systems: h is the electrolyte thickness, OCV is the open circuit voltage,RO,Rp andRtotal are the ohmic, polarisation
and total resistances, Pmax is the maximal power density.

Design of cell Electrochemical characteristics Ref.

(AnodejElectrolyte (h, mm)jCathode)
OCV /V Ro /O cm2 Rp /O cm2 Rtotal /O cm2 Pmax /mW cm72

600 8C 700 8C 600 8C 700 8C 600 8C 700 8C 600 8C 700 8C 600 8C 700 8C

PtjBCS (300)jBCSF 0.981 0.964 7 7 7 7 7 7 29 62 89

Ni7BCZYYbjBCZYYb (30)jBFCC 1.08 7 1.09 7 0.3 7 1.39 7 257 7 85

Ni7BCZYjBCZY (25)jBCFB 1.034 0.988 0.317 0.22 0.433 0.098 0.75 0.318 362 736 82

Ni7BCZYjBCZY (60)jBZCC 7 1.04 7 0.300 7 0.16 7 0.46 7 370 97

Ni7BCYjBCY�750�jBCCY 07LCSF 1.182 1.123 7 7 7 7 7 7 44 76 98

Ni7BCZYjBCZY (25)jBCF 1.036 0.986 0.68 0.41 0.8 0.17 1.48 0.58 192 395 75

Ni7BCZYjBCZY (25)jBCF 1.007 0.96 0.461 0.262 1.126 0.224 1.587 0.486 198 443 83

Ni7BCZYjBCZY (25)jBCFB0.1 0.992 0.965 0.358 0.202 0.696 0.078 1.054 0.28 285 707 83

Ni7BCZYjBCZY (25)jBCFB0.2 0.988 0.956 0.265 0.199 0.386 0.061 0.651 0.26 371 943 83

Ni7BCZYjBCZY (25)jBCFB0.3 0.981 0.936 0.307 0.21 0.515 0.099 0.822 0.309 323 617 83

Ni7BCZYjBCZY (25)jBCB 0.989 0.956 0.678 0.44 1.583 0.26 2.261 0.7 127 321 84

Ni7BCSjBCS (70)jBCSF 1.06 1.00 7 7 7 7 7 7 98 169 72

Ni7BCZYYbjBCZYYb (60)jBCFZ 0.97 7 1.57 7 0.68 7 2.25 7 225 7 86

Ni7BCZYjBCZY (25)jBCP 1.026 0.988 0.69 0.48 0.72 0.16 1.41 0.64 179 378 102

Ni7BCZYjBCZY (25)jB0.9CFZY 0.98 0.96 0.32 0.21 1.66 0.32 1.98 0.53 166 452 87

Ni7BCZYjBCZY (25)jBCFZY7BCZY 1.01 0.98 0.37 0.23 0.68 0.14 1.05 0.37 244 537

Ni7BZYjBZY (20)jBCFZY 1.015 7 7 7 7 7 7 7 660 7 167

Ni7BCZYYbjBCZYYb (20)jBCFZY7BCZY63 1.073 7 0.41 7 0.06 7 0.47 7 598 7 88

Ni7BZYjBZY (20)jBCFZY 0.992 7 0.31 7 0.05 7 0.36 7 475 7 88

Ni7BCZYYbjBCZYYb (17)jBCFZY7BCZYYb 1.04 0.985 7 7 0.63 0.17 7 7 150 350 121

Ni7BCZYYbjBCZYYb (17)jBCFZY7BCZYYb+ 0.961 0.979 7 7 0.99 0.19 7 7 180 430 121

SDC infiltrated

Ni7BCZYjBCZY (40)jBCFZY 1.07 7 0.07 7 0.18 7 0.37 7 482 7 89

Ni7BCZYjBCZY (40)jB0.9CFZY 1.063 7 0.09 7 0.49 7 0.56 7 669 7 89

Ni7BZCY35jBZCY35 (14)jBC0.2FZ 7 0.943 7 7 0.495 0.149 7 7 7 395 90
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Table 6 (continued).

Design of cell Electrochemical characteristics Ref.

(AnodejElectrolyte (h, mm)jCathode)
OCV /V Ro /O cm2 Rp /O cm2 Rtotal /O cm2 Pmax /mW cm72

600 8C 700 8C 600 8C 700 8C 600 8C 700 8C 600 8C 700 8C 600 8C 700 8C

Ni7BZCY35jBZCY35 (14)jBC0.3FZ 7 0.948 7 7 0.263 0.0917 7 7 7 521 90

Ni7BZCY35jBZCY35 (14)jBC0.4FZ 1.015 0.959 0.320 0.245 0.226 0.067 0.546 0.312 444 679 90

Ni7BZCY35jBZCY35 (14)jBC0.5FZ 7 0.966 7 7 0.318 0.0819 7 7 7 556 90

Ni7BZCY442jBZCY442jBCCY 1.022 7 0.49 7 0.16 7 0.65 7 399 7 100

Ni7BCZYYbjBCZYYb (16.1)jBCCY 1.075 7 0.20 7 0.13 7 0.33 7 743 7 100

Ni7BCZY53jBCZY53 (20)jBZC64 7 0.95 7 0.58 7 0.29 7 0.86 7 268 101

Ni7BCZYjBCZY (23)jBZF0.2Y 7 0.977 16.8 8.2 60 14.6 76.8 22.8 3 13 200

Ni7BCZYjBCZY (28)jBZF0.4Y 7 0.979 4.6 2.4 12.5 2.4 17.1 4.8 15 53 200

Ni7BCZYjBCZY (21)jBZF0.6Y 7 0.952 0.5 0.3 1.1 0.35 1.6 0.65 170 322 200

Ni7BCZYjBCZY (39)jBZF0.8Y 7 0.963 0.7 0.6 1.9 0.35 2.6 0.95 120 248 200

Ni7BCZYYbjBCZYYb (30)jBCFC 1.02 0.94 0.38 7 0.17 7 0.55 7 440 530 201

Ni7BCZYYbjBCZYYb (30)jBCFCY 1.08 0.99 0.39 7 0.13 7 0.52 7 480 650 201

Ni7BCZYYbjBCZYYb (30)jBCFCG 1.09 1.00 0.38 7 0.12 7 0.50 7 505 660 201

Note. Cathodes: BCSF Ð BaCe0.4Sm0.2Fe0.4O37d, BFCC Ð BaFe0.6Co0.3Ce0.1O37d, BCFB Ð BaCe0.5Fe0.3Bi0.2O37d, BZCC Ð BaZr0.1Ce0.7Co0.2O37d, BCCY
0 ±LCSF Ð BaCe0.7Co0.2Y0.1O37d ±

La0.6Sr0.4Co0.2Fe0.8O37d, BCF Ð BaCe0.5Fe0.5O37d, BCFBx (x=0, 0.1, 0.2 and 0.3) Ð BaCe0.5Fe0.57xBixO37d, BCB Ð BaCe0.5Bi0.5O37d, BCFZ Ð BaCo0.4Fe0.4Zr0.2O37d, BCFZY Ð

BaCo0.4Fe0.4Zr0.1Y0.1O37d, BCP Ð BaCe0.6Pr0.4O37d, BCCY Ð BaCo0.7(Ce0.8Y0.2)0.3O37d, B0.9CFZY Ð Ba0.9Co0.4Fe0.4Zr0.1Y0.1O37d, BCxFZ (x=0.2, 0.3, 0.4 and 0.5) Ð BaCoxFe0.77xZr0.3O37d,

BZC64 Ð BaZr0.6Co0.4O37d, BZFxY (x=0.2, 0.4, 0.6 and 0.8) Ð BaCo0.87xFexY0.2O37d, BCFC Ð BaCo0.4Fe0.5Ce0.1O37d, BCFCY Ð BaCo0.4Fe0.4Ce0.1Y0.1O37d, BCFCG Ð

BaCo0.4Fe0.4Ce0.1Gd0.1O37d; Electrolytes: BCS Ð BaCe0.8Sm0.2O37d, BCY Ð BaCe0.8Y0.2O37d, BCZYYb Ð BaCe0.7Zr0.1Y0.1Yb0.1O37d, BCZY Ð BaCe0.7Zr0.1Y0.2O37d, BZY Ð BaZr0.8Y0.2O27d,

BZCY442 Ð BaZr0.4Ce0.4Y0.2O37d, BZCY63 Ð BaCe0.6Zr0.3Y0.1O37d, BZCY35 Ð BaZr0.3Ce0.5Y0.2O37d, SDCÐ Ce0.8Sm0.2O27d.
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the electrolyte material, inactivity towards sulfur poisoning

of Ni particles as a part of Ni-based cermets and excellent

thermal stability during *30 rapid thermal cycles due to the

modification of the BCFZY cathode/electrolyte interface.

In the work of Ren et al.,89 the electrochemical activity of

the BCFZY electrode has been improved by the targeted

generation of a Ba-deficiency. Combining the X-ray photo-

electron method, thermogravimetric technique and electri-

cal conductivity relaxation, the authors revealed that the

Ba-deficiency promoted the oxygen-ion bulk diffusion of

BCFZY as a rate-determining step. As a result of better

electrode kinetics, power densities of 376, 548, 669 and

797 mW cm72 at 500, 550, 600 and 650 8C, respectively,

were achieved (Fig. 12 b). Song et al.100 have used a Fe-free

composition, BaCo0.7(Ce0.8 Y0.2)0.3O37d (BCCY). In con-

trast to BCFZY, BCCY is not single-phase, since its one-pot

synthesis resulted in the formation of two phases close to

BaCe0.8Y0.2O37d and BaCo0.9(Ce0.8Y0.2)0.1O37d. The for-

mer phase conducts protons and electron holes (oxidising

conditions), while the latter conducts oxygen ions and holes;

this also satisfies the triple-conducting criteria (permitted,

however, for multi-phase electrodes). Although the highest

performance was reached for the BCCY-based PCFC

(Fig. 12 c), it is difficult to reproduce certain compositions

of BaCe0.8Y0.2O37d and BaCo0.9(Ce0.8Y0.2)0.1O37d, as well

as their weight ratio, using the one-pot synthesis method.

Correspondingly, there are difficulties in the reproduction

of the real microstructure properties of the BCCY-elec-

trode. In this regard, the design of single-phase triple-

conducting materials might seem a more promising

approach owing to the reduced number of uncontrolled

factors during material preparation and cell testing.

5. Degradation features

In order to achieve commercially competitive conditions for

the future commercialisation of protonic ceramic electro-

chemical cells, it is necessary not only to overcome problems

preventing their high performance, but also to address their

capability for long-term and thermo-cycling operability. In

this regard, cells composed of Ba(Ce,Zr)O3-based func-

tional materials should demonstrate a high stability, at
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Figure 12. Cross-section microstructures (left) and performances (right) of the best examples of PCFCs selected from Table 6: Ref. 167 (a),
Ref. 89 (b), Ref. 100 (c). Here, i is the current density, U is the voltage, P is the power density.
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Table 7. Design and degradation degree of PCFCs with the considered electrode systems: P is potentiometric regime, G is galvanostatic regime, i is the current density, U is the cell potential, T is the
temperature, DD is the degradation degree presented in the form of changing the total cell's resistance (DRtotal) for the whole period of time, while degradation rate (DR) is related to 1000 h.

Design of cell Regime i /U value t /h T /8C Degradation data Ref.

(AnodejElectrolytejCathode)
Initial value Final value DD (%) DR (%/1 kh) a

Ni7BCZYjBCZYjBCFB P 0.7 V 40 600 0.251 W cm72 0.293 W cm72 714.4 7 82

Ni7BCZYjBCZYjBCFB P 0.7 V 90 650 0.537 W cm72 0.523 W cm72 +2.7 7 83

Ni7BCZYjBCZYjBFSB P 0.7 V 300 600 0.726 A cm72 0.718 A cm72 +1.1 3.7 152

Ni7BCZYjBCZYjBCFZY G 0.06 A cm72 100 600 0.922 V 0.939 V +1.8 18.4 87

Ni7BCZYYbjBCZYYbjBCFZY G 0.3 A cm72 1100 500 0.812 V 0.847 V +4.3 3.9 88

Ni7BZYjBZYjBCFZY G 0.16 A cm72 500 550 0.763 V 0.731 V 74.2 7 88

Ni7BCZYYbjBCZYYbjBCFZY7BCZYYb b G 0.45 A cm72 250 650 1.276 V 1.262 V 71.1 7 121

Ni7BCZYYbjBCZYYbjBCFZY7BCZYYb G 0.35 A cm72 250 650 0.666 V 0.621 V 76.8 7 121

Ni7BCZYjBCZYjB0.9CFZY G 0.65 A cm72 120 600 0.585 V 0.566 V 73.2 7 89

Ni7BCZYYbjBCZYYbjBCCY G 0.2 A cm72 800 550 0.815 V 0.819 V +0.5 0.6 100

Ni7BCZYjBCZYjBZF0.6Y G 0.15 A cm72 20 700 0.824 V 0.798 V 73.1 7 200

Note. Electrolytes: BCZYYbÐBaCe0.7Zr0.1Y0.1Yb0.1O37d, BCZYÐBaCe0.7Zr0.1Y0.2O37d, BCSÐBaCe0.8Sm0.2O37d, BZYÐBaZr0.8Y0.2O37d; Electrodes: BFCC Ð BaFe0.6Co0.3Ce0.1O37d, BCFB Ð

BaCe0.5Fe0.3Bi0.2O37d, BCFÐBaCe0.5Fe0.5O37d, BCSCÐBaCe0.4Sm0.2Co0.4O37d, BCFZÐBaCo0.4Fe0.4Zr0.2O37d, BSCFÐBa0.5Sr0.5Co0.8Fe0.2O37d, BCFZYÐBaCo0.4Fe0.4Zr0.1Y0.1O37d, BFSBÐ

BaFe0.5Sn0.2Bi0.3O37d, B0.9CFZYÐ Ba0.9Co0.4Fe0.4Zr0.1Y0.1O37d, BCCYÐ BaCo0.7(Ce0.8Y0.2)0.3O37d, BZF0.6Y Ð BaZr0.2Fe0.6Y0.2O37d.
a The data are provided for the degraded PCFCs operated not less than 100 h.
b The data are provided for electrolysis mode of operation.
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least, on account of the excellent chemical compatibility

between the electrolyte and the electrodes.

In our attempt to obtain an overview on the experimen-

tal results, we have summarised the long-term stability of

existing PCFCs (Table 7). These examples show promising

results; in particular, the performance of the cells can often

be seen to improve rather than degrade over time as

evidenced by the variations in the degree of degradation

(DD) and degradation rate (DR) parameters. Here, DD is

related to the relative change of the output parameters

within the studied long-term period, while DR describes

the same change but related to 1000 h. Of course, the

already mentioned morphological and chemical changes

(Fig. 3) occur in all these cases. Nevertheless, it can be

seen that these changes can sometimes have a positive effect

on the electrochemical performance of the functional mate-

rials. For example, Dun et al.88 attributed the observed

improvement to the continued reduction of a Ni-based

cermet, when the NiO-to-Ni transformation was still not

completed during the first 600 h at 500 8C. In some

cases,89, 121 the formal improvement might be associated

with the relaxation of the output characteristics during a

short period (first hours), while they stabilise in the remain-

ing time range. In that case, the observed changes reflect

merely the system equilibration and cannot be attributed to

the improvement, since they are not related to morpholog-

ical/chemical processes.

Among the presented pure results, three unit-type

PCFCs showed quite good results (DR less than 5% per

1 kh) on a laboratory scale. However, the DR level can be

reduced even up to 1.5% per 1 kh for the large-area PCFCs,

as shown by the last results of US 205 ± 207 and Korean

laboratories.208 Here, however, we should point out that

such tremendous results come from both materials science

and technological achievements, when each stage of the

material preparation and cell fabrication is meticulously

controlled. Nevertheless, the electrode materials made of

BaCeO3-, BaZrO3- or Ba(Ce,Zr)O3-based structural frag-

ments are highly promising owing to the excellent stability

of the fabricated electrochemical cells, Fig. 13.

6. Future prospects and concluding remarks

Currently, materials science aspects of the design of pro-

tonic ceramic fuel cells and protonic ceramic electrolysis

cells are developed to a high degree as means of fabricating

low-temperature electrochemical devices demonstrating

high levels of efficiency and performance. In order to

optimise their operation conditions and long-term life, a

rational design of electrode pairs compatible with the

proton-conducting electrolytes should be carried out.

There are different strategies in the selection of electrode

systems, such as Co-free electrodes or Ba-free electrodes;

each of these strategies aims at the modification of a certain

set of properties. Considering the proton-conducting elec-

trolytes of BaCeO3, BaZrO3 or BaCeO37BaZrO3 families

[designated as Ba(Ce,Zr)O3], the design of electrodes com-

posed of the same cations at A- and B-positions of the

ABO3 perovskite structure seems to be a possible route for

tuning the main functional properties.

b c
a

Time /h

550 8C in H2 fuel

V
o
lt
a
g
e
/V

1.2

0.9

0.6

0.3

0 200 400 600 800

Ni+BCZYYbjBCZYYbjBCCY

0.2 A cm72

0.3 A cm72

Time /h

C
u
rr
e
n
t
d
e
n
s
it
y
/A

c
m

7
2

Constant voltage mode (voltage=0.85 V)

Temperature

Current density

T /8C

0 5 10 15 20 25

100

200

300

400

500

0.2

0.4

0.6

0.8

1.0

Propane

Methanol

Iso-octane, i3

Iso-octane, i1

Iso-butane

Iso-octane, i2

0.2

0.4

0.6

0.8
1.4

1.2

1.0

0.8

0.4

0.6

0 1 2 3 4 5 6 7 8
Time /h

V
o
lt
a
g
e
/V

V
o
lt
a
g
e
/V

d

Figure 13. Results of high morphological (a), long-term (b, d ) and thermo-cycling (c) stabilities of the protonic ceramic electrochemical
cells with the M-doped Ba(Ce,Zr)O3-based electrodes. Panel (d ) represents the long-term stability of the PCFCs operated in atmospheres
containing saturated alkanes or methanol. The panels (a) and (b) were reproduced from Ref. 100, while panels (c) and (d ) were taken from
Ref. 167. Here, BCCY=BaCo0.7(Ce0.8Y0.2)0.3O37d, BCZYYb=BaCe0.7Zr0.1Y0.1Yb0.1O37d.
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As shown in this review article, a gradual doping of

Ba(Ce,Zr)O3 with transition elements (M) has the potential

to be used in the development of triple-conducting electro-

des having excellent chemical compatibility with the related

electrolytes owing to the similarity of their chemical com-

positions. Moreover, they demonstrate acceptable electro-

chemical activity in fuel cell operation mode, especially for

heavily M-doped representatives. Despite these promising

results, such high concentrations might be responsible for

the low contribution of proton conductivity and high

contribution of the chemical component to the total strain.

Nevertheless, some of the PCFCs exhibit outstanding long-

term and thermo-cyclic stability of the output performance

parameters.

On the basis of the overviewed results, the following

lines of research should be further considered in detail:

1. Searching for the optimal concentration of M-dop-

ants in Ba(Ce,Zr)O3, which will be sufficient for achieving

the desired functionality of the electrodes.

2. Adopting reliable techniques for the determination of

the actual concentration and mobility of the protons in

these phases.

3. Studying the microstructural features of the formed

electrodes and their influence on overall electrode (and cell)

performance.

4. Comprehensive analysis of possible approaches (com-

posites creation, infiltration, exsolution) to improve the

electrochemical activity of the electrodes with respect to

oxygen reduction reaction.

5. Testing the developed electrodes in electrolysis oper-

ation mode.

Fig. 6 c and 8 c are courtesy of Wiley publishers;

Fig. 3 b, 6 b, 8 b, 12 c, 13 a and 13 b are courtesy of Elsevier;

Fig. 12 b is courtesy of the Royal Society of Chemistry;
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