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electrolytes with a core ± shell structure and salt composites is considered. Data on new design solutions Ð single-layer and

single-chamber SOFCs Ð are presented. The prospects of the proposed approaches are evaluated.
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1. Introduction

Recently, in view of the instability in the hydrocarbon

market and aggravation of environmental problems, global

changes have occurred in the structure of the energy sector.

The increase of the fraction of the sources alternative to

conventional ones (wood, coal, oil) in the general balance of

energy resources opens new horizons in the development of

energy storage and distributed generation systems. Much

attention is paid to fuel cells (FCs): electrochemical devices

converting directly the chemical energy of fuel and oxidant,

supplied separately to electrodes, into electrical energy. The

high thermodynamic efficiency and continuous operation,

combined with excellent environmental characteristics, are

advantages of FCs over conventional power plants, such as

small gas turbines and microturbines, internal combustion

engines, windmills, and solar cells.1 ± 4

The use of solid-oxide fuel cells (SOFCs) opens ways to

design systems for different purposes: from portable to

high-power stationary ones. SOFCs work in the temper-

ature range from 500 to 1000 8C; this circumstance deter-

mines their high energy efficiency (electrical efficiency

40 ± 60%) 5 and high rates of electrode reactions; it also

minimizes the possibility of catalytic poisoning of electro-

des. Therefore, one of important advantages of SOFCs in

comparison with other classes of known fuel cells is the

possibility of applying various hydrocarbons of virtually

any purity as a fuel. In addition, an SOFC is a compact

completely ceramic system, which does not contain any

components harmful for human health. The modular prin-

ciple, used in the SOFC design, makes it possible to increase

easily the plant specific power and replace elements. The

thermal energy produced simultaneously as a result of

power plant operation, can be used in municipal engineering

for hot-water supply systems. It was shown that, depending

on the configuration and functioning parameters, the effi-

ciency of integrated structures may reach 90%.6, 7 Being a

promising energy storage system, reversible SOFCs can be

considered as an economical solution of the problem of

power consumption control using intermittent energy sour-

ces.8 ± 11 An analysis of the tendencies of SOFC development

and research activity in this field, as well as the implemen-

tation of developed technologies, gave grounds to conclude

that SOFCs are being dynamically developed and their wide

commercial implementation is expected to occur in the

nearest 5 ± 10 years.2, 12

A detailed review of the strategies aimed at optimizing

the SOFC operation with respect to different parameters

was presented by Ramadhani et al.13 Computer simulation

is a powerful tool for developing SOFC components, due to

which researchers can predict, understand, and explain the

mechanisms lying in the basis of experimentally observed

properties and causes for cell degradation.14 ± 18 A general

trend in the development of modern SOFCs is to reduce the

operating temperature. In this context, much attention is

paid to the material-science aspects, in particular, search for

new materials with high functional characteristics in the

medium-temperature (600 ± 750 8C) and low-temperature

(450 ± 600 8C) ranges for electrolytes,19 ± 22 oxygen electro-

des,19, 23 ± 27 and modified cermet 28 and oxide anodes.29 The

development of new synthesis methods opens ways to

obtain nanomaterials and nanocomposites with peculiar

properties.30, 31

Currently, the SOFC technology developed in Russia

implies mainly the use of conventional electrolytes based on

zirconia, stabilized with yttrium (YSZ) or scandium (SSZ)

oxides, as the construction oxygen-conducting ceramics in

commercial devices.32 ± 40 At a dopant concentration of

8 mol.%, the YSZ conductivity reaches 0.1 S cm71 at

1000 8C. However, because of the high activation energy

of ionic conductivity, the efficiency of YSZ devices, even in

the thin-film design, sharply decreases even in the temper-

ature range of 650 ± 700 8C.41 Despite the high electrical

characteristics, the drawbacks of SSZ electrolytes, along

with the chemical interaction with electrodes, are phase

instability and rapid ceramics ageing. Co-doping with

yttrium and cerium makes it possible to increase the

stability of these materials;42 however, the problem of their

high cost still remains.

Materials based on CeO2 , which have a high ionic

conductivity up to 5008C and are thermodynamically stable

in the presence of water vapour and hydrocarbons and

chemically compatible with many oxide electrodes, are

promising candidates for electrolytes in new-generation

SOFCs with reduced working temperature.1 In Russia, the

study of electrolyte materials based on ceria was initiated at

the Institute of High Temperature Electrochemistry of the

Ural Branch of the Russian Academy of Sciences back in

the 1960s. The almost 40-year experience accumulated in

this field of research on solid electrolytes in the Soviet

Union was generalized in the review (published in English)

by Kharton et al.43 In addition, there are reviews of the

foreign literature, concerning the investigations of the

defect structure, phase transitions, and formation of local

structural complexes in doped CeO2 , and also on its

applications in various electrochemical technologies and

catalysis.44 ± 47

One of essential problems related to the use of CeO2

electrolytes as single-electrolyte membranes is that cerium is

partially reduced from Ce4+ to Ce3+ at low partial oxygen

pressures. Due to this, electronic conductivity arises in the

material, which may cause internal short circuit in the

SOFC and, as a result, decrease in the open-circuit value

(OCV) and cell specific power.18 Various approaches have

been proposed to optimize the design of SOFCs with a

membrane based on electrolytes having mixed conductivity:

from a structural modification to the fabrication of various

composite electrolytes. The new-generation SOFCs, operat-

ing in the medium- and low-temperature ranges, are con-

sidered as promising devices for developing global hydrogen

and alternative power engineering. Among the large variety

of SOFCs, the cells with an electrolytic membrane based on

doped ceria, which are characterized by high ionic conduc-

tivity and phase stability, are promising for wide applica-

tion due to the possibility of achieving high specific power

densities. At the same time, CeO2 electrolytes are charac-
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terized by the occurrence of partial electronic conductivity

in reducing media, which causes leakage because of the

inner short circuit during SOFC operation and deteriorates

the fuel consumption efficiency. Currently, methods of

forming barrier layers to suppress the electron conductivity

in electrolyte are developed, and the processes occurring in

SOFCs with an electrolyte having a mixed conductivity are

simulated. Some new designs have been elaborated; in

particular, electrolyte-free and single-chamber SOFC

designs have been proposed.

In this review, we analyze the different lines of research

concerning the properties of materials based on CeO2 and

their modification for application as SOFC electrolytes and

the existing methods of increasing the operation efficiency

of SOFCs with an electrolytic membrane having a mixed

conductivity and estimate the prospects of their incorpora-

tion into domestic technologies.

2. Solid solutions based on ceria: structure, defect
formation, electrical and electrolytic properties,
application in SOFCs

2.1. Structure and properties of ceria
Cerium is the first element in the lanthanide series; its

electron configuration is [Xe]4f15d16s2. It exhibits a variable

oxidation state in chemical compounds: +3 or +4.

Ceria(IV) CeO2 has a cubic lattice (fluorite-type structure,

space group Fm3
±
m) with a relatively large ion7ion dis-

tance, facilitating oxygen diffusion in its structure

(Fig. 1 a).48 The lattice parameter at room temperature

corresponds to 5.411 �A.49 In the CeO2 structure, Ce4+

cations, located at the centre of oxygen cube, are coordi-

nated by eight O27 anions, which occupy tetrahedral sites,

whereas octahedral sites remain unoccupied.50 Ceria struc-

ture, having a high defect capacity, remains nevertheless

stable upon heating in air in the range from room to melting

temperature *2400 8C.44, 51 Upon heating in a hydrogen

atmosphere, the fluorite structure is retained to 650 8C;

nonstoichiometric oxide CeO27d , where 0< d<0.5, is

formed, which is reversibly oxidized to CeO2 in an oxygen-

containing atmosphere. The reduction at a higher temper-

ature leads to the formation of hexagonal phase Ce2O3 with

the lattice parameters a=3.888 �A, c=6.096 �A52 (Fig. 1 b).

The reduction of CeO2 to CeO27d in the KroÈ ger ± Vink

notation is described by the generation of defects in the

form Ce0Ce

(1)

where Ce6Ce are cerium ions in the intrinsic structural site;

Ce0Ce are the electron defects localized on cerium ions; K1 is

the reduction reaction constant for cerium; VO
..

are the

vacancies in the oxygen sublattice; O6
O are the oxygen ions

in proper structural sites. The charge compensation is

mainly due to the generation of oxygen vacancies (the

percentage of interstitial cations is < 0.1%).44

Vacancies in the fluorite structure tend to form asso-

ciates with cations. Within the modern approach to the

description of ceria defect structure, it is accepted to present

singly charged (VO
..
) and neutral (V6

O ) vacancies in the form

of associates of vacancies with cations: dimers (Ce0Ce7VO
..
)
.

and trimers (Ce0Ce7VO
..
7Ce0Ce�6 (Ref. 53). The depend-

ences of the concentrations of individual defects, that is,

oxygen vacancies (cv), dimers (c1), trimers (c2), and elec-

2Ce6Ce �O6
O 2Ce0Ce � VO +

1

2
O2 (gas)

K1 ..

a b

c

O 2p Ce 4f Ce 4f Ce 5d
2 eV

3 eV

6 eV

Occupied Unoccupied

Figure 1. Crystal structures of (a) cubic and (b) hexagonal
Ce2O3

48 and (c) schematic diagram of occupation of electron levels
in CeO2.47 Ce4+ cations and O27 anions are shown as blue and red
spheres, respectively. Figures a and b are published with permission
of American Physical Society.
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Figure 2. Dependences of the (a) concentrations of defects in
CeO27d Ð oxygen vacancies (cv), dimers (c1), trimers (c2), and
electrons (cel) 47 and (b) the total conductivity (stot) of this oxide on
the partial oxygen pressure.57 Figure b is published with permission
of IOP Publishing.
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trons (cel), formed during reduction of CeO2 , are presented

in Fig. 2.47 Here, four regions can be selected. Region I (is

omitted) corresponds to impurity conductivity; the level of

oxygen vacancies in it is determined by the presence of di-

and trivalent impurities in the oxide. In region II, intrinsic

defects, electrons, and unbound oxygen vacancies are dom-

inant carriers:

cel& 2 cv (1a)

cv* p
ÿ1=6
O2

(1b)

In region III the concentration of bound vacancies is rather

high, as a result of which there are significant deviations

from the dependence p
ÿ1=6
O2

. In region IV no dependence of

defect concentration on pO2
is observed. Similar division

into regions (to describe changes in the defect structure of

ceria) was performed in the classical study by Tuller and

Nowick.54 Since the electron mobility (mel) greatly exceeds

the mobility of ionic defects, it was suggested that the total

conductivity of ceria at moderate deviations from stoichi-

ometry is equivalent to electronic conductivity

sel � nemel (2)

where e is the elementary charge.

The electronic conductivity is described in terms of the

mechanism of small-radius polaron. The entire defect,

which by definition is an electron in the environment of

deformed lattice, moves via thermally activated hops. In this

case, the electron mobility is defined as

mel �
m0
T

exp

�
ÿ EH

kT

�
(3)

where m0 is a pre-exponential factor of the temperature

dependence of the electron mobility, EH is the hop activa-

tion energy for a small-radius polaron, k is the Boltzmann

constant, and T is absolute temperature.

Ceria is a wide-gap semiconductor with a band gap of

6 eV (Fig. 1 c).55 The states O2p form the valence band, and

the state Ce5d forms the conduction band. The localized

unfilled level Ce4f is located at a distance of *3 eV from

valence band. According to the electronic structure calcu-

lations, polarons fill the states arising as a result of the

reduction of CeO2 , which lie somewhat below the unfilled

level Ce4f at a distance of 2 ± 2.4 eV from the valence band.

They are also located 1 eV below the Fermi level, as was

shown experimentally by X-ray photoelectron spectroscopy

(XPS).56 Dependences of the electrical conductivity of

polycrystalline CeO27d (99.9%) on partial oxygen pressure,

reported by Xiong et al.,57 are presented in Fig. 2 b. The

electronic conductivity increases with an increase in temper-

ature in the entire range of partial oxygen pressures. At a

high temperature (1000 8C) the sel value decreases with an

increase in pO2
(the region with a slope of 71/6). At lower

temperatures, in the range of intermediate values of pO2
, one

can also observe a dependence of electrical conductivity

proportional to p
ÿ1=6
O2

, which is transformed with a further

decrease in partial pressure and becomes proportional to

p
ÿ1=4
O2

.

At high values of pO2
and low temperatures, there are

regions where stot is independent of pO2
. Many researchers

explain the presence of this `plateau' by a small contribution

of extrinsic ionic conductivity. However, it was also sug-

gested that this behaviour may be due to the appearance (as

a result of `autoionization') of intrinsic positive carriers:

holes VO
.
.57 The activation energies of total conductivity,

calculated for the regions with exponents of 71/6, 71/4,

and 0 for the partial oxygen pressure are, respectively, 2.2,

2.9, and 1.9 eV. The total conductivity of undoped ceria is

rather low: *1076 S cm71 in air at 600 8C.

2.2. Structure and electrical properties of doped ceria
2.2.1. Solid solutions based on ceria

The dopant solubility limit in the CeO2 structure is

described by introducing the concept of the energy of strains

(W), which arise in the lattice because of the difference in

the `host' and dopant ionic radii. The relationship between

the W value and the change in the lattice parameter of cubic

fluorite (Da) during the formation of a solid substitutional

solution is given by the expression 58

W � 6Ga0�Da�2 (4)

where G is the shear modulus and a0 is the lattice constant

of CeO2 .

Different empirical equations have been proposed to

calculate the lattice parameter of a solid solution based on

CeO2 with a fluorite structure. For example, according to

Hong and Virkar,59 for trivalent dopants (M), the parame-

ter of solid solution Ce27xMxO27d is given by

a�x; rM� � (5)

� 4���
3
p �xrM � �1ÿ x�rCe � �1ÿ 0:25x�rO � 0:25xrVo�0:9971

where rM , rCe , rO, and rVo are the ionic radii of the dopant,

cerium, and oxygen atoms and the oxygen vacancy, respec-

tively, and x is the dopant mole fraction. This calculation is

valid for low dopant concentrations, on the assumption that

all vacancies are independent. A universal dependence for

dopants with different valences was proposed by Kim 58

a=0.5413+S(0.0220Drk+0.00015Dzk)mk (6)

where Drk=(rk7rCe) and Dzk=(zk74) are, respectively,

the differences in the radii and valences of the kth dopant

and Ce4+ ion and mk is the content of the kth dopant in the

solid solution (mol.%).

The theoretical value of the critical radius (rc) of a

dopant whose dissolution in a fluorite lattice causes neither

its expansion nor compression (Da? 0), calculated from

empirical dependences, amounts, according to Hong,

Virkar 59 and Kim,58 to 1.024 and 1.038 �A, respectively. It

was experimentally shown that, at dopant concentrations

up to *20 mol.%, the concentration dependences of

parameters are linear and obey Vegard's law.21 Note that

Da? 0 for dysprosium, which has an ionic radius (1.027 �A)

close to the theoretical value of critical radius determined by

Hong anf Virkar.59

The data of Brauer and Gradinger 60 on the structure of

solid solutions based on CeO2 with trivalent dopants are

presented in Table 1. Aliovalent doping is accompanied by

the generation of oxygen vacancies, and the fluorite phase is

retained to a certain concentration (xmax), dependent on the

dopant nature. Above this limit, X-ray diffraction patterns

exhibit reflections corresponding to the C-type superstruc-

ture (cubic, space group Ia3), which is typical of sesqui-

oxides of REEs (from Gd to Eu), in which REE ions are

octahedrally coordinated.

Based on the analysis of data in the literature, Coduri

et al.61 showed that the xmax values obtained by different
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research teams have a large spread, which may be due to the

differences in both the synthesis methods and the sensitivity

of the techniques used for structural analysis. According to

the generalized data, the average xmax values for trivalent

dopants lie in the range of *35 ± 60 mol.%.

Due to the application of modern high-resolution meth-

ods, such as analysis of extended X-ray absorption fine

structure (EXAFS) and X-ray absorption near-edge struc-

ture (XANES) spectra and transmission electron micro-

scopy (TEM), which make it possible to investigate local

structure, ordered C-type regions were found to exist in a

solid solution with a fluorite-type structure at a low dopant

concentration.62, 63 The EXAFS study revealed a decrease in

the M7O bond length in the first coordination sphere for a

number of rare-earth ions (from Gd3+ to Nd3+) with an

increase in the dopant content against the background of

systematic increase in the lattice parameter (according to

the X-ray diffraction (XRD) data) (Fig. 3 a). A possible

reason for this contradiction is local deviations from the

Fm3
±
m symmetry, specifically, the decrease in the coordina-

tion number of near-neighbour (NN) cations and occur-

rence of oxygen vacancies with an increase in the dopant

content. The EXAFS and XRD experimental data for a

combined model structure were coordinated by Kraynis et

al.,64 who, using inverse Monte Carlo simulation based on

the evolution algorithm, confirmed the bimodal distribution

of Ce7O and M7O bond lengths in the first coordination

shell and Ce7M bond lengths in the second coordination

shell for the solid solutions CeO27Sm2O3 and CeO27Y2O3

with dopant contents of 5 and 10 mol.%, respectively.

Because of this asymmetry, the NN sites are non-equivalent

for oxygen vacancy hops.

One can estimate the concentration of oxygen vacancies

in doped CeO2 and obtain data on the formation of their

associates with cations using Raman spectroscopy.65 The

structure of undoped CeO2 is described by the single Raman

mode T2g at a frequency of 465 cm71, corresponding to

symmetric vibrations of oxygen atoms near immobile cati-

ons.66 Having analyzed the spectra recorded for the solid

Table 1. Lattice parameters (�A) of phases of solid solutions based on
CeO2 and oxides of trivalent dopants MO1.5 .61

MO1.5 NdO1.5 Sm1.5 GdO1.5 DyO1.5 YbO1.5 YO1.5

content
(mol.%)

10 7 5.412 F 5.407 F 5.401 F 5.390 F 5.397 F

20 5.437 F 5.422 F 5.412 F 5.400 F 5.379 F 5.393 F

30 5.452 F 5.432 F 5.417 F 5.397 F 5.368 F 5.389 F

40 5.467 F 5.439 F 5.420 C 5.394 F 5.355 F 5.382 F

45 7 7 7 7 5.350 F 7
50 5.478 F 5.443 C 5.420 C 5.386 F 5.344 F (+C) 5.373 F

60 5.491 C 5.448 C 5.419 C 5.379 C 5.346 F(+C) 5.361 F

65 7 7 7 7 7 5.354 C

70 5.502 C 5.453 C 5.416 C 5.367 C 7 5.343 C

75 5.506 C 7 7 7 7 5.337 C

80 C+A 5.455 C 5.412 C 5.355 C 5.230 C (+F) 5.328 C

85 7 7 7 7 7 5.318 C

90 C+A 5.455 C 5.405 C 5.340 C 5.230 C 5.310 C

95 F 5.454 C 5.401 C 5.330 C 5.222 C 5.300 C

97.5 7 7 7 7 7 5.295 C

Note. Designations: F is a cubic phase of fluorite type (space group

Fm3
±
m), C is a C-type cubic phase (space group Ia3), and A is a

hexagonal phase (space group P321); impurities of the corresponding

phase are indicated in parentheses.

b

Sc3+

0

aD[Cat ±An]/D[x], �A . (mol.%)71

84 88 92 96 100 104 108 112 116 rSh, pm

In3+

Dy,Tb3+

Gd3+

Eu3+

Sm3+

Nd3+

La3+

Y3+Er3+

Yb3+
Lu3+

Ce4+

E
xp

a
n
si
o
n

Ce7O (EXAFS)
M7O (EXAFS)
Cat7O (XRD)

30 mol.%

25 mol.%

23 mol.%

20 mol.%

15 mol.%

10 mol.%

3 mol.%

In
te
n
si
ty

200 300 400 500 600 700

Wave number, cm71

D550D250 D600

Tg

T2g

Ce

Gd

O

c
T2g Tg

7261073

7161073

161073

C
o
m
p
re
ss

io
n

Figure 3. Generalized EXAFS and XRD data on the change in cation ± anion bond lengths (DCat7An) in CeO2 doped with trivalent
elements (M), in dependence of their Shannon's effective ionic radius (rSh) in eight-coordinated environment (a);47 Raman spectra recorded
for the CeO27Gd2O3 system in the range of dopant concentrations from 3 to 30 mol.%; (b)67 and cation7anion bonds corresponding to
Raman modes T2g and Tg in fluorite and bixbyite structures, respectively (c).67 Figures b and c are published with permission of American
Physical Society.
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solution CeO27Gd2O3 , Schmitt et al.67 indicated that,

along with the red shift of the fundamental mode, addi-

tional modes occur at frequencies of 250, *550, and

600 cm71 at low dopant concentrations (denoted as D250 ,

D550, and D600 in Fig. 3 b). The authors noted that the

activation of these modes is caused by the decrease in the

local symmetry due to the presence of oxygen vacancies.

For a dopant content >20 mol.%, an additional mode is

recorded at a frequency of 370 cm71. This mode coincides

with the Tg-mode of Gd2O3 , which is a manifestation of

ordering of oxygen vacancies with the formation of a

bixbyite-type structure (Fig. 3 c). It is of interest to use the

potential of Raman spectroscopy to study in situ the

properties of CeO2 electrolytes under SOFC operation

conditions.68

The critical radius of divalent ions amounts to

1.106 �A.58 The solubility of divalent dopants in the fluorite

lattice of CeO2 is much lower than that of trivalent ones.51

In particular, Yahiro et al.69 revealed the solubilities of

Sr2+ and Ca2+ in CeO2 to be *8 and 23 mol.%, respec-

tively; solid solutions with Ba2+ and Mg2+ cannot be

formed. The high solubility of Ca2+ is confirmed by the

results of Thangadurai and Kopp,70 who proposed a

method for preparing a solid solution Ce17xCaxO27d with

a dopant concentration up to 20 mol.% at a calcination

temperature of4 400 8C. JuÂ nior et al.71 and Anjaneya

et al.72 evidenced the occurrence of SrCeO3 peaks in XRD

patterns and Raman spectra of a solid solution

Ce17xSrxO27d , obtained with application of citrate and

hydrothermal methods, even with a dopant content

>5 mol.%. Milliken et al.73 investigated the solubility of

Sr2+ in CeO2 when carrying out solid-phase synthesis in

different media, as well as the stability of solid solution

under conditions of electrochemical potential gradient. It

was shown that a solubility limit of 10 mol.% is obtained

both in air and in an atmosphere of H2+3% H2O at

1000 8C; according to the XRD data, the thus formed

materials were single-phase. At the same time, testing of

an electrolyte with 10 mol.% Sr2+ in an SOFC subjected to

long-term exposure (>1000 h) at 750 8C revealed precip-

itation of `spurious' phases, SrO, Sr(OH)2, and SrCO3, at

the electrolyte/anode interface, as a result of which the cell

output was significantly deteriorated. It was noted that the

chemical expansion of electrolyte in wet hydrogen decreases

with an increase in the dopant content. In particular,

materials with 4, 10, and 35 mol.% Sr2+ at 1000 8C
demonstrate expansion by 2.3, 2.0, and 0.5% [1.5% for

Ce0.8Gd0.2O1.9 (GDC20)].

As the experiments 43 showed, solid solutions are not

formed in the CeO27BaO system. The formation of cerate

BaCeO3 was found by XRD for the 0.5 CeO2 ± 0.5 BaO

composition. However, as the authors noted, the observed

rise in the electrical conductivity with an increase in the

barium content in the system to 10 mol.% may be related to

the low solubility of this element in the fluorite lattice with

the formation of grain boundary mosaic structures. No

solid solutions were found in the CeO27MgO system;

however, MgO is used as a sintering and strengthening

additive to electrolytes based on CeO2 .74 Other examples

of modifying additives are Al2O3 and TiO2 , which also

exhibit limited solubility in the fluorite structure.75, 76

To form gas-tight ceramics based on CeO2 from pow-

ders prepared by conventional solid-phase synthesis, one

needs temperatures above 1600 8C. Higher sintering tem-

peratures must be used for dopants of larger radius and for

higher dopant concentrations. Along with the use of highly

dispersed and readily sintered materials obtained by chem-

ical methods, various sintering additives are applied, in

particular, transition metal oxides, which make it possible

to reduce the sintering temperature by 100 ± 300 8C.77 ± 80

Other additives in use are Bi2O3 (Ref. 81) and salts of alkali

elements.82 Different mechanisms have been proposed to

explain the enhancement of sintering caused by introduc-

tion of these additives:

Ð liquid-phase sintering with the formation of an addi-

tive7electrolyte liquid phase at grain boundaries, which

facilitates rapid mass transfer and formation of a dense

structure at relatively low temperatures;81

Ð mechanism of `viscous flow' with the formation of

amorphous films on the surface of electrolyte particles,

reducing the friction between them.83 Along with the

enhancement of strengthening properties of material, these

additives can improve its electrical properties of materials,

neutralizing the SiO2 impurity at grain boundaries (the so-

called scavending effect).84

It was revealed in a number of studies that doping with

transition metals (Co, Ni, Cu, Fe) may reduce the polar-

ization of oxygen electrodes contacting with a CeO2 electro-

lyte, which is due to the increase in the oxygen exchange rate

because of the high p-type electronic conductivity on the

electrolyte surface.84, 85 A similar effect was also observed

for GDC20 doped with praseodymium (2 mol.%); praseo-

dymium cations simultaneously enhance the electron7hole

transport and act as catalytically active sites.86 The intro-

duction of transition metal additives, even in small amounts

(2 mol.%), leads to the occurrence of p-type conductivity in

the electrolyte in air; however, its value decreases with a

decrease in temperature (the ion transport numbers are 0.89

and 0.99 at 1000 and 650 8C, respectively).79

2.2.2. Ionic conductivity in doped CeO2 . Factors affecting the total

and bulk conductivity in oxidizing media

The equation for the reaction of formation of impurity

defects in a material doped with trivalent-element oxide has

the following form in the KroÈ ger ± Vink notation:

M2O3? 2M0Ce +VO
..
+3O6

O (7)

Since the concentration of intrinsic defects in CeO2 is

low at high partial oxygen pressures, the defect concentra-

tion and electrical properties are determined by the dopant

content

[VO
..
]=

1

2
[M0Ce] (8)

The ionic conductivity (sion) of pure oxygen-ion con-

ductor is described by the equation

sion= [VO
..
]NO qionmion (9)

where [VO
..
] is the mole fraction of mobile oxygen vacancies

in the oxygen sublattice, NO is the number of `oxygen' sites

per volume unit, qion is the charge of oxygen ion, and mion is
its mobility.

The conductivity in oxygen-ion conductors is a ther-

mally activated property. The empirical temperature

dependence of electrical conductivity of doped fluorite-

type oxides has the form 44

sT � s0 exp
�
ÿ Ea

kT

�
(10)
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where s0 is the pre-exponential factor and Ea is the electrical

conductivity activation energy. Within the simplest theory

of random walks, the electrical conductivity obeying the

vacancy mechanism can be presented as

sT � A exp

�
ÿ DHm

kT

�
(11)

Here, A is the pre-exponential factor and DHm is the change

in enthalpy as a result of oxygen ion transport.

In the case of fluorite-type lattice, the Arrhenius equa-

tion for the electrical conductivity can be written as

sT � q2V
k
�VO �NOa

2nOexp
�
DSm

k

�
exp

�
ÿ DHm

kT

�
(12)

where qV is the oxygen vacancy charge, a is the distance at

which oxygen ion hops, nO is the oxygen ion hopping rate,

and DS is the change in entropy. It is noteworthy that the

value [VO
..
] in this equation is the concentration of mobile

oxygen vacancies involved directly in the charge transfer.

A specific feature of solid solutions based on CeO2 is

that, as a result of the doping-induced lattice distortion,

oxygen vacancies may interact with dopant cation to form

local structures (M0Ce7VO
..
7M0Ce�6 and (M0Ce7VO

..
)
.
; thus,

additional energy is required to release them from such

clusters to be involved in transport. The binding energy in

these structures is mainly due to the Coulomb interaction;

however, it contains also a component related to the lattice

relaxation around the defect, which depends on the dopant

nature. Thus, in the low-temperature range the activation

energy of ionic conductivity contains, along with the migra-

tion enthalpy (DHm), an additional component (DHa),

related to the formation of vacancy7cation associates.

Jung et al.87 selected linear portions with different slopes

in the Arrhenius dependence of the electrical conductivity of

(CeO2)17x(SmO1.5)x on temperature, ln(sT )71000/T; these

portions interest at some critical temperature Tc (Fig. 4 a).

Below Tc mobile oxygen vacancies are captured into

ordered clusters with a dopant cation, whereas above Tc

all oxygen vacancies are mobile. Having modified Eqn (12),

Jung et al.87 proposed the following equations to calculate

the electrical conductivity on isolated portions:

for T<Tc

ln�sT � � ln

�
A00 exp

DHa

kTc

�
ÿ DHm � DHa

kT
(13)

for T>Tc

ln�sT � � lnA00 ÿ DHm

kT
(14)

where

A00 �
�
q2V
k

�
[VO

..
]NO a2vO exp

�
DSm

k

�
(14a)

At temperatures below critical the pre-exponential fac-

tor in the Arrhenius equation and the activation energy of

total conductivity have an additional term, related to the

formation of vacancy associates. The value Tc, depending

on the dopant concentration, ranges from 591 to 673 8C
(the minimum is at the dopant concentration x=0.20). The

maximum conductivity (0.56 S cm71 at 800 8C) and mini-

mum Ea (0.82 eV) and DHa (0.18 eV) values also correspond

to x=0.20.

Faber et al.88 calculated (based on experimental data)

the DHa values for a number of trivalent dopants; the lowest

values were obtained for Nd3+ (0.23 eV), La3+ (0.29 eV),

and Gd3+ (0.32 eV). The Ea values reach a minimum at the

dopant concentration*3 ± 8 mol.% (Fig. 4 b). The presence

of minimum is explained by the fact that more neutral

dimers are formed at a higher dopant concentration

(M0Ce7VO
..
7M0Ce�6 ; the binding energy significantly

increases, which leads to a drop of conductivity and a

sharp increase in the activation energy.

The results of calculating the formation energy for

vacancy associates, performed by Minervini et al.,89 are

presented in Fig. 5 a. The authors considered the NN (point

1 in the inset of Fig. 5 a) and next-near neighbour (NNN)

(points 2 and 3 in the inset) interaction. According to the

data obtained, cations with an ionic radius smaller than the

Gd3+ radius undergo mainly NN interactions with vacan-

cies, whereas cations with a larger ionic radius demonstrate

an opposite tendency; the minimum of interaction in two

coordination spheres corresponds to Gd3+. The minimum

binding energy for Gd3+ (0.17 and 0.26 eV for NN and

NNN) was calculated by Butler et al.90 using the Mott ±

Littleton generalized procedure. Among divalent dopants,

higher binding energies were observed for Ca2+ (1.08 and

1.58 eV) and Mg2+ (1.23 and 1.86 eV). Based on ab initio

quantum mechanical calculations with allowance for the

NN and NNN interactions, Andersson et al.91 established

the minimum of binding energy for Pm3+ (0.02 eV); a

minimum ionic conductivity activation energy was also

noted for this dopant (Fig. 5 b). The calculations were

performed for two extreme cases: NN cations and cations

in the absence of vacancy in the nearest environment

(isolated cations), which may occur at a dopant concen-

tration of 4.2 mol.%. It was demonstrated that the obtained

results are in good agreement with the experimental data on

a similar dopant content.88 It was shown that doubly doped

systems (Nd + Sm, Pr + Gd) have lower binding energies,

which are close to the optimal values obtained for Pm3+.

Ceramic electrolytes are polycrystalline compacts,

whose conductivity is determined by the grain bulk (sg)
and grain boundary (sgb) contributions; the latter are

measured using ac impedance spectroscopy. Impedance

..
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Figure 4. Arrhenius dependences of electrical conductivity of
(CeO2)17x(SmO1.5)x (regions with different activation energies are
presented 87) (a) and dependences of the activation energy of ionic
conductivity in CeO2 ±M2O3 solid solutions on the dopant concen-
tration (b).88
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spectroscopy data can be interpreted within different mod-

els, among which the brick layer model (BLM) is most

popular.92 ± 94 In terms of this model, grains are cubes with

an edge length dg , separated by a thin grain boundary of

thickness dgb (Fig. 6 a). The classical brick layer model

(S-BLM) 78, 94 is applied to ceramics with a grain size of

*1 ± 2 mm and high-resistance grain boundaries; this model

consideres current flow through the grain bulk and the

boundary perpendicular to the grain surface. Fitting of

impedance spectra is performed in terms of an equivalent

circuit, representing a series connection of circuits (includ-

ing resistance R and capacitance C) RgCg and RgbCgb

(Scheme 1 in Fig. 6 b). Using the resistances and character-

istic capacitances, obtained by fitting the spectra, and, with

the sample geometric sizes known, one can calculate the

electrical conductivity in the grain bulk and boundaries and

estimate the grain boundary thickness.78

For nanoceramics, in which grain boundaries and grains

themselves have comparable sizes, one must take into

account the additional way of current flow along grain

boundaries. Thus, one should use the SP-BLM model

considering series RgCg and RgbCgb circuits, connected in

parallel with the RgbCgb circuit (Scheme 2 in Fig. 6 b).78, 95

A modified model was proposed (SP 0-BLM) 96 (Scheme 3 in

Fig. 6 b) to distinguish conveniently between the conductiv-

ities along and across grain boundaries.

Far from always one can select two well-resolved lines

corresponding to the grain bulk and boundary in the spectra

of polycrystalline electrolytes. The behaviour of such mate-

rials is described within the Maxwell ±Wagner effective-

medium theory, universal model of embedded cube, etc.93, 97

Equivalent schemes related to the models in which grain

boundaries, in contrast to the brick layer model, are not

considered as an individual phase containing glasslike

impurities were described by van Herle et al.92 In the

models presented by the authors, the grain7grain contact

is interpreted as a blocking or partially blocking zone, in

which ion transport is hindered as a result of the formation

of a space charge caused by non-equilibrium distribution of

point defects at the grain boundary and in the grain bulk.

In early studies, the choice of dopant at which maximum

bulk conductivity is attained was justified based on the

methodology proposed by Kilner and Brook.98 Maximum

conductivity is expected for a dopant whose introduction

causes minimum elastic stress in the lattice; ideally, the

difference between the dopant ion radius (rd) and critical

radius (rc) should tend to zero:

|rd7rc| ? 0

According to Kim,58 the theoretical value rc , calculated

from empirical dependences, is 1.038 �A. The minimum of

|rd7rc| correspond to the cation Gd3+; therefore, maxi-

mum values of conductivity can be achieved by doping with

gadolinium. Indeed, an analysis of the data of different

a b
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research teams on the conductivity of CeO2-based electro-

lytes at 400 8C showed that the highest values of conduc-

tivity are obtained for the Gd3+ dopant (Fig. 7 a).99 ± 111 To

determine the radius of `ideal dopant' at SOFC working

temperatures, Omar et al.99 performed high-temperature

experiments aimed at studying the structure of a number

of CeO2 electrolytes and obtained the value rd=1.0252 �A,

which corresponds to the minimum difference in the lattice

parameters of doped and undoped samples at 500 8C
(Fig. 7 b). In the case under consideration, this radius

corresponds to Dy3+; however, the largest values of bulk

conductivity were found for Ce0.9Nd0.1O1.95 (NDC10)

(7.25 mS cm71) and CeO2 , co-doped with Nd3+ and

Sm3+ [Ce0.9(Sm0.5Nd0.5)0.1O1.95 (SNDC10)] (7 mS cm71).

In recent study by Koettgen et al.112, a method based on

combined calculations within the density functional theory

(DFT) and kinetic Monte Carlo method was proposed to

determine the ionic conductivity. The migration of vacan-

cies between two neighbouring tetrahedral oxygen sites in

the lattice along the (100) direction was considered. A
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moving vacancy should overcome the migration barrier

formed by the binding energy of two cations (Fig. 8 a). In

terms of this approach the migration energy was analyzed

from the point of view of symmetry/asymmetry of vacancy

hops in the forward and backward directions Ð cases

denoted by the authors as blocking and trapping, respec-

tively. Trapping describes the effect of associates of dopant

ions and oxygen vacancies on the migration energy. The

energy barrier for a vacancy hop in doped CeO2 is higher

than in the undoped material; at the same time, a hop in the

backward direction is energetically more favourable (asym-

metry). The blocking effect is related to the increase in the

energy barrier for a hop as a whole (in both forward and

backward directions) due to the presence of dopants in the

lattice. The results are presented in Figs 8 b ± d. The block-

ing effect determines the dopant concentration at which the

maximum ionic conductivity is obtained, and the trapping

effect determines the value of maximally attainable con-

ductivity.

The ionic conductivity activation enthalpy increases

with an increase in the height of Ce7M energy barrier

and the dopant concentration. Medium-size cations (sama-

rium and neodymium) have a minimum activation enthalpy.

Due to this, the calculated activation energies of ionic

conductivity exceed the experimental values, because the

influence of grain boundary effects is disregarded. The

difference in the activation enthalpies in high- and low-

temperature regions is insignificant.

2.2.3. Grain boundary conductivity: influence of microstructure and

dopant concentration.

It is generally accepted that, because of the presence of

impurities and formation of SiO2-based glasslike phases at

grain boundaries, the grain boundary contribution to con-

ductivity is smaller than the grain (bulk) contribution

(sgb< sg) and has a higher activation energy; therefore, its

influence on the electrolyte conductivity may be decisive in

the low-temperature range. In addition, sgb depends also on

the dopant concentration. As an example, we will consider

the concentration dependence of the grain boundary con-

ductivity in CeO27GdO1.5 systems with high and low

impurity contents. For an electrolyte with a high impurity

content, the total conductivity is limited by the low grain

boundary conductivity, with a maximum attained at a

dopant content of 20 mol.% (GDC20) (Fig. 9 a).113 The

grain boundary conductivity reaches a maximum at a

dopant content of 25 mol.%. The grain conductivity of the

material becomes maximum at a dopant content of

10 mol.% and decreases with a further increase in the

dopant level. Thus, at a low temperature (500 8C), stot< sg
in the entire concentration range. For a system with a low

impurity content the contribution of grain-boundary resist-

ance (Rgb) becomes insignificant at a dopant content of

10 mol.% Ce0.9Gd0.1O1.95 (GDC10); in this case, the total

conductivity becomes high (9.5 ± 54.4 mS cm71 at

500 ± 700 8C). The Rgb fraction is insignificant even at a

temperature of *400 8C, whereas for GDC10 and GDC20,

characterized by a high impurity content, Rgb makes a

significant contribution up to temperatures of 1000 and

700 8C, respectively (Fig. 9 b).

Hong et al.114 investigated the influence of the micro-

structure and concentration (3 ± 21 mol.%) of some triva-

lent dopants (Dy3+, Er3+, Gd3+, Ho3+, La3+, Nd3+,

Sm3+ and Yb3+) on the sgb and sg values. It was shown

that the grain-boundary resistance is inversely proportional

to the dopant radius. The partial values sgb and sg increase
with an increase in the dopant content; however, in this case

the grain conductivity activation energy is lower than the

activation energy of grain-boundary conductivity, especially

at low dopant contents. The contribution of grain-boundary

resistance to the total resistance decreases with an increase

in the dopant concentration. A study of the sample micro-

structure did not confirm the presence of glasslike phases,

however, a decrease in the dopant concentration was found

on grain boundaries for Er3+-containing samples; for the

samples doped with Dy3+ the dopant cation concentration

was the same in the grain bulk and on grain boundaries.

TschoÈ pe et al.,115 who investigated the blocking effect of

grain boundaries in electrolytes with dopant (Y, Gd, La)

contents from 0.1 to 27 mol.%, showed that, at low dopant

concentrations, sg exceeds sgb by four orders of magnitude;

the difference decreases significantly with an increase in the

dopant concentration >10 mol.%. The authors demon-

strated satisfactory agreement between the experimental

a b
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results and theoretical dependences, obtained by calculation

within the modified space-charge model, developed by them

with allowance for the nonequilibrium distribution of point

defects. The oxygen vacany formation enthalpy on grain

boundaries is lower as compared with grain bulk; therefore,

the vacancy concentration on grain boundaries increases.

The excess charge of grain shell is screened by the newly

formed space charge layer with a characteristic thickness l
(Debye length), in which electrons are accumulated, and

vacancy concentration is reduced. Therefore, this layer can

block the ionic conductivity in electrolyte.116

A number of studies (see, e.g., Refs 115, 117 ± 121) were

devoted to the influence of size factor on the grain boundary

conductivity and the relationship between the ionic and

electronic conductivities in undoped and doped CeO2 and

theoretical simulation of the behaviour of systems within

the space-charge theory. Consideration of this question is

important because of the well-known advantages of nano-

scale YSZ electrolytes.122, 123 Submicron materials based on

CeO2 were also found to have high ionic conductivity.124, 125

For example, it was shown 125 that the grain boundary

conductivity of submicron YSZ electrolyte obtained by

laser evaporation increases with a decrease in the grain

size in the range of 800 ± 90 nm (in contrast to the tendency

for microscale materials). The conductivity of thin-film

(10 mm) electrolyte based on such submicron powders

(57 mS cm71 at 900 8C and Ea& 1 eV) practically corre-

sponds to the single-crystal conductivity. The application of

this electrolyte in a single SOFC with a carrier tubular

electrolyte 140 mm thick made it possible to obtain specific

power values of 300 ± 600 mW at 785 ± 883 8C and high

OCV (*1.1 V).126 Gorelov et al.,127 who studied

CeO27GdO1.5 samples fabricated by the same method,

with a dopant concentration of 20 mol.%, obtained values

of conductivity 127 ± 170 mS cm71 at 900 8C and

Ea& 0.8 eV; the range of variation in the grain size in

samples of sintered ceramics turned out to be 90 ± 200 nm.

Nevertheless, it is known that the transition to the size

scale on the order of 1 ± 10 nm in doped CeO2 can be

accompanied by an increase in the n-type conductivity due

to the increase in the concentration of small polarons in the

interfacial region. This effect is observed also in undoped

CeO2 with an impurity level of 1000 ppm (Fig. 10 a).117

Mainly ionic conductivity is observed for the CeO2-based

material with a grain size >1000 nm. With an increase in

the acceptor dopant concentration, the range of dominant

ionic conductivity shifts towards smaller grains

(Fig. 10 b).118 In particular, for the material with a dopant

content of 10 mol.%, ionic conductivity dominates at a

grain size >20 nm, which is in good agreement with the

data of Gorelov et al.127 Mixed oxygen ionic and electronic

conductivity (provided that the sion and sel values are equal)
of an electrolyte with 10 mol.% dopant increases by two

orders of magnitude with a decrease in the grain size

(Fig. 10 c), whereas the mixed conductivity of undoped

cerium in the nano- and micrometre-sized state differs by

four orders of magnitude. The distributions of electron and

ion carriers in this mixed conductor were found in the

aforementioned studies 115, 117, 118 by solving numerically

the three-dimensional Poisson ± Boltzmann equation in the

finite-difference approximation at a difference of 2.3 eV

between the enthalpies of oxygen vacancy formation in the

grain bulk and on the grain boundary. They are in good

agreement with the experimental data on the conductivity

and Seebeck coefficients for nanoscale CeO2 (the references

to the corresponding experimental studies are given in

Ref. 117). Based on the data obtained, one can choose

appropriate synthesis methods and dopant concentrations

to prepare CeO2-based electrolytes with desired electrolytic

properties.

Among reviews, we should mention the publication by

Gregory et al.,128 who discussed in detail the influence of

grain boundaries on the properties of different oxygen ionic

and protonic conductors and considered the theoretical

models and practical approaches to increase the grain

boundary conductivity.

2.3. Reduction of CeO2 electrolytes in the SOFC anode
channel as a factor determining the cell specific power
The rate of electrochemical reactions in SOFC is determined

to a great extent by the cell operation conditions, i.e., by the

temperature and difference in partial oxygen pressures in

the anode and cathode compartments. The partial oxygen

pressure in the cathode channel is chosen in the range of

0.21 ± 1 atm, while a reducing atmosphere is formed in the

anode channel (pO2
& 10730 ± 10720 atm at 500 ± 700 8C
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when wet hydrogen is used as a fuel).113 Under reducing

conditions electrolytes based on CeO2 are characterized by

the occurrence of partial electronic conductivity, whose

value depends on the external conditions. The occurrence

of the electronic component of conductivity in CeO2 electro-

lyte in a reducing atmosphere is related to the formation of

oxygen vacancy excess [see Eqn (1)], as a result of which

electronic defects Ð small-radius polarons Ce0Ce Ð are

formed. At small deviations from stoichiometry (d) in

Ce27xMxO27x/27d , when free doubly charged oxygen

vacancies dominate, the concentration of electron defects

is determined by the relation

Ce0Ce
� � � Kr�T�1=2�VO �ÿ1=2pÿ1=4O2

(15)

where Kr is the cerium reduction reaction constant.

Disregarding the concentration of reduced cerium in

comparison with the dopant concentration in the electro-

neutrality condition

2�VO � � Ce0Ce
� �� M 0

Ce

� �
, (16)

the simplified electroneutrality condition will be written as

�VO � �
1

2
M0Ce
� �

(17)

Having substituted the right-hand side of relation (17)

into Eqn (15), we arrive at the dependence of electron

carrier concentration on partial oxygen pressure for doped

CeO2 in the form

Ce0Ce
� � � 0:5ÿ1=2Kr�T�1=2 M 0

Ce

� �ÿ1=2
p
ÿ1=4
O2

(18)

The cerium reduction reaction constant (invariable at a

given temperature) is

Kr�T� � Ce0Ce
� �2�VO �ÿ1=2pÿ1=4O2

(19)

Since x= Ce0Ce
� �

/2, at a specified temperature,

K 0r � 2x� �2p1=2O2
and x! p

1=2
O2

(20)

In addition,

K 0r � exp

�
DSr

k

�
exp

�
ÿ DHr

kT

�
(20a)

where DSr and DHr are, respectively, the entropy and

enthalpy of cerium reduction reaction. On the assumption

that DSr is constant in the temperature range under consid-

eration, the temperature dependence of the equilibrium

constant can be written as

K 0r � K 0
r exp

�
ÿ DHr

kT

�
(21)

Gorelov et al.129 showed that the behaviour of partial

electronic conductivity in GDC20 in the region of moderate

deviations from stoichiometry is adequately described by

the dependence on p
ÿ1=4
O2

(Fig. 11 a). On the assumption that

the plateau in the dependence of total conductivity corre-

sponds to ionic conductivity (the electronic contribution is

negligible), the electronic conductivity can be calculated by

the difference method. The authors suppose that this

method is sufficiently correct at a high dopant concentra-

tion and, with allowance for the mobility of electrons and

oxygen vacancies, does not introduce large errors into the

calculation of electronic conductivity. The values of critical

partial oxygen pressure p�O2
(at which sion= sel) for GDC20

were found to be 10722.5, 10720, and 10718 atm at 600, 700,

and 800 8C, respectively. Since the oxygen vacancy concen-

tration also depends on partial oxygen pressure, according

to Vegard's law, this leads to a p
ÿ1=4
O2

-like dependence of the

lattice parameters; the dependence of the chemical expan-

sion of GDC20, which was studied by the authors by

dilatometry, correlates with the dependence of electrical

conductivity on p
ÿ1=4
O2

(Ref. 129). The expansion of

Ce17yGdyO2.070.5y7d at different partial oxygen pressures

was also studied using high-temperature XRD by Wang et

al.130 It was shown that the anomalous expansion caused by

the reduction and corresponding occurrence of oxygen

vacancies is observed for doped compositions at temper-

atures >600 8C, whereas for CeO2 this expansion is

observed in the range >700 8C, which is due to the higher

binding energy of oxygen ions in undoped CeO2 .

The difference method was also used to obtain data on

the electronic conductivity of nanoscale (33 ± 73 nm)

Ce0.85Sm0.15O1.925 (SDC15) by Souza et al.131 (Fig. 11 b).

The authors noted that a decrease in the electrolyte grain
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size changes the slope of the dependence logsel7logpO2

from 1/4 to 71/6, as for undoped CeO2 ; however, there is

not any significant shift of p�O2
to the low-pressure range. In

the study by Pikalova,132 the maximum value

p�O2
= 3.98610722 atm was obtained for CeO27SmO1.5 at

a dopant concentration of 30 mol.%, for Ce0.8Sm0.2O1.9

(SDC20) at 750 8C the corresponding value was found to be

2.76610721 atm.

The concentration and temperature dependences of p�O2

for the solid electrolyte Ce17xGdxO27d , found by Kudo

and Obayashi 133 using the emf method are listed in Table 2.

For this oxide system the minimum critical partial pressure

in the medium-temperature range is obtained at a dopant

concentration of 20 mol.% (1.24610718 atm, 700 8C); at
high temperatures, the minimum value of p�O2

corresponds

to a dopant concentration of 40 mol.%.

Navarro et al.134 compared the values of electronic

conductivity found by the ion-blocking method for

GDC10 and GDC20, as well as for CeO2 doped with

18 mol.% gadolinium and 2 mol.% praseodymium. At

800 8C, the sel values (approximated to pO2
=1 atm), were

found to be 2.061074, 2.961074, and 1.561074 S m71,

respectively. Measurements of the dependence stot7pO2
by

the difference method yielded sel values equal to 4.461074

(GDC10) and 1.761074 (GDC20). The authors explained

the difference in the results obtained by different methods

by the fact that real systems exhibit deviations from the

p
ÿ1=4
O2

dependence, because the vacancy concentration

depends on the partial oxygen pressure.

Duncan and Wachsman 135 developed a generalized

model of the functional dependence of defect concentration

on the partial oxygen pressure for mixed conductors with

fluorite and perovskite structures. Instead of a pair of

dominant defects in the ranges of high, low, and intermedi-

ate partial oxygen pressures, considered in the simplifica-

tions according to the Brouwer method, the authors took

into account defect triads in the electroneutrality equation

and thus obtained a continuous description of conductivity

dependences. The model was successfully applied when

considering some experimental data on conductivity and

non-stoichiometry.

The stability of electrolytes with a number of trivalent

dopants (20 mol.%) and divalent calcium (10 ± 50 mol.%)

to reduction was investigated (using emf and thermogravim-

etry methods) by Arai and co-workers 136 ± 138 (Fig. 12 a).

According to their data, SDC20 is the most stable system

with a trivalent dopant among the investigated ones

(p�O2
& 9610714 atm at 800 8C 136). Pikalova et al.,21, 132

who used experimental dependences stot7pO2
and the

difference method, also obtained the minimum p�O2
value

for SDC20 (2.76610721 and 3.87610716 atm at 750 and

900 8C, respectively). The values of p�O2
for CeO2 doped

with divalent cations are on the whole higher than those

found for trivalent dopants (Fig. 12 b). For example, for

Ce0.8Ca0.2O1.8 and Ce0.9Sr0.1O1.9 (compositions within dop-

ant solubility limits), p�O2
& 10717 atm at 800 8C. At higher

dopant contents the shift of p�O2
towards low partial oxygen

pressures is most likely due to the grain boundary effects.

The data of theoretical calculations of p�O2
by Steele 113

exceed the experimental results obtained in a number of the

aforementioned studies. The calculated values of critical

partial pressure for GDC electrolytes with dopant concen-

trations of 10 and 20 mol.% are almost the same in the

temperature range of 800 ± 1000 8C (e.g., 3.51610717 and

6.63610717 atm at 800 8C), whereas with a decrease in

temperature the difference increases, which is indicative of

higher stability of GDC10 (1.49610730 atm) in compari-

son with GDC20 (1.51610727 atm) at 500 8C. The values

of reduction reaction enthalpy for CeO2 , GDC10, and

GDC20, calculated from the non-stoichiometry

data 139, 140, are, respectively, 9.2 ± 9.8, 8.5 ± 9.1, and

7.9 ± 8.1 eV mol71; i.e., Ce4+ is reduced more intensively

with an increase in the Gd3+ content.

Electrochemical studies of a number of SOFCs with

electrolytic membranes based on doped CeO2 and different

cathodes and anodes showed that the specific power

Table 2. Dependence of the critical partial oxygen pressure on the
dopant concentration for solid electrolyte Ce17xGdxO27d.133

Dopant p�O2
(atm) at temperature (8C)

concen-
tration 700 750 800 850
(mol.%)

10 1.3610716 2.53610715 2.43610714 3.56610713

20 1.24610718 3.92610717 9.2610716 1.73610714

30 3.16610718 5.6610717 8.5610716 9.0610715

40 9.3610718 8.8610717 6.3610716 3.85610715

50 1.46610715 1.38610714 1.12610713 6.5610713

7log p�O2
(atm) a

0.99 1.02 1.05 1.08 1.11 1.14 1.17

Yb

Yb

Y

Dy

Dy

Gd

Gd

Eu

Er Eu

Sm

Sm

Nd

Nd

La

La

Cation radius, �A

7log s (S cm71)

0 2 4 6 8 10 12 14 16 18 20

7log pO2
(atm)

CeO27Sm2O3

CeO27Gd2O3 CeO27SrO

CeO27CaO

x=0.2

x=0.2

x=0.1

x=0.1
x=0.2

x=0.2
x=0.5

b

22

20

18

16

14

12

10

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

1

2

Figure 12. (a) Dependences of the critical partial oxygen pressure
p�O2

on the dopant cation radius for electrolytes Ce0.8M0.2O27d at
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obtained at 700 8C is equivalent to the specific power

generated by similar SOFCs with an YSZ electrolytic

membrane at 900 8C.141 The electron current in electrolyte

depolarizes electrodes, thus facilitating expansion of the

electrochemical reaction zone.142 This effect manifests itself

in the difference in the operation mechanisms of SOFCs

based on a unipolar oxygen-ion conductor and SOFCs with

an electrolyte having mixed conductivity (mixed ionic ±

electronic conductor (MIEC) (Fig. 13).

The presence of electron current leads to a decrease in

the open circuit value (OCVMIEC) according to the equation

OCVMIEC � Eth

�
Rel

Rion � RZ � Rel

�
(22)

where Rel and Rion are, respectively, the resistances to

electron and ion currents and RZ is the polarization resist-

ance; in correspondence with the Nernst equation,

Eth �
kT

4e
ln

p
�2�
O2

p
�1�
O2

 !
(23)

where 4 e is the total transferred charge and p
�1�
O2

and p
�2�
O2

are

the partial oxygen pressures in the cathode and anode

channels, respectively.

A method for calculating the thermodynamic efficiency

of SOFCs with an electrolytic membrane having mixed

ionic7electronic conductivity was proposed and studied

by Godickemeier and Gauckler.141, 143 Expressions were

derived for electron and ion currents through an MIEC

cell, including the contribution of mixed electrolyte con-

ductivity and the electrode (cathode and anode) overvolt-

age. The calculations were based on the results of Riess,144

who solved the one-dimensional equation for the electron

distribution in MIEC electrolyte using the electroneutrality

condition and local thermodynamic equilibrium. The

expressions for the electrode overvoltage are based on the

Butler ± Volmer equation. Experiments on a single SOFC

with an SDC20-based electrolyte and La0.94Sr0.19CoO37d

(LSC) cathode and Ni7Ce0.9Ca0.1O1.97d anode were per-

formed to determine the necessary model parameters, spe-

cifically:

Ð dependences of the electronic and ionic conductivity

on the partial oxygen pressure;

Ð electrochemical parameters of the cathode and anode

overvoltage at different current densities and different

temperatures;

Ð geometric parameters of the cell: electrolyte thickness

and cross-sectional area.

The authors introduced the following parameters of

SOFC cell efficiency:

Ð voltage efficiency (ratio of the voltage across the cell

to the theoretical Nernst voltage under specified condi-

tions);

Ð current or Faraday efficiency, defined as the ratio of

the total current to the ion current.

The total SOFC cell efficiency was determined as the

product of these parameters. The dependences of the cell

efficiency and specific power density at a chosen electrolyte

thickness (240 mm) and different temperatures (600, 700,

800 8C) were calculated. The dependences were non-mono-

tonic, with maxima at different current densities. High

efficiency and specific power were implemented in a narrow

range of current densities. Dependences of the cell specific

power and efficiency on the electrolyte thickness were

presented; these plots could not be explicitly fitted by any

analytical curves. As an example of optimized SOFC design,

we report below the values of thermodynamic efficiency (E )

and maximum attainable specific power density (Nmax) for

an SOFC with an SDC20-electrolyte, calculated based on

the experimental dependences of the electrolyte conductiv-

ity on pO2
at the aforementioned temperatures:

T, 8C 600 700 800

E (%) 60 57 50

Nmax, W cm72 0.09 0.24 0.45

For practical applications, the fuel utilization efficiency

must be no less than 80%.13 Thus, temperature must be

reduced; however, to this end, one should modify signifi-

cantly the electrical properties of electrolytic membrane,

reduce the ohmic loss by decreasing the membrane thick-

ness, and diminish the polarization of electrodes. Within the

approach developed by Godickemeier and Gauckler,143 the

current7voltage characteristics and power of an SOFC

with a thin-film (25 mm) MIEC electrolyte GDC10 were

calculated by Steele.113 It was shown that, with a decrease in

temperature to 500 8C, OCV& 1 V and power density of

400 mW cm72 can be achieved theoretically, provided that

the polarization resistance of anode and cathode does not

exceed 0.2 O cm2.

An analysis of the results of studying the structure and

electrical properties of solid solutions showed that success-

ful application of CeO2-based materials in the SOFC

technology is hindered by the following factors:

1) doping fluorite structure with a number of elements

leads to the formation of a rather large number of vacan-
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cies; beginning with a certain doping level

(*10 ± 20 mol.%), one can observe the formation of local

ordered structures, due to which the ionic conductivity

decreases;

2) the electrolyte microstructure and purity of grain

boundaries, which form a barrier for ion transport even in

materials with a minimum amount of impurities, play an

important role; the application of CeO2-based nanomateri-

als is limited by the occurrence of a large contribution of

electronic conductivity, as compared with microscale mate-

rials;

3) the electronic conductivity, arising in materials in a

reducing atmosphere, decreases the output of SOFCs based

on CeO2 electrolytes; the lattice changes caused by the

reduction reaction may lead to mechanical destruction of

the electrolyte.

Different approaches have been proposed to solve the

aforementioned problems: structural modification of elec-

trolytes, aimed at increasing the ionic conductivity and

expanding the electrolytic domain; formation of composite

materials; and design of barrier layers serving to block the

electron current in the electrolyte. These methods are

considered in the sections below.

3. Modification of the bulk properties
of electrolytes based on CeO2

3.1. Criteria of choosing elements for co-doping in order
to improve the electrical and electrolytic properties of CeO2

electrolytes
One can select several trends in structural modification of

CeO2-based solid electrolytes that are aimed at increasing

the ionic conductivity, in particular, different co-doping

strategies. The first trend is related to the concept of

`ideal' dopant with a critical ionic radius, whose introduc-

tion into a fluorite lattice causes neither expansion nor

compression.58, 59 Since the binding energy of defects

depends on both their Coulomb attraction and the elastic

strain field arising around a local structure, the maximum

ionic conductivity can be reached by reducing the influence

of these defects, caused by the difference in the ionic radii of

the host and dopant ions.98 As a criterion, the authors of a

majority of experimental studies aimed at validating the

critical radius concept chose the value rc= 1.038 �A.58 In

particular, Omar et al.145 studied electrolytes from the series

LuxNdyCe17x7yO27d (x+ y=0.05, 0.10, 0.15, and 0.20).

Dopants were chosen for each concentration so as to

implement the equality rc= 1.038 �A. With dopants chosen

in this way, the positive elastic stresses formed by large

Nd3+ ions are compensated with the negative elastic

stresses formed by Lu3+ (r=0.977 �A). However, the results

obtained showed the conductivity of co-doped system to be

much lower than the conductivity of NdyCe17yO27d and

only slightly exceed the conductivity of the LuxCe17xO27d

system in the entire range of dopant concentrations.

The electrical properties of SDC20 with Y3+ and Ca2+

ions as co-dopants (for which the average dopant radius

approaches rc ) were investigated in several studies.146 ± 148

Dudek 146 obtained maximum values of grain conductivity

for Ce0.8Sm0.1Y0.1O1.9 and Ce0.8(Sm0.5Ca0.5)0.2O2 , which

were found to be, respectively, 8.16 and 7.31 mS cm71 at

600 8C. Maximum grain boundary conductivity, almost

equal to the bulk conductivity in the low-temperature

range (7.62 mS cm71 at 600 8C) and exceeding it in the

high-temperature range, was also observed for

Ce0.8Sm0.1Y0.1O1.9,. The electromotive force of the cell

based on this electrolyte corresponds to the theoretical

value; however, the study was performed in a narrow

pressure range: from 0.21 to 1075 atm. The application of

sol ± gel synthesis of Ce0.8Sm0.1Y0.1O1.9 made it possible to

increase the electrical conductivity of electrolyte to

12.9 mS cm71.

A positive effect of co-doping with gadolinium and

calcium on the grain boundary conductivity due to the

neutralization of SiO2-containing impurities was demon-

strated in a number of studies.149 ± 152 In particular, a

significant decrease in the grain boundary resistance upon

introduction of CaO into Ce0.85Ge0.15O1.925 (GDC15), con-

taining 500 ppm SiO2 (2.80 ± 3.50 kO cm at 300 8C as com-

pared with c 746.7 kO cm for the basic composition), was

observed by Cho et al.151 Even a greater effect of decreasing

the grain boundary resistance (to 0.90 ± 1.97 kO cm) was

observed in the case of introduction of 1 mol.% SrO into

GDC15.153 When studying the Ce0.8(Sm17xCax)0.2O2 sys-

tem, Pikalova et al.152, 154 found the maximum conductivity

to be at x=0.2 (13.71 mS cm71 at 600 8C), mainly due to

the increase in the grain boundary conductivity. However,

despite the fact that the values p�O2
for the CeO27CaO

system are smaller than for the systems with trivalent

dopants (see Fig. 12), narrowing of the electrolytic domain

and increase in p�O2
were observed on doping SDC20 with

calcium. In particular, for x=0, 0.2, and 0.4, the p�O2
values

were found to be, respectively, 2.76610721, 5.05610718,

and 1.31610718 atm at 750 8C.152

Table 3. Structural, electrical, and electrolytic properties of electrolytes based on CeO2 .154, 155

Electrolyte a,�A (see a) rd , �A s, mS cm71 (750 8C) Ea , eV (350 ± 600 8C) Ea , eV (600 ± 900 8C) p�O2
, atm (750 8C)

CeO2 5.4140 7 7 7 7 7
Ce0.8Sm0.2O27d 5.4363 1.079 50.23 0.88 0.76 9.05610722

Ce0.8Nd0.2O27d 5.4507 1.109 55.86 0.88 0.79 7.50610720

Ce0.8La0.2O27d 5.4752 1.160 35.98 0.86 0.80 2.24610718

Ce0.8Dy0.2O27d 5.4114 1.027 b 25.54 0.97 0.91 3.49610721

Ce0.8Gd0.2O27d 5.4262 1.053 17.13 0.93 0.92 3.36610719

Ce0.80(Y0.5Dy0.5)0.20O27d 5.4135 1.023 b 4.79 1.01 1.21 3.73610716

Ce0.80(Sm0.5Y0.5)0.20O27d 5.4235 1.049 13.63 0.96 1.10 2.20610716

Ce0.80(Gd0.5Y0.5)0.20O27d 5.4178 1.036 b 16.35 1.00 1.09 1.21610717

Ce0.80(Sm0.5Nd0.5)0.20O27d 5.4377 1.094 37.18 0.86 0.80 2.40610718

Ce0.80(La0.5Dy0.5)0.20O27d 5.4404 1.094 38.28 0.86 0.83 2.87610717

rd(Y)=1.019�A. aUnit cell parameter. b These rd values are most close to rc .
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Comparative studies of the electrical properties of some

electrolytes with one (Ce17xMxO27d) and two

[Ce17x(M0.5M
0
0:5)xO27d (x=0.1 ± 0.2)] rare-earth dop-

ants 154, 155 showed that the electrical conductivity of co-

doped systems is lower than that of basic ones (Table 3). No

positive effect of co-doping on the electrolytic properties

were found: the p�O2
values for co-doped systems turned out

to be larger than for basic electrolytes; co-doping with Y3+

ions led to the most pronounced narrowing of the electro-

lytic domain. No correlation between the conductivity

maximum and electrolytic properties was observed when

the dopant radius (or the average co-doping radius)

approached the values of critical radii (1.038 and 1.024 �A).

The found maxima of electrical and electrolytic properties

for Ce17xMxO27d correspond to the established tendencies

and values for CeO2 electrolytes (see Sections 2.2.2 and 2.3).

Since Gd3+ and Sm3+ are the most widespread and

well-studied dopants for CeO2 , it is of interest to investigate

their synergistic effect on the electrolyte properties.

Wang et al.156 studied systematically the

Ce17xGdx7ySmyO270.5x system, where x=0.15 or 0.20;

(04 y4 x). It was shown that, at a dopant content of

15 mol.% (total value), the electrical conductivity of three-

component systems exceeds that of two-component ones. In

particular, at 700 8C the electrical conductivity of

Ce0.85Gd0.1Sm0.05O27d solid solution reached

46 mS cm71, which is superior than the best results

obtained for binary systems with gadolinium

(31.6 mS cm71) 157 or samarium (41 mS cm71).158 With an

increase in the total dopant concentration to 20 mol.%, an

increase in the electrical conductivity under co-doping was

observed in the low-temperature range (<500 8C), which
may indicate a decrease in the formation efficiency of

cation7vacancy associates. At the same time, in the high-

temperature range, the electrical conductivity of a ternary

system is the arithmetic mean of the values obtained for

binary systems. Coles-Aldridge and Baker 159 observed a

maximum of ionic conductivity for Ce0.8Sm0.1Gd0.1O1.9,

equal to 18 mS cm71 at 600 8C.
A comparative study of the electrical conductivity of

GDC10 and systems with two (SmO1.5 and YO1.5) and four

(SmO1.5 , YO1.5 , DyO1.5 and NdO1.5) co-dopants was per-

formed 92 to establish the influence of multiple co-doping on

the increase in the entropy of the system and decrease in the

formation rate of vacancy associates. For the (CeO2)0.90.

.(GdO1.5)0.02(SmO1.5)0.02(YO1.5)0.02(NdO1.5)0.02(DyO1.5)0.02
system, the obtained values of electrical conductivity are

30% larger than for GDC10 (e.g., at 600 8C they amount to

26.8 and 18.5 mS cm71, while at 800 8C they are 92.8 and

68.9 mS cm71, respectively). For the Ce0.8R0.2O27d sys-

tem, where R is a mixture of ten rare-earth elements from

samarium to lutetium, the electrical conductivity is 20%

higher than for the basic GDC20 composition; at 800 8C it

is equal to 99.1 mS cm71 and at 600 8C it is 25.0 mS cm71.

The authors showed that the maximum electrical conduc-

tivity for two-component systems was obtained at a total

dopant concentration of 15 ± 16 mol.%; for multicompo-

nent systems, the total dopant content of 10 ± 12 mol.% is

optimal for attaining the best electrical properties. With a

further increase in the dopant content, the synergistic effect

of co-doping was observed only at low temperatures, as well

as for Ce0.8Gd0.27xSmxO27d .92

The choice of dopants based on theoretical calculations

of the binding energy during formation of local structures

lies in the basis of another trend in the field of designing

multicomponent systems based on CeO2 . In this case, the

main purpose is to obtain the maximum concentration of

possible sites with the same binding energy for oxygen

diffusion. This energy equalization should attenuate the

formation of the so-called vacancy traps and, correspond-

ingly, exclude the formation of local structures. According

to the data of Andersson et al.,91 an ideal dopant with

minimum cation7vacancy binding energy in the NN and

NNN coordination shells should have an ionic radius close

to that of Pm3+ (1.093 �A). The application of Pm3+ as a

dopant is limited by its radioactivity. Co-doping with Sm3+

and Nd3+ at a molar ratio of 1 : 1 yields an average ionic

radius maximally close to that of Pm3+ and a nearly

minimum value of binding energy. Omar et al.,145, 160 who

studied the series Ce17xSmx/2Ndx/2O27d , showed that the

maximum of ionic conductivity at 550 8C corresponds to

x=0.15; with a decrease in temperature, it shifts to lower

concentrations. The ionic conductivity of

Ce0.85Sm0.075Nd0.075O27d is 30% higher than the conduc-

tivity of Ce0.9Gd0.1O27d (Ref. 157); it exceeds also the

conductivity of basic electrolytes. The maximum values of

electrical conductivity among the electrolytes doped with

two REEs, obtained by Pikalova et al.154 (see Table 3), refer

to the samples with Sm and Nd dopants, or with La and Dy

dopants taken in a molar ratio of 1 : 1, with an average

dopant radius of *1.094 �A; this is consistent with the

concept of binding energy minimization. The associate

formation enthalpy for Ce17xSmx/2Ndx/2O27d amounts to

0.02 ± 0.05 eV,145 whereas the minimum value for

Ce17xNdxO27d , obtained by Stephens and Kilner 110 at

x=0.3, is * 0.08 eV. Li et al.,161 who investigated the

electrical properties of Ce0.9(SmxNd17x)0.1O27d (x=0,

0.5, 1) and Ce17x(Sm0.5Nd0.5)xO27d (x=0.05, 0.10, 0.15,

0.20), observed a maximum of grain conductivity,

16 mS cm71, at 550 8C, dopant ratio of 1 : 1, and total

dopant concentration of 10 mol.%. The positions of the

maxima of grain boundary conductivity and the minimum

of activation energy for Ce0.9(Sm0.5Nd0.5)0.1O27d are sim-

ilar to those for the basic electrolyte Ce17xNdxO27x/2

(NDC) and correspond to 10 mol.% [20 mol.% for

Ce17xSmxO27x/2 (SDC)]. The authors explained this fact

by the elevated concentration of Nd3+ cations in the space-

charge region due to the Sm3+ precipitation on grain

boundaries, as was confirmed by the XPS method. For the

co-doped system, the DHm value is larger than for the

conventional gadolinium-doped electrolytes (which served

as a reference in almost all studies); however, the sum

DHm+DHa is smaller. This circumstance significantly

reduces the conductivity activation energy at low temper-

atures in the systems considered here and other co-doped

systems.92, 156

The effect of increased ionic conductivity due to the

suppression of the local ordering of oxygen vacancies by co-

doping (which leads to the formation of local lattice strain

because of the difference in the radii of REE dopants) is

being discussed.162 ± 164 Nevertheless, it was confirmed by

various research teams for a number of systems with such

co-dopants as Nd7Dy,165 Gd7Y,166 La7Sm,167

Gd7Nd,168 Pr7La,169 Pr7Nd,170 Pr7Gd 171 ± 173 and

La7Dy.174 The decrease in the formation efficiency of

C-type structures at high dopant contents was proven

experimentally, e.g., by Artini et al.,175 who applied syn-

chrotron radiation diffraction analysis. Therefore, the pos-

sibilities of doping and obtaining a higher ionic conductivity

by increasing the number of isolated vacancies are
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expanded. However, it should be noted that there are very

little data on the electrolytic domain of CeO2 doped with

two and more REEs, and this line of research may be rather

promising.

3.2. Co-doping with REE and alkaline-earth
or alkali metal cations. Effective index
Mori et al.176, 177 proposed a strategy for improving the

ionic conductivity of CeO2-based materials in both reducing

and oxidizing atmospheres, based on the effective-index

theory. The effective index (EI) is determined from the

ratio of the host and dopant ionic radii and the number of

oxygen vacancies formed upon doping,

EI=
rcat
reff O

rd
rh

(24)

where rcat is the average ionic radius of cation; rd is the

average ionic radius of dopant; rh is the ionic radius of

Ce4+; and reff O is the effective ionic radius of oxygen, which

is determined by the expression

reff O =1.4

�
2ÿ d
2

�
(25)

Here, 1.4 (�A) is the ionic radius of oxygen in CeO2 and d is

the level of oxygen vacancies.

If the coordination number in the fluorite structure is 8,

the ratio rc/reff O approaches unity, and, if the ratio rd/rh is

close to unity under these conditions, the cation7vacancy

binding energy in the fluorite structure is minimized. It was

shown by transmission electron microscopy that oxygen

vacancies become less ordered in solid solutions with a large

effective index (Fig. 14 a,b).177 In particular, ordered

regions up to 20 nm in size (shown by arrows in Fig. 14 a)

were observed for La0.175Ce0.825O1.912, whereas the size of

ordered regions for (La0.8Sr0.2)0.175Ce0.825O1.895 and

(La0.75Sr0.2Ba0.05)0.175Ce0.825O1.891 did not exceed 3 ± 5 nm.

The decrease in the degree of vacancy ordering manifests

itself in an increase in ionic conductivity (Fig. 14 c). The

effect of suppressing the formation of cation ± oxygen

vacancy associates upon multidoping makes it possible to

shift the maximum of electrical conductivity upon doping

with trivalent dopants up to their content of 35 mol.%.178

We should also note the following effect occurring upon

co-doping with cations of alkali and alkaline-earth metals:

expansion of the electrolytic domain for the well-known

simple solid solutions based on CeO2 with trivalent dop-

ants.21, 132, 178 ± 181 Co-doping with low-valence cations hav-

ing a large radius causes lattice expansion and formation of

additional migration channels for oxygen vacancies. For a

majority of co-doped electrolytes, the ion transport number

may reach 0.75 ± 0.9 at a partial oxygen pressure of

10721 atm.180 Mori and Yamamura 179 showed that doping

with Ca2+ or Cs+ cations (ionic radius 1.12 or 1.74 �A,

respectively) increases significantly the oxygen ionic con-

ductivity Ce0.75Sm0.25O1.875 (SDC25) [at 800 8C, to

45.6 mS cm71 for the basic electrolyte, to 109.5 mS cm71

for Ce0.75(Sm0.5Ca0.5)0.25O27d, and to 185.6 mS cm71 for

Ce0.75(Sm0.936Cs0.06Li0.004)0.25O27d]. The value of partial

oxygen pressure characterizing the ionic conductivity pla-

teau in the dependence of the total conductivity on pO2

reached 1077 atm at 800 8C for the basic electrolyte and

1079 and 10712 atm for co-doped electrolytes. It was

shown 179 181 that the use of electrolytes co-doped with
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Figure 14. TEM images of (a) La0.175Ce0.825O1.912 and
(La0.75Sr0.2Ba0.05)0.175Ce0.825O1.891 (b) 177 (arrows indicate local
ordering) and (c) correlation between the effective index
and conductivity for solid electrolytes 132 at 800 8C:
(1) Ce0.875La0.125O1.937 , (2) Ce0.825(La0.8Sr0.2)0.175O1.895 ,
(3) Ce0.825L0.175O1.912, (4) Ce0.8La0.2O1.9,
(5) Ce0.825(La0.9Sr0.1)0.175O1.895, (6) Ce0.825(La0.8Sr0.2)0.175O1.895,
(7) Ce0.825(La0.6Sr0.4)0.175O1.895, (8) Ce0.825(La0.77Sr0.2Ba0.03)0.175O1.891 ,
(9) Ce0.825(La0.75Sr0.2Ba0.05)0.175O1.891 (filled circles);177 at 750 8C:
(10) Ce0.8(Sm0.5Y0.5)0.2O27d , (11) Ce0.8Sm0.2O27d ,
(12) Ce0.8(Sm0.5Nd0.5)0.2O27d , (13) Ce0.8Nd0.2O27d ,
(14) Ce0.8(Gd0.75Sr0.2Ba0.05)0.2O27d, (15) Ce0.8(Sm0.75Sr0.2Ba0.05)0.2O27d,
(16) Ce0.8(La0.75Sr0.2Ba0.05)0.2O27d (open circles). Figures a and b
are published with permission of IOP Publishing.

Table 4. Experimental values of electrical conductivity in air and
critical partial pressure, obtained by the difference method, for solid
solutions based onCeO2, and calculated values of effective index.21, 132

Composition s, p�O2
, atm EI

S cm71 (750 8C)
(900 8C)

Ce0.8Sm0.2O27d 0.124 2.76610721 0.830

Ce0.8Nd0.2O27d 0.145 7.50610720 0.858

Ce0.8La0.2O27d 0.098 2.20610718 0.906

Ce0.8(Sm0.8Ca0.2)0.2O27d 0.155 5.05610718 0.846

Ce0.8(Sm0.5Ca0.5)0.2O27d 0.127 1.31610718 0.872

Ce0.8(Sm0.8Sr0.2)0.2O27d 0.162 3.30610719 0.873

Ce0.8(Sm0.7Sr0.3)0.2O27d 0.151 9.98610723 0.895

Ce0.8(Sm0.5Y0.5)0.2O27d 0.072 2.20610716 0.802

Ce0.8(La0.5Dy0.05)0.2O27d 0.111 1.21610717 0.843

Ce0.8(Sm0.5Nd0.5)0.2O27d 0.100 2.40610718 0.844

Ce0.8(Gd0.75Sr0.2Ba0.05)0.2O27d 0.126 5.05610718 0.876

Ce0.8(Sm0.75Sr0.2Ba0.05)0.2O27d 0.161 2.76610723 0.892

Ce0.825(La0.75Sr0.2Ba0.05)0.175O27d 0.172 6.58610724 0.951
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cations of different valences makes it possible to increase

the output power of electrochemical cell by a factor of

2.5 ± 3.

As was shown in our work 132 (Table 4), the proposed

criterion of effective index can be used to make a prelimi-

nary choice of co-dopants. Studies of time stability showed

that the electrolyte Ce0.75(Sm0.936Cs0.06Li0.004)0.25O27d with

an effective index maximally close to unity has an enhanced

stability to ageing in comparison with the conventional

electrolyte SDC20 in both oxidizing and reducing atmos-

pheres (Fig. 15).132

Nevertheless, to validate the criterion, it is necessary to

expand the series of compositions studied, apply different

methods for investigating the electrolytic properties (emf

method, Hebb ±Wagner polarization method, etc.), and test

electrolytes under SOFC working conditions.

3.3. Composite electrolytes based on doped CeO2

and protonic conductors
During the last decade, the study of proton-conducting

oxides has become a guideline in high-temperature electro-

chemistry all over the world.182 ± 185 The interest in these

materials (in particular, cerates and barium cerate-zirco-

nates) is related to their high conductivity and low activa-

tion energy at low temperatures (450 ± 600 8C). In this

context, it is of interest to consider the composite electro-

lytes based on protonic conductors and doped ceria,

because the latter, in contrast, demonstrates high conduc-

tivity activation energy at relatively low temperatures. The

effect of increasing OCV and output (in particular, at high

temperatures) of an SOFC with an electrolytic membrane

SDC20 and a thin (from 2 to 10 mm) BaCe17xSmxO37d

layer, obtained as a result of interaction between BaO and

electrolyte during sintering (1500 ± 1600 8C), was observed

by Hirabayashi et al.186 In particular, for an SDC20 electro-

lyte layer 0.5 mm thick, the maximum SOFC power was

170 mW cm72 at 800 8C (195 mW cm72 in the case of

electrolyte with coating). At 900 8C the output of SOFC

with SDC20 was reduced to 85 mW cm72 because of the

electronic-current short circuit, whereas a maximum value

was observed for the electrolyte with a coating:

255 mW cm72. However, enhanced electrode polarization

was observed; this effect is caused by the narrowing of

electrochemical reaction zone from the anode side, with the

electronic current blocked by a protonic layer.

In 2010 ± 2011, three research teams, headed by Gopalan

(India), L.Zhang (China), and Sun (China),187 ± 190 were

involved in intense study of the properties of composite

materials BaCeO37CeO2 . A number of experiments were

performed in Russia.191, 192 An analysis of the data obtained

revealed several tendencies:

Ð joint use of materials based on ceria and barium

cerate leads to an increase in low-temperature conductivity,

Ð effect of electron current blocking in a composite

electrolyte arises,

Ð OCV increases,

Ð the thermodynamic stability of electrolyte in reduc-

ing and CO2 atmospheres increases.

Recently Sun et al.193 obtained the highest power

(352 mW cm72) at 700 8C for an SOFC with a composite

electrolyte. The problem of strong polarization of electrodes

contacting with composite electrolyte remains apparently

unsolved, due to which higher powers cannot be generated

at OCV close to those for proton-conducting electrolytes.

Thus, to advance in this direction, it is necessary to combine

the modification of electrolyte properties with search for

compatible high-efficiency anode and cathode materials.

4. Technologies and methods for forming
multilayer structures of SOFCs and thin-film
electrolytes based on ceria

The variety of the methods applied in the SOFC technology

to form functional (including multilayer) materials was

presented in review,194 where the design features of fuel

cells are also described, the characteristics of applied mate-

rials (in particular, ceria-based electrolytes) are presented,

generalized data on the output of SOFCs with thin-film

electrolytes are reported, and the issues of SOFC commerci-

alization and realization are discussed. A fairly complex

technological equipment for carrying out pulsed laser dep-

osition of thin films was described.195 The issues of realiza-

tion of ceramic technologies in the manufacture of thin-film

(including multilayer) SOFC structures were discussed.196

Advantages of electrophoretic deposition (EPD) from sus-

pensions of weakly aggregated nanopowders, obtained by

the laser evaporation7condensation method, were noted in

the review by Pikalova and Kalinina.197 Specific features of

preparation of stable suspensions, choice of dispersion

media, deposition regimes of the EPD method, and results

of experimental and theoretical studies of the mechanisms

of deposition in formation of SOFC electrolytic and elec-

trode structures were considered by Kalinina and Pika-

lova.198 Different debated models of the particle and ion

transport and conjugated electrochemical reactions in a

colloidal system, ways of carrying out EPD in aqueous

media (using, in particular, dc and pulsed currents), and

methods for controlling the dispersed composition of sus-

pensions were described.199 The key EPD parameters, as

applied to SOFC fabrication, were presented in review by

Aznam et al.200

Ceramic technologies have been widely used for a long

time to form SOFC layers. These technologies include such

methods as slip casting, screen printing, and calendering,

which call for sintering at fairly high temperatures. This

process may lead to the formation of nonconducting phases

and delamination of SOFC multilayer structure.201 There-

fore, it is necessary to choose appropriate sintering regimes

or use sintering additives (in particular, nanopowders)

reducing the sintering temperature.

Oh et al.202 noted the general problem of implementing

thin-film technologies in SOFC: one must provide thermo-

dynamic and thermomechanical stability of thin-film elec-
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Figure 15. Time dependences of the resistivity (at 800 8C) of
Ce0.825(La0.75Sr0.2Ba0.05)0.175O27d in hydrogen atmosphere (1) and
air (2) and Ce0.8Sm0.2O27d in air (3). The figure is compiled by the
authors based on the data of Ref. 132.
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trolyte. Under SOFC operation conditions, NiO is reduced

to Ni on the anode, and additional pores arise in it, which

may violate the electrolyte integrity, especially in SOFCs

with a carrier anode. At the same time, macroscopic defects

can be formed in a thin-film electrolyte in which the grain

size exceeds the electrolyte thickness or the size of pores in

the electrode layer. To reduce the grain size, one must

decrease the sintering temperature of SOFC functional

layers. Using spin coating of suspensions of YSZ and

GDC10 nanoparticles (with particle sizes of 20 and 10 nm,

respectively), Oh et al.202 obtained a bilayer gas-tight

electrolyte YSZ/GDC10 with layers 100 and 400 nm thick,

respectively, at a relatively low joint sintering temperature:

no more than 1100 8C. The SOFC cell demonstrated a

power density of 1.3 W cm72 at 650 8C and an open circuit

value of *1.0 V.

The studies devoted to EPD of ceria-based electrolytes

have been fragmentally presented in literature; they describe

mainly the results of formation of single-layer CeO2 electro-

lytes doped with samarium (SDC) 203, 204 and gadolinium

(GDC),205 8 ± 20 mm thick. A significant problem was the

low sinterability of cerium electrolyte; for this reason, long-

term sintering was performed at temperatures up to

1600 8C.203 Nevertheless, the authors could not avoid

crack formation in the SDC electrolyte, which may result

in low power density: 60.6 mW cm72 (700 8C).
A well-known way to increase the power of an SOFC

with a membrane having mixed oxygen ionic and electronic

conductivity is to apply a bilayer solid electrolyte, in which

one of the layers has dominantly ionic conductivity and

blocks the electron charge transfer. Matsuda et al.206

considered a layer of ion conductor YSZ as a blocking

layer from the anode side. It was shown that the transition

to a bilayer electrolyte, in which one layer blocks the

electronic conductivity of CeO2 , increases the cell efficiency

in comparison with cells having single-layer electrolytes. A

power density of 0.7 W cm72 (700 8C) and a large value

OCV=1.1 V (700 8C) were obtained for a cell with

YSZ/SDC20 electrolyte. However, delamination between

YSZ and GDC layers after sintering was also observed.

Kim et al.207 proposed a technique of forming a dense two-

layer YSZ/GDC electrolyte with a simultaneous decrease in

the sintering temperature of layers. According to this

technique, after depositing electrolyte layers by dip-coating,

isostatic pressing at 300 MPa and sintering at 1250 8C were

performed. The decrease in the sintering temperature made

it possible to avoid undesirable interaction between YSZ

and GDC with the formation of insulating phase

(Ce,Zr)O2 , which arises at temperatures above 1350 8C.
The isostatic pressing excluded the porosity of GDC layer

and its delamination with YSZ.

Physical methods for synthesizing thin-film

electrolytes Ð magnetron sputtering and pulsed laser dep-

osition (PLD) Ð have become very popular. The applica-

tion of these methods makes it possible to avoid high-

temperature sintering after forming layers and weaken the

interaction between CeO2 and ZrO2 . Fairly high power

density (1.07 W cm72 at 750 8C) was obtained by Solovyev

et al.208 on a cell with single-layer electrolyte GDC10

(5 ± 7 mm), formed with the aid of high-power reactive

magnetron sputtering. Using PLD to form bilayer thin-

film electrolyte YSZ (5 ± 10 mm)/SDC20 (3 mm), Lu et al.209

could increase significantly the power density: to

1.4 W cm72 at 750 8C. The output was improved due to

the higher density of layers of the bilayer electrolyte formed

by PLD, in comparison with the electrolytes prepared using

screen printing (Fig. 16 a). The ohmic resistances of the cell

with a SDC20 layer formed by conventional screen printing

and the cell with a laser-deposited layer were found to be

0.16 and 0.08 O cm2, respectively. Yang et al.210 applied

PLD to fabricate a bilayer electrolyte Zr0.9Sc0.1O1.9

(SSZ) (1 mm)/SDC20 (5 mm) with the following character-

istics: OCV=1 V and power density 1.6 W cm72 at

700 8C. Despite the advantages of sputtering and deposition

technologies, they have significant drawbacks: need for

expensive equipment and complexity of scaling when being

adapted to commercial production. The long-term stability

of thin-film structures must also be studied.

A separate direction in the development of SOFC

technology is the design of vertically aligned nanocompo-

sites (VANs), which have a potential for increasing the

SOFC output. The results of measuring the characteristics

of an SOFC cell with this structure (YSZ/GDC10),

obtained by PLD, were reported by Su et al.211 An increase

in the power density of an SOFC cell with a VAN structure

by a factor of 1.9 relative to a cell with horizontally aligned
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Figure 16. (a) SOFC microstructures
obtained when forming a bilayer
YSZ/SDC20 electrolyte by screen printing
(upper part) and PVD (lower part) 209 and
(b) temperature dependences of the specific
power density of SOFCs with a thin-film
electrolyte: (1) a single-layer SDC20,204 (2) a
single-layer GDC10,208 (3) YSZ/YSZ-
GDC10 with a VAN structure,211 (4) electro-
lyte with an intermediate barrier layer
GDC10/BCG/GDC10,212 (5) with a barrier
layer from the cathode side GDC10/
YCSB,213 (6) and with a barrier layer from
the anode side YSZ/SDC20,209 (7) YSZ/
GDC10,214 (8) NiO7BZCY/SDC20,215

(9) BZCY/SDC20,216 (10) YSZ/GDC10,217

and (11) YSZ/GDC10.202 The designations
are as follows: BCG is BaCe17xGdxO3,
YCSB is (Bi0.75Y0.25)1.86Ce0.14O37 d, and
BZCY is BaZr0.1Ce0.7Y0.2O37d. The figure
was compiled by the authors based on the
data of aforementioned publications.
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layers was demonstrated. However, the specific power

density obtained by Su et al.211 did not show any real

advantage of VAN structures relative to SOFCs with single-

and bilayer GDC10-based electrolytes obtained by other

methods (Fig. 16 b). Hence, the study of the mechanisms of

increasing the ionic conductivity in nanoheterostructures

must be continued.

Many experts consider also protonic conductors based

on BaCeO3 as potential materials for the blocking layer

from the anode side. These conductors have a higher ionic

conductivity as compared with YSZ (especially in the low-

temperature region) because of their lower activation energy

(*0.6 eV). For example, Sumi et al.218 investigated the

multilayer electrolyte GDC10/BCY/GDC10 (BCY indicates

the composition BaCe0.8Y0.2O37d) in a microtubular SOFC

with a carrier anode. They obtained values

OCV=0.84 ± 1.02 V and maximum of the specific power

density up to 1.02 W cm72 at temperatures in the range of

500 ± 700 8C.
Some researchers 213, 219 ± 222 considered the possibility of

applying ionic conductors based on bismuth oxide, stabi-

lized by erbium or yttrium, as materials of a barrier layer for

a CeO2-based electrolyte from the cathode side. The maxi-

mum power density obtained with this method was found to

be 1.95 W cm72 at 650 8C and OCV& 1.0 V. Incorpora-

tion of the high-conductivity oxide Bi2O3 (730 mS cm71 at

800 8C) into a bilayer electrolyte, along with the general

decrease in ohmic resistance, makes it also possible to

decrease the polarization resistance due to the enhancement

of carrier transport at the cathode/electrolyte interface. In

addition, in the case of a barrier layer from the cathode side,

the influence of partially reduced CeO2 on the anode

depolarization is retained, which on the whole allows for

high specific power densities. However, crucial factors for

cells of this type are the thickness of layers 221 and long-term

stability of their characteristics. The influence of the

decrease in thickness of bilayer electrolyte YSZ/GDC from

8 to 2.5 mm and PrOx infiltration into the cathode

LSCF ±GDC (LSCF stands for the composition

La0.6Sr0.4Co2.0Fe0.8O37d) on the output of a single SOFC

with a carrier anode NiO7YSZ was investigated by Park

and Barnett.223 The YSZ film was obtained by slip casting

on the carrier anode, preliminary sintering at 1150 8C, and
subsequent deposition of a GDC layer by dip-coating. Final

sintering was performed at 1250 8C. Low sintering temper-

ature was attained by applying sintering additive Fe2O3 .

The authors showed that a decrease in the film thickness not

only reduces the ohmic resistance of electrolyte but changes

also the polarization characteristics of electrodes. Due to

the partial gas permeability of thin-film electrolyte (2.5 mm),

the humidity of anode gas mixture increases, which reduces

significantly the polarization resistance of the cermet anode.

The insignificant increase in the cathode polarization due to

the formation of water vapour was compensated as a result

of its activation by praseodymium oxide. In sum, the

following values of the specific power density were

obtained: 2.38 W cm72 (at 800 8C) and 0.95 W cm72

(at 650 8C). The activation effect is most pronounced at

low temperatures. Indeed, the increase in power in compar-

ison with the power for an SOFC with a 8 mm film and

unactivated electrodes is 74% at 800 8C and 136% at

600 8C.
Bilayer electrolytes and their fabrication methods were

recently reviewed in detail.224 The most characteristic

Table 5. SOFC characteristics obtained using different electrolyte fabrication technologies.

SOFC structure: anode/electrolyte/cathode OCV, V (T, 8C) Specific power ASR,a Ref.
density, W cm72 O cm72 (8C)

Technologies of vacuum deposition and precipitation

High-power pulsed reactive magnetron sputtering ofGDC on theNiO7YSZ carrier anode

NiO7YSZ/GDC10 (5 ± 7 mm)/LSC 0.77 ± 0.80 (600 ± 750) 0.25 (600) 7 208

0.49 (650) 7 208

1.07 (750) 7 208

Screen printing of SDC on the NiO7YSZ/YSZ half cell

NiO7YSZ/YSZ (*5 ± 10 mm)7SDC20 (*3 mm)/LSCF7LSC *1.1 (600 ± 750) 0.96 (750) 0.51 (750) 209

0.68 (700) 0.68 (700) 209

0.46 (650) 1.16 (650) 209

0.26 (600) 2.45(600) 209

Pulsed laser deposition of SDC layer on theNiO7YSZ/YSZ half cell

NiO7YSZ /YSZ (*5 ± 10 mm)7SDC20 (* 3 mm)/LSCF7LSC *1.1 (600 ± 750) 1.4 (750) 0.55 (750) 209

>1.2 (700) 0.67 (700) 209

>0.8 (650) 1.18 (650) 209

>0.4 (600) 2.13(600) 209

Successive pulsed laser deposition of YSZ, VAN structure YSZ/GDC, GDC on theNiO±YSZ carrier anode;

annealing of SOFC structure at 1150 8C (2 h)

NiO7YSZ/YSZ (1.5 mm)7VAN YSZ/GDC10 (4.5 mm)/LSC 1.04 (700) 0.432 (700) 7 211

7 0.623 (750) 7 211

7 0.783 (800) *0.26 (800) 211
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Table 5 (continued).

SOFC structure: anode/electrolyte/cathode OCV, V (T, 8C) Specific power ASR,a Ref.
density, W cm72 O cm72 (8C)

Technologies of vacuum deposition and precipitation

Magnetron sputtering of YSZ7GDC on theNiO7YSZ carrier anode, electrolyte sintering at 1100 8C

NiO7YSZ/YSZ7GDC10 (10 mm)/LNO (without activation) *1.05 (800) 0.7 (800) 7 214

*1.1 (700) 0.3 (700) 7 214

NiO7YSZ/YSZ7GDC10 (10 mm)/LNO (with activation of electrodes) *1.05 (800) 1.3 (800) 7 214

*1.1 (700) 1.0 (700) 7 214

Pulsed laser deposition of ESB layer on the SDC20 electrolyte; deposition of the ESB layer on the SDC20 electrolyte by dip-coating

Pt/SDC7ESB/(Au, Ag)7ESB, thickness ratio of SDC20 and ESB:

1.6 mm : 0.8 mm 0.62 (600), 0.60 (800) 7 7 221

1.76 mm : 1.3 mm 0.65 (600), 0.57 (800) 7 7 221

1.5 mm : 9 mm 0.82 (600), 0.65 (800) 7 7 221

1.5 mm : 22 mm 0.95 (600), 0.80 (800) 7 7 221

Successive PLD of YSZ, GDC10, GSC layers on theNiO7YSZ carrier anode

NiO7YSZ/YSZ7GDC10/GSC, thickness ratio of YSZ and GDC10:

1.9 mm : 5 mm *0.9 (600) 0.310 (600) 7 225

2.7 mm : 5 mm 7 0.325 (600) 7 225

3 mm : 5 mm 7 0.400 (600), 7 225

0.450 (650),

0.500 (700)

3.5 mm : 5 mm 7 0.350 (600) 7 225

Ceramic technologies

Slip casting/rolling, final sintering at 1450 8C

Anode NiO7GDC10, electrolyte/cathode versions:

GDC10 (20 mm)7ESB (10 ± 12 mm)/LSM7ESB 0.808 (650) 0.38 (650) 0.1770.85 b (600) 213

GDC10 (20 mm)7YCSB (10 ± 12 mm)/LSM7YCSB 0.833 (650) 0.76 (650), 0.22 ± 0.20 b (600) 213

0.51 (600)

GDC10 (20 mm)7YCSB (10 ± 12 mm)/BRO77YCSB 0.853 (650) 0.68 (650) 0.1870.19 b (600) 213

Co-pressing of the anode and electrolyte layers, sintering at 1350 8C (5 h)

NiO7SDC20/NiO7BZCY (50 mm)7SDC20 (15 mm)/ 1.01 (600) 0.868 (600) 7 215

SSC7SDC20 1.0 (650) *1.05 (650) *0.15 (650) 215

Co-pressing of the anode and electrolyte layers, sintering at 1400 8C (5 h)

NiO7SDC20/BZCY (11 mm)7SDC20 (19 mm)/SSC7SDC20 1.09 (550) 0.127 (550) 0.90(550) 216

1.07 (600) 0.197 (600) 0.68(600) 216

1.04 (650) 0.267 (650) 0.55(650) 216

1.0 (700) 0.347 (700) 0.43(700) 216

0.96 (750) 0.418 (750) 0.35 (750) 216

Calendering, sintering at 1250 8C (4 h)

NiO7YSZ/YSZ (*5 mm)7GDC10 (*5 mm)/ *1.10 (700 ± 800) 1.02 (700) 0.106 (700) 217

(LSCF7GDC10) / LSCF 1.45 (800) 0.046 (800) 217

Co-pressing of the anode and SNDC electrolyte layers, sintering at 1400 8C (5 h);

Deposition of the ESB electrolyte by drop coating, sintering at 800 8C (10 h)

NiO7SNDC/SNDC (*5 mm)7ESB (*5 mm)/PBM7ESB 0.986 (400) 0.986 (400) 16.708 (400) 222

0.945 (500) 0.945 (500) 0.091(500) 222

0.853 (600) 0.853 (600) 0.074 (600) 222

0.801 (650 0.801 (650) 0.027 (650) 222

Co-pressing of the anode and electrolyte layers, sintering at 1350 8C (5 h)

NiO7GDC10/GDC10 (26 mm) / SSC7GDC10 1.01 (400) 0.10 (400) 7 226

0.92 (500) 0.40 (500) 1.822 (500) 226

0.85 (600) 0.75 (600) 0.329 (600) 226
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Table 5 (continued).

SOFC structure: anode/electrolyte/cathode OCV, V (T, 8C) Specific power ASR,a Ref.
density, W cm72 O cm72 (8C)

Solution and colloidal technologies

Spin coating, final cell sintering at 950 8C (2 h)

NiO7YSZ/AFL/YSZ (100 nm)/GDC10 (400 nm)/ *1.0 (500 ± 650) *1.05 (600) 7 202

GDC107LSCF *1.3 (650) 0.038 (650) 202

Electrophoretic deposition on theNi7SDC20 carrier anode, sintering at 1600 8C (10 h)

NiO7SDC20/SDC20 (20 mm)/Pt 0.63 (700) 0.0606 (700) 7 203

7 0.0713 (800) 7 203

Electrophoretic deposition on theNiO7SDC20 carrier anode with a graphite conductive sublayer, sintering at 1400 8C (25 h)

NiO7SDC20/SDC20 (8 mm)/LSC *0.6570.70 0.281 (600) 0.064 (600) 204

(600 ± 700) 0.272 (700) 0.035 (700) 204

Successive EPD ofNiO7GDC10/GDC10/LSCF7GDC10 layers on a graphite rod, co-sintering at 1500 8C

NiO7GDC10 (110 mm)/AFL/NiO7GDC10 (9 mm)/ *0.7 (600) 0.42 (600) 7 205

GDC10 (10 mm)/LSCF7GDC10 (37 mm) 7 0.35 (650) 7 205

*0.6 (700) 0.25 (700) 7 205

Successive EPD of YSZ and SDC20 layers on theNiO7YSZ carrier anode, co-sintering at 1400 8C (2 h)

NiO7YSZ/YSZ (4 mm)7SDC20 (1 mm)/LSCF (30 mm) *1.1 (700) *0.7 (700) *0.2 (700) 206

Deposition of the AFL, YSZ, GDC10 on theNiO7YSZ carrier anode by dip coating in combination with isostatic pressing

NiO7YSZ/AFL/YSZ7GDC10/LSCF7LSC,

compacting pressure:

0 MPa 0.965 (600) 0.194 (600) 1.632 (600) 207

100 MPa 1.094 (600) 0.834 (600) 0.609 (600) 207

200 MPa 1.103 (600) 0.912 (600) 0.570 (600) 207

300 MPa 1.107(600), 0.938 (600), 0.549 (600), 207

1.097 (650) 1.251 (650) 0.535 (650)

Spin coating of GDC10, BaO7GDC10, GDC10 on the NiO7YSZ carrier anode, synthesis of intermediate the BCG layer from oxides during

sintering

NiO7SDC/GDC10 (22 mm)7BCG (7 mm)/ 0.820 (750)70.998 (550) 0.2 (550) 7 212

GDC10 (10 mm)/SSC 0.3 (600) 7 212

0.65 (700) 7 212

0.80 (750) 7 212

Deposition of the YSZ film on theNiO7YSZ carrier anode by slip casting with preliminary sintering at 1150 8C;
subsequent deposition of theGDC10 film by dip ping, co-sintering at 1250 8C

NiO7YSZ/YSZ7GDC10/LSCF7GDC10;

electrolyte thickness:

8 mm 1.110 (600) 0.24 (600) 1.93 (600) 223

1.094 (700) 0.68 (700) 1.10 (700) 223

1.076 (800) 1.34 (800) 0.79 (800) 223

Deposition of the YSZ film on theNiO7YSZ carrier anode by slip casting with preliminary sintering at 1150 8C;
subsequent deposition of theGDC10 film by dip coating, co-sintering at 1250 8C

NiO7YSZ/YSZ7GDC10/LSCF7GDC10;

electrolyte thickness:

2.5 mm 1.093 (600) 0.38 (600) 0.76 (600) 223

1.074 (700) 1.20 (700) 0.41 (700) 223

1.052 (800) 1.27 (800) 0.22 (800) 223

2.5 mm (activation of PrOx cathode) 7 0.52 (600) 0.52 (600) 223

7 1.47 (700) 0.27 (700) 223

7 2.38 (800) 0.22 (800) 223

Note. Designations: ESB is Er0.4Bi0.16O3, BCG is BaCe17xGdxO3, GSC is Gd0.5Sr0.5CoO3, BRO7 is Bi2Ru2O7, SNDC is

Sm0.075Nd0.075Ce0.85O27d, PBM is Pr0.5Ba0.5MnO37d, SSC is Sm0.5Sr0.5CoO3, and AFL is anode functional layer. a Total polarization resistance

per cell unit area (area specific resistance). b The second value shows the ASR degradation after 50 h.
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results of implementing thin-film technologies in SOFCs are

listed in Table 5. It should be noted that, without applica-

tion of blocking layers in cells with thin-film electrolytes,

the OCV obtained is on the order of 0.6 ± 0.7 V, depending

on temperature, whereas the application of the barrier layer

from the cathode and anode sides may increase OCV to 1 V

or even more.

5. Theoretical approaches to modelling SOFCs
with an electrolytic membrane based on a mixed
conductor

SOFC simulation allows one to choose deliberately ways to

increase the energy efficiency of developed electrochemical

devices by determining the necessary combination of trans-

port and electrochemical properties of materials, their

microstructure, thickness of SOFC layers, cell geometry,

etc.13 In practice, an empirical approach is generally used,

which is based on estimation of the operability of electro-

chemical cell breadboards. As a result, it is difficult to

interpret and understand the relationships and quantitative

regularities between the actually determined SOFC param-

eters and the implemented mechanisms of charge and mass

transfer. To represent correctly the operation of SOFCs, it

is necessary to develop theoretical models of the processes

occurring in them at different levels: quantum-mechanical

level for describing the electronic structure; mesoscopic

level, concerning the influence of microstructure and mor-

phology and materials; and macroscopic or continuum

level, at which the corresponding layers of SOFC are

presented as continuous media with effective averaged

parameters.

Along with electrochemical reactions, related proc-

esses of heat- and mass transfer occur also in SOFC, as a

result of which thermomechanical stresses arise in the

SOFC solid structure. These stresses are caused by the

difference in the coefficients of thermal expansion (CTEs)

of materials and occurrence of temperature gradients, as

well as the time-dependent processes of changes in temper-

ature.227 The state of the SOFC structure is significantly

affected by the mechanical stresses arising as a result of

the expansion of materials, caused by the partial oxygen

pressure gradient.228

At the microscopic level, DFT, quantum chemistry, and

molecular dynamics methods are applied, due to which one

can perform ab initio quantum-mechanical simulation of

electrochemical reactions and determine the electronic

structure of condensed systems, the catalytic activity of

reacting particles, the interaction and diffusion of defects,

the conductivity of materials, and their coefficients of

thermal expansion.229, 230

5.1. Continuum and phenomenological models
of the processes occurring in SOFCs
In contrast to the microscopic description of processes at

the level of individual particles and point defects in crystal,

macroscopic SOFC models are based on the concept of

individual layers in the form of an idealized continuous

medium with averaged effective parameters, whose values

are determined either experimentally or on the basis of

microscopic models. The emphasis of Adler's review 231 is

on the key aspects related to electrode processes, which

determine to a great extent the SOFC output. One can select

the following types of electrodes with significantly different

factors determining the SOFC output and limiting the

stages of charge and mass transfer processes:

Ð electrodes with electronic conductivity, whose effi-

ciency is determined by the three-phase boundary region

(Fig. 17 a);

Ð electrodes with mixed (oxygen ionic and electronic)

conductivity, whose efficiency is determined by the surface

exchange and diffusion of oxygen ions in the electrode

material (Fig. 17 b);

Ð composite electrodes consisting of mixtures of elec-

tronic (electrode material) and ionic (electrolyte) conduc-

tors (Fig. 17 c); these mixtures are applied to increase the

electrochemical activity of electrode with basically elec-

tronic conductivity and expand the three-phase boundary

region.

The cathode reaction is described in terms of the

concept of three-phase boundary: the region at the electro-

lyte/cathode/gas boundary in which the oxygen reduction

reaction is implemented. The concept of three-phase

boundary was proposed for the first time by Schmid 232

when studying the mechanism of H2 oxidation on a

platinum electrode. A characteristic feature of these elec-

trodes is the significant role of the exchange with the gas

medium and diffusion, which gave grounds to call them

gas-diffusion electrodes. For example, the reaction of

oxygen reduction on porous platinum electrodes with

YSZ electrolyte includes several interrelated limiting

stages: adsorption of molecular oxygen on the electrode

surface, its dissociation, and surface diffusion to the

Pt/YSZ interface. As was noted in review,231 when the

role of diffusion is decisive, one cannot relate the kinetics

of electrode reaction to only the length of three-phase

boundary, because the electrochemical reaction and dif-

fusion are jointly limiting stages in this case.

The increase in efficiency and optimization of the

microstructure of electrode (especially cathode) materials

should be directed at expanding the region in which the

electrode reaction occurs by choosing an appropriate

electrode material and a certain combination of micro-

structure parameters (morphology, size of grains and

pores, porosity) with the electrode layer thickness. In this

context, we should note the study by Kleitz,233 who

described a structure with a double electrode layer, con-

sisting of a highly porous gas-permeable current collector

with a high conductivity and a thin dense layer with mixed

conductivity, contacting with the electrolyte layer. On the

one hand, the dense electrode layer should be sufficiently

thin to make low its resistance to the transverse diffusion

a b c
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Figure 17. Schematic diagrams of electrode reactions for electrodes
based on (a) electronic and (b) mixed conductors and (c) a
composite electrode based on electronic and ionic conductors.231
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flux of oxygen ions. On the other hand, its resistance to

the electron current along the layer (i.e., parallel to the

electrode/electrolyte interface) must be low as well. The

following expression was obtained for the voltage drop

(UR) caused by the ohmic resistance to the electron

current in the plane of thin dense electrode layer:

UR �
1

4

rel i
hel

r2p (26)

where i is the ion current density through the electrode/

electrolyte interface; hel and rel are, respectively, the

thickness of the dense thin-film material of electrode

layer and its resistivity to the electron current; and rp is

the average radius of pores at the interface between the

dense and porous electrode layers. In the case of high

electronic conductivity of electrode material

(>100 S cm71), the additional overvoltage UR is rather

low, but at an electrical conductivity of *0.1 S cm71 it

affects significantly the electrode reaction kinetics.

Currently, the kinetics of the electrode reaction of

oxygen reduction on porous MIEC electrodes is most

often described within the Adler ± Lane ± Steel (ALS) 234

model. The processes occurring on electrodes contribute

to the cell chemical impedance, which is determined

jointly by the limiting stages of oxygen surface exchange

and bulk diffusion of oxygen ions in the porous electrode.

A modified model of the impedance of composite electro-

des was presented by Mortensen et al.235 More generalized

theoretical models take into account the internal micro-

structure of electrodes, which can be presented, e.g., as a

system of cylindrical or cubic pseudoparticles.236, 237 The

researchers from the group headed by Ivers-TiffeÂ e 238 are

developing the relaxation time distribution method for

analyzing the electrode response. The state of the art of

this method as applied to the analysis of electrochemical

impedance spectroscopy data was reviewed briefly by

Gavrilyuk et al.239 The authors described the theoretical

fundamentals of the method; considered different ways to

solve the Fredholm equation of the first kind with appli-

cation of the Tikhonov regularization method; and dem-

onstrated (based on numerical experiments) the high

resolution of the method, in particular, when processing

`noisy' impedance spectra. The development of the theo-

retical basis of this method was reported by Boukamp and

Rolle.240

A comparative analysis of different model representa-

tions of the MIEC-cathode microstructure 241 showed that

the microstructure affects significantly the electrode

kinetics near electrode/electrolyte interface, when the size

of electrochemical reaction zone becomes comparable

with the characteristic size determining its microstructure

or even smaller. Far from the interface the porous micro-

structure can be described by averaged parameters, as in

the ALS model.

5.2. Development of macroscopic continuum models of
SOFC with a solid electrolyte having mixed conductivity
The charge transfer in an SOFC with an MIEC-electrolyte

was described for the first time by Choudhury and Patter-

son 242 using the approaches, developed in the Wagner

theory, which considers the diffusion of oxygen ions under

the action a chemical potential gradient during metal

oxidation. On the assumption of local electroneutrality,

the authors derived integral equations to calculate the

voltage across a cell with solid-oxide electrolyte under

conditions of constant difference in the chemical potentials

of the cathode and anode. The current7voltage character-

istics and distribution of chemical potential in the electro-

lyte layer were found; the electrode polarization was

disregarded in that model. The theoretical models of trans-

port processes occurring in SOFCs with an MIEC electro-

lyte were further developed by Tannhauser,243 who

analyzed the one-dimensional transport of oxygen vacancies

and electrons in electrolyte CeO2 doped with Ca2+ ions. An

electrolytic material in thermodynamic equilibrium with a

gas medium having a certain partial oxygen pressure was

considered and relations between the theoretical Nernst

voltage and the voltage across the cell with allowance for

electron current leakage were established.

The following expression was derived for the open-

circuit value:

OCV= Eth7
kT

e
ln

�
1� s�1�el

s�0�ion

�
(27)

where Eth is the voltage determined from the Nernst

formula (23), s�1�el is the electronic conductivity of electrolyte

material from the anode side at a partial oxygen pressure

p
�1�
O2
, and s�0�ion is the average ionic conductivity of electrolyte.

The cell energy efficiency decreases with an increase in the

partial electronic conductivity in the electrolyte.

In the studies by Riess,144, 244 on the assumption of

constant ion concentration in the electrolyte layer, depend-

ences of electron concentration and current density on the

external voltage across a cell operating under steady-state

conditions were obtained by solving the differential equa-

tions for carrier transport. It was shown that the electron

concentration in the electrolyte layer decreases monotoni-

cally from the fuel to oxygen electrode (Fig. 18). An

increase in the voltage across the cell leads to a decrease in

the ion current and an increase in the electron current; the

efficiency of MIEC electrolyte cell will be maximum at a

certain optimal voltage across the electrodes:
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Figure 18. (a) Schematic of an
SOFC with a single-layer
MIEC electrolyte of thickness
L and (b) depth distributions
of electron concentration n(z)
in the electrolyte layer at dif-
ferent voltages (U ) and a tem-
perature of 800 8C.144
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Umax&
Eth

2
(27a)

To satisfy this condition, the open-circuit voltage must

exceed Eth/2; in this case, the electron current through the

MIEC-electrolyte layer is blocked. Electron current block-

ing can also be provided by forming regions of electronic

conductivity near the anode (n region), hole conductivity

near the cathode (p region), and ionic conductivity (i region)

in the central part of electrolyte.

More general one-dimensional models take into account

the nonuniform distribution of ion concentration in the

electrolyte layer along the charge transfer path. For exam-

ple, Duncan et al.245, 246 described the charge transfer in an

SOFC structure using the Nernst ± Planck equation in the

continuous-medium approximation and the Butler ± Volmer

equation for the overvoltage across the electrode; this

approach made it possible to determine the influence of

current density on the values of activation and ohmic

overvoltage. It was established that the cathode overvoltage

becomes determining with a decrease in the SOFC working

temperature and that the OCV sharply drops with a

decrease in the electrolyte thickness because of the increase

in the leakage current (Fig. 19). At the same time, the ohmic

losses increase with an increase in the electrolyte thickness.

Therefore, one can determine the optimal thickness of

electrolyte with mixed conductivity (*7 mm) corresponding

to the maximum generated SOFC power.

A more complicated theoretical model was developed by

Shen et al.247, 248 for the case of two-dimensional spatial

distribution of flows in an SOFC cell. Transport processes

in the cell both along the gas channels through which

reagents (hydrogen and oxygen) are fed and in the trans-

verse direction, along which the ion and electron charges are

transferred. The developed models made it possible to

determine the influence of parameter distribution both

along the gas flow directions in the anode and cathode

channels and across the SOFC planar structure. Depend-

ences of the electron leakage current on the voltage across

the cell at different velocities of supplied gas flows were

obtained. The leakage current increased with an increase in

voltage; however, according to the simulation results, the

influence of the flow velocity on the leakage current turned

out to be insignificant. There may be some influence of fuel

flow velocity in the anode channel: slowing down the flow

leads to a decrease in the leakage current.

A fuel cell containing a two-layer electrolyte, with a

layer blocking the electron leakage current, was studied by

Virkar 249 using the equivalent electric circuit method. The

ion and electron charge transfer is considered under the

local equilibrium conditions, at which there is a correspond-

ence between the oxygen chemical potential (mO2
) and local

partial oxygen pressure at each point of electrolyte:

mO2
� m�O2

� kT ln pO2
(28)

where m�O2
is the standard value of oxygen chemical poten-

tial.

In the general case the carrier flow is due to the presence

of electrochemical potential gradient. It was assumed that

there is no chemical potential gradient for electrons, and

they are transported only under the action of electric

potential gradient, whereas the oxygen ion flux is due to

the gradients of both pO2
and electric potential. A case with

a layer of electrolyte with mixed electronic7ionic conduc-

tivity (for example, based on CeO2), located at the cathode

side, and a blocking layer of electrolyte with mainly ionic

conductivity (e.g., YSZ), at the anode side, was considered.

The equivalent electric circuit method was used to obtain

the expression for partial oxygen pressure at the interface

between the blocking layer and MIEC electrolyte. The

corresponding value pO2
at the interface in the case of

open circuit in the absence of essential electronic conduc-

tivity in the blocking layer is determined by the partial

pressure from the side of air electrode (cathode). In the

general case, the larger the ratio of the electronic conduc-

tivity of MIEC electrolyte to that of the blocking layer, the

higher the partial oxygen pressure at their interface. The

high partial pressure at the interface provides thermody-

namic stability of the MIEC electrolyte; therefore, along

with high ionic conductivity, there must be rather high

electronic conductivity of electrolytic material from the

side of air electrode (the latter can be obtained, in partic-

ular, by introducing transition metal additives, see Section

2.2.1). It was shown that, when the influence of the polar-

ization resistance of electrodes is weak, the generated cell

specific power is maximum if the total resistance of bilayer

electrolyte to ion current is equal to the load resistance.

Within this model the maximum power monotonically

increases with a decrease in the blocking layer thickness at

a constant total thickness of bilayer electrolyte, while the

partial oxygen pressure at the interface between electrolytic

layers decreases (Fig. 20). Thus, there arises an actual

limitation on the degree of decreasing the blocking layer

thickness in comparison with the total thickness of electro-

lyte to provide thermodynamic stability of the latter.

The influence of partial oxygen pressure on the elec-

tronic conductivity was disregarded;249 it was taken into

account later by Marques and Navarro.250 As a result, the

influence of ionic conductivity, thickness of layers, and
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blocking layer position (from the anode or cathode side) on

the open circuit voltage, distribution profile of partial oxy-

gen pressure, and oxygen ion flux were determined.

Wang et al.251 presented simulation results for bilayer

electrolyte BZCY/SDC20. A one-dimensional numerical

SOFC model with SDC electrolyte and blocking BZCY

layer was developed on the basis of the Nernst7Planck

equation of ion and electron transport of n and p types

under gradients of electrical and chemical potentials. The

authors used the following simplifications:

Ð the ionic conductivity of electrolyte is independent of

partial oxygen pressure; the dependence of the electronic

conductivity of n and p types on the partial oxygen pressure

is described by a power law;

Ð the main contribution is from the activation and

ohmic polarization, the concentration polarization is

absent; and the temperature distribution in the cell is

uniform;

Ð charge carrier fluxes are directed perpendicular to the

BZCY/SDC interface;

Ð the flux value does not change along the interface.

The formulation of transport equations is due to the

charge conservation condition and the dependence of flux

on the electrochemical potential gradient. The activation

losses on electrodes are taken into account within the model

in the Butler ± Volmer equation. The transport equations

were solved with allowance for the constant electric poten-

tial difference between the outer anode and cathode surfa-

ces. The solution was performed by the finite-element

method using the Comsol Multiphisics 5.2 software. As a

result, the following cell parameters were found: OCV,

specific leakage currents, current7voltage characteristics,

specific power density at a voltage of 0.7 V, electrochemical

efficiency, and distribution of partial oxygen pressure. The

calculations were carried out for different working temper-

atures and thickness ratios for the main and barrier layers;

hence, the calculation results can be used to optimize the

design of cells having a barrier layer doped with barium

cerate and ceria-based electrolyte. The authors performed a

comparative analysis of two SOFC configurations.

Configuration 1 Ð the barrier layer is located from the

anode side: anode (500 mm)/BZCY (19 mm)/SDC (11 mm)/

cathode (40 mm).

Configuration 2 Ð the barrier layer is located from the

cathode side: anode (500 mm)/SDC (11 mm)/BZCY (19 mm)/

cathode (40 mm).

It was found that the OCV is higher and the leakage

current is lower in configuration 1 as compared with

configuration 2. Lowering temperature led to an increase

in leakage current and a decrease in OCV. Thus, with an

increase in temperature, configuration 1 generates higher

specific power, because the lower OCV plays an important

role in configuration 2 (Fig. 21 a). The optimal thickness

ratios for the main and barrier electrolyte layers at which

the cell specific power is maximum are, respectively, 0.12

and 0.22 for the first and second configurations (Fig. 21 b).

The problem of electron current leakage in electrolytes

with mixed conductivity can be solved by applying compo-

site electrolytes, e.g., a mixture of oxygen-conducting par-

ticles based on cerium oxide and particles blocking the

electronic conductivity, in particular, BaCe0.8Sm0.2O37d

(BCS). A material blocking electronic conductivity can be

applied in the form of an insulating shell on oxygen-

conducting cerium oxide particles. Ma et al.252 performed

a numerical simulation of charge transfer in a core/shell

composite structure using the spherical shell model. They

used the Nernst7Planck transport equation to describe the

flux of ions, electrons, and protons; the stochastic Monte

Carlo method to simulate the random particle distribution

(Fig. 22 a), and the core/shell model to calculate conductiv-

ity (Fig. 22 b). The proton transport number, open circuit

voltage, leakage currents, and generated power depend on

the volume fraction of BCS particles (Fig. 22 c). When the

blocking shell consists of small BCS particles with protonic

conductivity, surrounding larger particles of MIEC electro-

lyte SDC20, the SOFC parameters are significantly affected

by the contact angle between contacting SDC20 particles

(Fig. 22 b). With an increase in this angle and, correspond-

ingly, the contact area between particles, the leakage current

increases and OCV decreases.
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Thus, the above review of theoretical models describing

the processes occurring in SOFCs with a mixed-conductivity

electrolyte showed that one can increase the generated

power of SOFCs and provide their operational stability by

complex optimization of the microstructural, electrochem-

ical, and transport characteristics of both the porous

electrode materials and the electrolyte material. It is of

interest to develop further the theoretical models and

methods of numerical simulation of the electrochemical

reactions occurring in SOFC and the corresponding heat-

and mass exchange processes using the methods of compu-

tational hydrodynamics, kinetic theory, and lattice Boltz-

mann equations.253, 254

6. Nanocomposites based on electrolytes with
mixed conductivity

It was shown in the previous Sections that, when passing to

the low-temperature range (<600 8C), the conductivity

activation energy in solid electrolytes based on CeO2

increases significantly due to the formation of vacancy

associates, and the grain boundary resistance rises signifi-

cantly as well. Thus, to provide successful operation of

CeO2 electrolytes in low-temperature devices, along with

doping (aimed at modifying the bulk properties of mate-

rial), one must increase the grain boundary and interface

conductivity. Nanomaterials have undoubted advantages in

this context. However, single-phase nanomaterials based on

CeO2 are characterized by enhancement of not only ionic

but also electronic conductivity, which is a hindrance for

their use as SOFC electrolytes.115, 254, 255 Therefore, the

design of nanocomposites has become an object of special

interest for some research teams. In particular, intense

studies of nanocomposites based on ceria and different

salts of alkali metals have been performed for the two last

decades. Among them, of particular interest are the carbo-

nate systems referred to as 3C (Ceria Carbonate Composite)

materials in the literature. The works aimed at designing

these composite systems, analyzing their properties, and

applying them in low-temperature SOFCs, as well as the the

studies devoted to the discussion of the conductivity mech-

anisms and problems of stability of these materials, were

considered in detail in reviews.256 ± 260 Currently, studies

aimed at applying materials based on salts and ceria in the

SOFC technology are performed by several research teams

from China, Sweden, Finland, India, France, and Portugal.

In Russia, to the best of our knowledge, investigations of

different salt composites were performed mainly for systems

with an inert oxide phase,261 ± 263 whereas publications on

salt ceria-based composites are absent.

6.1. Composition and structure of salt nanocomposites
An analysis of foreign publications showed that both singly

doped and co-doped electrolytes with a high ionic bulk

conductivity are used as a solid-phase cerium-containing

phase to obtain nanocomposites: Ce0.8Sm0.2O1.9,264 ± 267

Nd0.2Ce0.8O1.9,267 Ce0.9Gd0.1O1.95 and

Ce0.8Gd0.2O1.9,268 ± 270 Ce0.9Eu0.1O27d,271 Ce0.85Er0.15O27d,

Ce0.85La0.15O27d, Ce0.95Sr0.05O27d,272, 273

Ce0.95Ca0.05O27d,274, 275 Ce0.8Gd0.05Y0.15O1.9,276

Ce0.8Sm0.1Nd0.1O1.9
277 and Ce0.8Sm0.27xCaxO27d.278, 279

The electrical properties of composites are determined

mainly by the salt component properties. The key factors

are the composition,280, 281 salt percentage in the compo-

site,282, 283 and its formation temperature.284 Synthesis of

composite ceria-based electrolytes is performed using, along

with carbonates, chlorides 285, 286 and sulfates;287, 288 how-

ever, the number of such studies is much smaller.

Salt nanocomposites can be fabricated in different

ways. The most widespread technique is the two-step

method, in which a ceria-based electrolyte is first synthe-

sized and then mixed with a salt (or separately prepared

mixture of salts), after which a composite is formed by

pressing with subsequent annealing and quenching (or

without it) or by hot pressing. The one-step method of

fabricating a composite (one-pot synthesis) implies simul-

taneous coprecipitation of all its components, synthesis

and grinding, and further sample formation and sintering.

Impregnation method is also used, in which a salt compo-

nent is introduced into a porous electrolytic matrix to

form a nanocomposite.

As an example, Fig. 23 a7c presents structure micro-

graphs of typical composite SDC207LNC52/48

[LNC52/48 { corresponds to the composition

(Li0.52Na0.48)2CO3] with different carbonate phase contents,

obtained by the conventional two-step method with a final

sintering temperature of 650 8C.289 Nanoparticles of SDC

electrolyte, synthesized by hydroxide coprecipitation, are

uniformly distributed in the nanocomposite; particle7par-
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ticle voids are filled with carbonate. The carbonate shell

with a thickness of * 6 nm is rigidly connected with SDC

particle [Fig. 23 d, carbonate content 50 vol.% (25 wt.%)].

With an increase in the carbonate volume fraction the shell

thickness continues to increase until reaches a critical value,

depending on the interphase interaction force (Fig. 23 e). A

composite with a high carbonate content has a three-dimen-

sional structure with randomly distributed electrolyte par-

ticles, coated by a dense amorphous salt shell (core/shell

structure); the voids between them are filled with the

unbound carbonate phase (Fig. 23 f ).

Comparative X-ray diffraction studies performed by

different authors showed that the salt phase is mainly in

the amorphous state at room temperature and, only when

the carbonate content exceeds the critical value, weak peaks

of a crystalline carbonate phase arise in X-ray diffraction

patterns. Strong interphase interaction in salt ceria-based

composites was confirmed using IR spectroscopy in a

number of studies. In particular, IR spectra of carbonate

composites exhibit splitting of the absorption band with a

frequency of *1450 cm71, which is characteristic of carbo-

nate.281, 290

6.2. Modelling of the transport properties of salt composites
The generally accepted explanation of the increase in the

conductivity of 3C composites is based on Mayer's theory

of space charge regions.291 ± 293 The surface of cerium nano-

particles has an enhanced chemical activity, which manifests

itself in the surface reduction of Ce4+ to Ce3+ and occur-

rence of different oxygen species (Oÿ2 , O7 and O27) on the

surface. The latter actively interact with mobile carbonate

cations, which results in their adsorption on the surface of

cerium particles (Fig. 24). The electroneutrality of the

system is provided by the formation of cation vacancies in

the carbonate phase, which make it negatively charged.

However, in view of the Coulomb interaction with pos-

itively charged interface, vacancies are concentrated in a

thin Debye layer (*2 ± 10 nm) near the particle surface,

thus forming superionic conductivity channels. Having

described interaction within a simple Coulomb model, Zhu

et al.291 estimated the mobility activation energies for O7

and O27 in the interfacial region, which were found to be

0.2 and 0.1 eV, respectively (as compared with 1.0 eV for

the bulk conductivity).

However, the multi-ion interaction in real systems may

lead to some increase in the ionic conductivity activation

energy. On the whole, the total conductivity of composites

at temperatures above the superionic transition temperature

does not exceed the conductivity of salt systems. For this

reason, some researchers were doubtful about good pros-

pects of composites.294 At the same time, many studies

confirmed the increase in the partial values of protonic

and oxygen ionic conductivity in 3C composites in compar-

ison with the reference solid electrolyte based on CeO2, with

simultaneous blocking of electronic conductivity. Due to

this, one can use composite membranes in low-temperature

SOFCs, reaching power density >1 W and OCV>1 V in

the temperature range of 500 ± 600 8C, i.e., below the work-

ing temperatures of FCs based on molten carbonates

(650 8C); this approach may help to solve the problem of

electrode degradation.258 Ricca et al.295, 296 proposed a

special strategy to form nanocomposites with predicted

properties, which combines experimental investigations of

their electrical properties and structure simulation by the

b c
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Figure 23. (a7d ) Micrographs of com-
posite SDC207LNC52/48 with carbo-
nate phase contents of (a) 30, (b) 50, and
(c) 60 vol.% and (d ) particle with a core/
shell structure in the composite. (e, f )
Schematic structures of composites with
(e) subcritical and ( f ) supercritical car-
bonate phase content.289 Published with
permission of Elsevier.

CeO2

bulk
CeO2

bulk

CeO2

bulk

CeO2 CeO2
M2CO3

M+

O7

Figure 24. Schematic dia-
gram of interaction
between oxygen ions on
the surface of particle of
electrolyte (based on
doped ceria) and carbo-
nate phase cations. The
sinusoid shows the
change in the electric
field at the boundary
between two solid-phase
particles. The figure was
compiled by the authors
based on the data of
Ref. 291.

E.Yu.Pikalova, E.G.Kalinina

730 Russ. Chem. Rev., 2021, 90 (6) 703 ± 749



DFT method; it was applied to salt systems with a number

of solid electrolytes.

6.3. Experimental study of the electrical properties
of salt composites
A detailed review of the methods for studying the ionic

conductivity of carbonate composite electrolytes (ac and dc

measurements, analysis of gas composition in a cell with

separated gas space), influence of atmosphere and measur-

ing cell configuration, nature of electrodes and their con-

figuration on sample, and many other parameters was

presented by the research team of Lund and co-workers.297

The authors noted that in most cases the total conductivity

of composites was measured using ac impedance spectro-

scopy. The temperature dependences of the total electrical

conductivity of a composite based on SDC20 with an

optimal content of the carbonate phase

LNC52/48 (50 vol.%) are presented in Fig. 25 a, which

shows also the temperature dependences of the electrical

conductivity of basic components and the theoretical elec-

trical conductivity of composite, calculated from the phe-

nomenological equations for the electrical conductivity of

microscopically inhomogeneous materials.298 In the temper-

ature range of 500 ± 650 8C, the experimental values of total

conductivity are below the calculated ones. The authors

explained this discrepancy by the decrease in the average

migration rate of metal ions in a winding medium with

randomly distributed solid electrolyte particles. At the same

time, in the temperature range of 450 ± 500 8C, the exper-

imental values of the total conductivity of composite

exceeded the theoretical ones, obtained with interphase

interaction disregarded. This feature is explained as follows:

due to the strong interphase interaction, the shell carbonate

remains in the amorphous state even at temperatures below

the melting point (49 8C), thus providing high mobility of

charged particles. It should be noted that the transition

temperatures (Ttrans) in composites with binary and ternary

salts are generally 20 ± 30 8C below the melting temper-

atures (Tmelt) of these salts or are equal to them, whereas

in the case of simple salts the Ttrans values for salt compo-

sites based on doped ceria are much lower than Tmelt and

Ttrans for similar systems with CeO2 (Ref. 299) and other

oxide additives.300

The partial conductivity in salt composites is conven-

tionally measured by the dc four-probe method.297 The

temperature dependences of the oxygen ionic and protonic

conductivities, obtained by this method for LNC52/48

(composite SDC with 50 vol.% carbonate) 289 in oxygen

and hydrogen atmospheres are presented, respectively, in

Fig. 25 b,c. The experimental values exceed the theoretical

ones, found disregarding the interphase interaction: by a

factor of 10 for the protonic conductivity and twice as high

for the oxygen ionic conductivity.

Having studied the concentration dependences of the

oxygen ionic and protonic conductivities, the authors dem-

onstrated that the conductivities of both types increase until

the content of volume fraction reaches a critical value, equal

to 43 ± 45 vol.%, and then decrease with a further increase

in the carbonate content. To calculate the conductivity of

composite in the subcritical state, when it can be considered

as a 3D structure with randomly packed spherical particles

of the same type (see Fig. 23 e), the authors used the single-

particle approximation of the Maxwell ±Garnett effective-

medium theory.301 The electrical properties of composites

with a carbonate content above critical are described within

the Bruggeman model for a heterogeneous medium with

randomly distributed particles of two types in the Landauer

modification.302, 303 The values of oxygen ionic and pro-

tonic conductivity of the surface layer (*6 nm thick) coat-

ing SDC crystallites were estimated by the authors within

the aforementioned models to be, respectively, 46.0 and

97.0 mS cm71 at 650 8C, which exceeds the corresponding

values for the LNC phase Ð molten binary salt Li2CO37
Na2CO3 (12.0 and 8.0 mS cm71) and the SDC phase (11.0

and 1073 mS cm71).

For the SDC20-based nanocomposites, the highest val-

ues of total conductivity in air (at 550 8C) were obtained for

compositions with 20 wt.% LNC52/48 (440 mS cm71) 304

and 30 wt.% (Li0.321Na0.334K0.345)2CO3 (410 mS cm71).305

Large values of total conductivity were also observed for a

composite obtained by impregnation of LNC52/48 into a

ceramic matrix SDC20 (up to 530 mS cm71 at a carbonate

content of 40 vol.%).306, 307

On the whole, the results of measuring conductivities,

including partial ones, performed by different research

teams and even obtained for similar systems, differ signifi-

cantly. Until now, the question about the dominance of a

particular conductivity type in these systems is debated:

either this is oxygen ionic conductivity, which is intrinsically

inherent in composite components, or protonic conductiv-

ity, which is due to external factors. In particular, Wang

and co-workers 274, 308, 309 showed that the protonic conduc-

tivity in some composites based on SDC and Ce0.8Ca0.2O1.8

(CDC) with different sodium carbonate (NC) contents
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(sH� ), measured in a reducing atmosphere (specifically, in

hydrogen or hydrogen-containing mixtures), exceeds greatly

the oxygen ionic conductivity (sO2ÿ ) measured in air or

oxygen (for example, for composite SDC20 with 10% NC,

the values of sH� and sO2ÿ at 500 8C are, respectively, 0.063

and 0.004 S cm71). The authors proposed an empirical

model of increasing the protonic conductivity in carbonate

composite, which they referred to as the Swing Model. The

protons arriving at the composite electrolyte placed in a

reducing medium (from the anode side of SOFC) can form

metastable hydrogen bonds with oxygen ions on the SDC

surface during interaction with CO2ÿ
3 groups. An increase in

temperature above the critical point (at which carbonate

becomes amorphous) leads to enhanced vibrations of C7O

bond (stretching and bending) and increases mobility and

rotation of CO2ÿ
3 groups. These motions provide fast break

and formation of hydrogen bonds in the carbonate shell and

enhance proton transport, whose driving force is the proton

concentration gradient. Carbonate ions play a role of a

bridge, providing proton motion from one bond to another.

The authors explained the possibility of this mechanism by

the presence of oxygen pairs on the cerium surface with a

bond length close to that in CO2ÿ
3 groups. Therefore, when

oxygen pairs on the cerium surface form bonds with

protons, the latter can easily be transported via break of

the metastable H7O bonds. The carbonate shell plays a

multiple role: acts as a phase retaining electrolyte in the

nanoscale state and a phase facilitating the proton trans-

port; it also blocks electronic conductivity (the value meas-

ured by the authors using the Hebb7Wagner polarization

method in a gas mixture (5% H2+95% N2) was

0.2 mS cm71 at 550 8C, i.e., *0.3% of the level of protonic

conductivity at this temperature (63 mS cm71).

The swing model turned out to be inefficient for systems

with binary and ternary salts, which do not exhibit such a

large difference in the oxygen ionic and protonic conductiv-

ities. In particular, the sH� value for the composite SDC20

with 20 wt.% binary salt LNC66.7/33.3, measured in hydro-

gen, is approximately twice as large as sO2ÿ (40 and

18 mS cm71, respectively, at 550 8C).310 For SDC20 com-

posites with different contents of binary salt LNC52/48, the

sH� value measured by the four-probe method exceeds only

slightly 289 sO2ÿ (or is even lower).311

Ali et al.312 investigated composites with different salts

obtained by the one-step method:

Na2CO37SDC20 (NC7SDC), K2CO37SDC20

(KC7SDC), Li2CO37SDC20 (LC7SDC), (Li2CO37

Na2CO3)7SDC20 (LNC7SDC), (Na2CO37
K2CO3)7SDC20 (NKC7SDC),

(Li2CO37K2CO3)7SDC20 (LKC7SDC) and

(Li2CO37Na2CO37K2CO3)7SDC20 (LNKC7SDC).

Among the single systems (Fig. 26 a), the highest conduc-

tivity (measured by impedance spectroscopy) was obtained

for NC7SDC20 (52 mS cm71 at 600 8C). Among the

systems with a binary salt (Fig. 26 b) the highest conductiv-

ity was found for LNC7SDC20 (310 mS cm71) and for the

ternary system (Fig. 26 c) LKC7SDC20 (94 mS cm71).

For all investigated systems, the sO2ÿ value, measured

by the dc four-probe method, exceed the sH� values. Kinks

in the Arrhenius dependences (except for the dependence

sO2ÿ for composite KC7SDC) were observed at * 450 8C
for single and binary salt composites (despite the differ-

ence in the melting points of simple salts and eutectics)

and at 400 8C for the ternary system. Previously, Ferreira

et al.270 suggested that protons interacting with CO2ÿ
3

diffuse through the carbonate phase in the form of

HCOÿ
3 . In this case, oxygen ions can be dissolved in the

carbonate phase, according to following equilibrium

equation:

CO2ÿ
3 CO2+O27 (29)

Thus, oxygen ions can be transported not only through

the bulk of solid electrolyte but also through the carbonate

phase. The authors explain the dominance of oxygen ionic

conductivity (observed in the aforementioned studies) by

the fact that O27 anions in both phases are structural (or

internal) charge carriers, whereas H+ ions are external

carriers, depending on the gas-phase conditions.

6.4. SOFCs based on salt composites and ways to increase
their operation efficiency
A schematic diagram of operation of an SOFC with a

composite 3C membrane is presented in Fig. 27. The coop-

erative mechanism of multi-ion conductivity in 3C compo-

sites makes it possible to obtain high SOFC output powers

at relatively low temperatures. The powers of SOFC with a

composite membrane having a thickness from 200 to

900 mm and with SDC20 electrolyte *10 mm thick are

comparable. It was suggested by Asghar et al.279 that,

having developed adequate methods for fabricating thin-

film composite membranes, one can increase the power

density of SOFC with a composite 3C membrane to

2.5 W cm72 at 550 8C. In addition, the OCVs for low-

temperature SOFCs with a composite membrane (generally,
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Figure 26. Arrhenius dependences of partial conductivity, measured in oxygen- and hydrogen-containing media, for composites based on
SDC20 with (a) single, (b) binary, and (c) ternary salts.312 See text for phase designations. Published with permission of American Chemical
Society.
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*1 ± 1.1 V or more at temperatures of 550 ± 600 8C) exceed
those for SOFCs with a single-phase membrane based on

doped cerium (*0.8 ± 0.9 V) in this temperature range due

to the decrease in the electronic conductivity of composite.

Some authors noted water release in this cell from both

cathode and anode sides, which proves indirectly the exis-

tence of mixed oxygen ionic and protonic conductivity of

3C composites.

Di et al.304 investigated the influence of humidity on the

OCV in SOFCs with a composite membrane of the

SDC207LNC52/48 composition, using air and hydrogen

as cathode and anode gases, respectively. The maximum

OCVs, found at the same minimum water content in the

anode and cathode channels (0.6 vol.%, 1.053 and 1.036 V

at 500 and 600 8C, respectively), decreased with an increase

in the humidity of anode and cathode gases (Table 6). The

OCVs determined by the authors are smaller than the

calculated ones (1.207 V) because of the low density of the

membrane obtained by mixing components. It was also

noted that OCV decreases at temperatures <Tmelt of the

carbonate mixture (0.96 V at 450 8C) due to the even larger

decrease in membrane density. The density and electrical

properties of composite membranes can be improved by

increasing the sintering time (up to 20 h), using low vacuum

during their formation, and applying one-step chemical (as

well as infiltration) methods to form a composite. The

infiltration method allows for increasing the mechanical

strength of membrane.265

The SOFC output increases when using a gas mixture

containing carbon dioxide as an oxidant. In particular, it

was shown by Li's team 313, 314 that the replacement of air

with a mixture of oxygen and carbon dioxide (1 : 1 vol.%)

provides an increase in the output of an SOFC with

a composite membrane 70 mol.% SDC20 ±

30 mol.% LNC50/50 due to the increase in both power

and OCV (at 650 8C, respectively, from 1.0 W cm72 and

1.03 V to 1.7 W cm72 and 1.13 V). One can suggest the

following generalized mechanism of ion transport in a

composite membrane, provided that carbon dioxide is

present in the cathode gas:

Ð transport of O27 through the bulk of particles and

grain boundaries in the electrolyte based on doped CeO2 ,

similar to that in conventional SOFCs;

Ð interfacial oxygen ionic conductivity with participa-

tion of the carbonate phase;

Ð occurrence of H+ due to the dissociation of hydrogen

molecules on the anode and protonic conductivity through

the interfaces with participation of the carbonate phase

(possible mechanisms of protonic conductivity were consid-

ered in the previous section);

Ð transport of CO2ÿ
3 through the bulk of the carbonate

phase.

Thus, the carbonate phase is an important intermediate

stage in the implementation of oxygen ion and proton

transport in SOFCs based on 3C composites. An essential

aspect is the choice of electrodes for low-temperature

SOFCs with a composite 3C membrane. Lithiated NiO is

often used as a cathode. Proton transport in the layered

structure of this compound facilitates expansion of the

three-phase boundary and decrease in the polarization

resistance of cathode contacting with the composite, which

has a rather high protonic conductivity. Thus, promising

candidates can be cathode materials developed both for

molten carbonate fuel cells (MCFCs) and for low-temper-

ature fuel cells based on proton-conducting ceramic electro-

lytes (PCFCs). In addition, conventional cathodes with a

perovskite structure, compatible with ceria-based electro-

lytes, can be used as cathodes for SOFCs with a composite

membrane; their activity at low operating temperatures is

increased by modifying with additives of carbonate or 3C

composite.

The mechanism of oxygen reduction reaction on a fuel

cell cathode in the presence of the carbonate phase was

studied repeatedly, both experimentally and theoretically

with application of DFT.315 ± 317 Reactions with formation

of intermediate CO2ÿ
4 and CO2ÿ

5 ions were shown to be

thermodynamically more favourable; i.e., the presence of

Load

e7 e7

Cathode Electrolyte Anode

H2O2, CO2

H2O H2O, CO2

Current collectors

H+, Li+, Na+ O27, CO2ÿ
3 , OH7

oxygen hydrogen ceria REE carbonate carbon dioxide carbonate

ion

Figure 27. Schematic diagram of
operation of an SOFC with a com-
posite 3C membrane; a CO2-con-
taining mixture and hydrogen are
used as cathode and anode gases,
respectively. The figure was com-
piled by the authors based on the
data of Ref. 279.

Table 6. Influence of the humidity of cathode (air) and anode (hydro-
gen) gases on the OCV of an SOFC with a composite membrane
80 wt.% SDC20 ± 20 wt.% LNC52/48 (185 mm).304

H2O content (vol.%) OCV, V

anode gas cathode gas at 500 8C at 600 8C

0.6 0.6 1.053 1.036

0.6 2.3 1.045 1.022

2.3 2.2 1.017 1.012

2.3 2.3 1.009 1.002
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the carbonate phase at the three-phase boundary accelerates

oxygen reduction due to the formation of alternative chan-

nels of oxygen transport from the cathode to the electrolyte.

A `cogwheel' mechanism, implying the formation ± break of

O7CO2ÿ
3 bonds, was proposed to describe the transport of

CO2ÿ
4 from the carbonate surface to the interface. The

introduction of the carbonate phase has some advantages

over the infiltration method commonly adopted for the

cathode activation. In particular, it was shown 318 that

activation of LSCF7GDC cathode by introducing carbo-

nate LKC62/38 (LKC is the binary salt Li2CO37K2CO3) in

amount of 3.6 mg cm72 led to a decrease in the polarization

resistance by a factor of 20 ± 40 and contact resistance by a

factor of 2 ± 3 in a temperature range of 550 ± 650 8C,
whereas in the case of infiltration of LSCF into a porous

matrix the polarization resistance was reduced by a factor of

2 ± 10 without affecting the contact resistance.

The mechanism of oxygen reduction in this modified

electrode is schematically presented in Fig. 28. Two ways of

oxygen reduction reaction in a MIEC-SOFC electrode

modified by the carbonate phase (MC) can be selected.

The first (indicated by dotted arrows) includes adsorption

from the gas phase, dissociation, and diffusion of oxygen

over the MIEC-phase surface (Os), incorporation of oxygen

and its transport through the MIEC-phase bulk to the

electrolyte in the form of O27 ions, and charge transfer

through the MIEC/electrolyte interface. The second way

implies participation of the carbonate phase and can be

presented as follows (the numbers of stages are indicated in

black circles in Fig. 28):318

stage 1: oxygen chemisorption from the gas phase on the

MC/O2 interface

CO2ÿ
3 (MC)+O2=CO2ÿ

5 (MC) (30)

stage 2: interaction between CO2ÿ
5 and CO2ÿ

3 in the bulk of

the carbonate phase

CO2ÿ
5 (MC)+CO2ÿ

3 (MC)=CO2ÿ
4 (MC) (31)

stage 3: ion transport in the carbonate bulk to the

MC/MIEC interface

CO2ÿ
4 (O2/MC)=CO2ÿ

4 (MC/MIEC) (32)

stage 4: charge transfer on the MC/MIEC interface

CO2ÿ
4 (MC)+2 e7(MIEC)=CO2ÿ

3 (MC)+O27(MIEC) (33)

stage 5: charge transfer through the MIEC/electrolyte inter-

face

O27(MIEC)=O27(electrolyte) (34)

It should also be noted that the method of fabricating

perovskite cathode materials using molten salts is being

actively developed. This technique makes it possible to

obtain highly dispersed materials;319 cathodes can be

formed based on these materials without the stage of

preliminary sintering with the electrolyte.

Conventionally, the following oxides are applied in

SOFC anodes with a composite 3C membrane: NiO, ZnO7
NiO, Li2O7NiO7ZnO, and Li2O7NiO7CuO7ZnO.

CuO and ZnO additives are used to reduce the NiO

solubility in carbonate and improve the electrochemical

activity and stability of anode. Such anodes can successfully

operate in cells based on 3C-composite membranes. In

particular, Raza et al.320 obtained the following values of

power density for a single SOFC with a scaled (60660 mm)

electrolyte SDC207NC and a nanocomposite anode

LiNiCuZn: 970, 300, 600, and 550 mW cm72 at 550 8C
(using, respectively, hydrogen, biogas, biomethanol, and

bioethanol as a fuel). Gao et al.,321 who used a mixture of

methanol and water vapour (1 : 1) as a fuel, obtained power

of 603 mW cm72 at 600 8C for an SOFC with the

SDC7LNC53/47 composite electrolyte and the LiNiCuZn

anode.

Examples of SOFCs with different salt composites,

including sulfates and chlorides, which were not considered

thoroughly in the review, can be found in Table 7. Data

obtained by different research groups are presented for

objectivity. An analysis of these results showed that high

powers can be obtained only by optimizing the fabrication

technology and decreasing the electrolyte thickness, as well

as by optimizing the composition and microstructure of

electrodes. An interesting comparison of SOFCs with salt

composites and MCFCs was performed in the review by

Tomczyk.322 In contrast to SOFCs, lower current densities

were obtained in MCFC because of the limited region of

electrode reaction and low solubility of oxygen and hydro-

gen in molten carbonates. In opinion of the author, MCFCs

are advantageous for stationary setups, whereas SOFCs,

including those with carbonate electrolytes, can also be

applied as portable devices.

7. Methods aimed at increasing the SOFC
performance by forming heterostructures

Recently the research in the field of formation of nanoscale

heterostructures of various types for functional SOFC units

(cathode, electrolyte, anode) has been actively developed.

The purpose is to increase significantly the output due to

the intensification and expansion of the electrode-reaction

zone, increase the ionic conductivity, and reduce the polar-

ization loss with a decrease in working temperature. The

modern state of art in the research in this field is described,

for example, in reviews by Zhao et al.323 and Garbayo

et al.324

7.1. Formation principles and properties of electrolytic
heterostructures
Intense development of the studies devoted to the nature

and mechanisms lying in basis of the effects of developed

O2
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O27 CO2ÿ
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Figure 28. Schematic mechanism of oxygen reduction reaction in
an SOFC perovskite cathode, modified by carbonate additives
contacting with oxygen-conducting electrolyte. CO2ÿ

5 and CO2ÿ
4

are intermediate species, playing the role of fast absorber and
carrier of oxygen. See text for designations 1 ± 5. The figure was
compiled by the authors based on the data of Ref. 318.
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Table 7. Characteristics of SOFCs with salt composite membranes.

Membrane (thickness) Gas medium T, 8C OCV, V Specific power Ref.
(anode/cathode) density, mW cm2

Solid-oxide cells with a 3C membrane

Anode: 50 vol.% NiO750 vol.% (SDC207LNC 50/50),

cathode: 50 vol.% LiNiO2750 vol.% (SDC207LNC 50/50)

95SDC20 ± 5NC (*0.2 mm) H2/air 550 0.93 514 308

90SDC20 ± 10NC (*0.2 mm) H2/air 550 0.96 833 308

85SDC20 ± 15NC (*0.2 mm) H2/air 550 0.93 729 308

80SDC20 ± 20NC (*0.2 mm) H2/air 550 0.88 613 308

Anode: 50 vol.% NiO750 vol.% electrolyte (0.5 mm),

cathode: 50 vol.% LiNiO2750 vol.% electrolyte (0.25 mm); Ag collector

70 SDC20 ± 30 LNC50/50 a

GN (0.5 mm) H2/CO27O2 650 1.15 607 264

OC (0.5 mm) H2/CO27O2 650 1.10 1266 264

SG (0.5 mm) H2/CO27O2 650 1.19 1121 264

OC (0.25 mm) H2/CO27O2 450 ± 650 1.03 ± 1.13 350 ± 1704 264

OC (0.25 mm) H2/air 450 ± 650 1.00 ± 1.00 300 ± 1000 264

Anode: NiO ± electrolyte (ratio is not indicated),

cathode: LiNiO2 ± electrolyte (ratio is not indicated)

SDC207LNC52/48 (4 : 1wt.) H2/air 500 1.05 432 304

H2/air 550 1.03 563 304

H2/air 600 1.03 590 304

Anode: 50 wt.% LiNiZnCu735 wt.% electrolyte Ð 7.5 wt.% EC77.5 wt.% PVA,

cathode: 50 wt.% LSCF735 wt.% electrolyte77.5 wt.% EC77.5 wt.% PVA; Au collector

70 Ca7SDC730 NLKC33.4/32.1/34.5 H2/air7CO2 450 0.92 260 279

(0.9 mm) H2/air7CO2 500 1.02 560 279

H2/air7CO2 550 1.14 1030 279

Anode: 45 wt.%NiO745 wt.% electrolyte710 wt.% EC,

cathode: 45 wt.% LSCF745 wt.% electrolyte710 wt.% EC

70 SDC15 ± 30 NLKC33.4/32.1/34.5 (0.9 mm) H2/CO27O2 550 1.2 1100 305

H2/air 550 1.05 7 305

Anode:NiO7electrolyte7polystyrene,

cathode: LiNiO27electrolyte7polystyrene

75 GDC20 ± 25 LNC H2/air 450 0.79 44 268

H2/air 500 0.77 54 268

H2/air 550 0.89 92 268

Anode and cathode: 50 wt.% LiNiO2750 wt.% electrolyte; Ag collector

60 Ce0.8Gd0.05Y0.15O1.9740 LNC52/48 (0.7 mm) H2/air 550 1.02 520 b 290

(420)

(300)

Anode: 50 vol.% NiOÐ 40 vol.% electrolyte710 vol.% starch,

cathode: LiNiO27electrolyte

70 GDC10 ± 30 LKC72.7/27.3 H2/air 600 *0.95 60 269

H2/air 550 *1.0 55 269

Solid-oxide fuel cells with a composite 3C membrane

Anode and cathode: LiCuNiZnO Ð electrolyte (ratio is not indicated); Ag collector

SDC207NC (co-precipitation, ratio is not indicated) Fuel:

H2 550 1.1 970 320

biogas aÊ 550 0.8 300 320

CH3OH 550 0.95 550 320

C2H5OH 550 1.0 530 320
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interface on electrochemical transport processes began after

the publication of Garcia-Barriocanal et al.325 They

reported that the ionic conductivity increased by 8 orders

of magnitude along the interface in an YSZ layer with a

thickness of 1 ± 62 nm, located between SrTiO3 (STO) layers

with a thickness of 10 nm, when layers are formed by

epitaxial growth on a single-crystal STO substrate. The set

conductivity value reached 40 S cm71 at a temperature of

277 8C and YSZ thickness is 1 nm. Interpretation of the

obtained results was debated in some studies. For example,

Guo 326 suggested that the revealed increase in conductivity

is due to the presence of p-type electronic conductivity of

strontium titanate.

Cavallaro et al.327 reported the results of studying the

conductivity of three-layer structure STO (10 nm)/

YSZ (1 nm)/STO (10 nm). The dependence of conductivity

on the partial oxygen pressure was found to have the form

s* p0:2O2
, which is close to the dependence of p-type elec-

tronic conductivity, characteristic of acceptor-doped stron-

tium titanate. To refine the mechanisms explaining the

obtained experimental results on the increased conductivity

of heterostructures, Gale 328 performed a theoretical analy-

sis using the DFT, molecular dynamics, and Monte Carlo

methods and atomistic simulation with application of lattice

dynamics methods. The following effects were considered as

possible factors responsible for the increase in conductivity:

Ð influence of mechanical stress near the interface on

the change in the configuration of electron energy levels;

Ð change in mobility and vacancy concentration;

Ð occurrence of space-charge region;

Ð change in the interaction between vacancies.

Some theoretical models developed by Schichtel et al.329

provided quantitative estimates of the change in near-inter-

face ionic conductivity, which demonstrated the influence of

lattice mismatch and occurrence of mechanical stress. It was

found that the ionic conductivity on the interface increases

Table 7 (continued).

Membrane (thickness) Gas medium T, 8C OCV, V Specific power Ref.
(anode/cathode) density, mW cm2

Solid-oxide fuel cells with a composite 3C membrane

Anode and cathode: 50 vol.% LiCuNiZnOÐ 50 vol.% electrolyte

SDC+ n wt.% LNC53/47

n=10 CH3OH+H2O 500 0.871 213 321

n=10 CH3OH+H2O 600 0.835 390 321

n=20 CH3OH+H2O 500 0.858 295 321

n=20 CH3OH+H2O 600 0.85 516 321

n=25 CH3OH+H2O 500 0.803 431 321

n=25 CH3OH+H2O 600 0.810 603 321

n=30 CH3OH+H2O 500 0.837 376 321

n=30 CH3OH+H2O 600 0.848 577 321

Solid-oxide fuel cells with a composite 3C membrane based on sulfates

Anode: NiO7(GDC107LCS) (3 : 2 wt.),

cathode: LiNiO27(GDC107LCS) (3 : 2 wt.); Ag collector

GDC107Li2CO37Li2SO4 (LCS61.1/38.9) H2/air 600 1.01 272 288

Anode: NiO7GDC10 (ratio is not indicated),

cathode: 40 wt.% LSM760 wt.%GDC10

GDC10 H2/air 600 0.86 113 288

Anode and cathode: 20% Pd780% Ag

Ce0.8Yb0.1Gd0.1O27d7Li2SO47K2SO4 (LKS) H2/air 700 *1.1 197 287

(4 : 1 wt.) (1 mm)

Ce0.8Yb0.1Gd0.1O27d (1 mm) H2/air 700 *1.0 39 287

Solid-oxide fuel cells with a composite 3C membrane based on chlorides

Anode: 40 wt.%NiO760 wt.%GDC10 (0.3 mm),

cathode: LiNiO2 (0.5 mm)

GDC107LiCl7SrCl2 H2+3%H2O/O2 550 *0.83 260 285

(LSCl50/50) (12 : 5) H2+3%H2O/O2 590 0.85 330 285

(0.3 ± 0.5 mm) H2+3%H2O/O2 625 7 510 285

Anode and cathode: 20% Pd780% Ag

80 EDC20 ± 20 KCl7NaCl (CNCl50/50) (1 mm) H2/O2 700 *1.05 187 286

EDC20 (1 mm) H2/O2 700 *1.07 30.9 286

Note. Designations are as follows: EDC20ÐCe0.8Er0.2O27d; PVA is polyvinyl alcohol; EC is ethyl cellulose. a Electrolyte SDC20was obtained by

nitrate combustion with glycine (GN), oxalate co-precipitation (OC), sol ± gel (SG) method. bDegradation after 210 and 390 min is shown.
c Biogas composition (vol.%): H2 (25)+CH4 (25)+CO2 (25.1)+N2 (24.9).
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by a factor of * 460 as compared with the bulk value.

Kushima and Yildiz 330 performed a Monte Carlo simula-

tion and found the optimal strain of YSZ lattice at which

the diffusion coefficient of oxygen ions is maximum. An

increase in the diffusion coefficient by a factor of 103 occurs

at a strain of 4% and a temperature of 127 8C, which is

much lower as compared with the data reported previously

by Garcia-Barriocanal et al.325

Atomistic simulation of the influence of strained state

on the transport characteristics of electrolytic materials

based on CeO2 was performed by De Souza et al.331 using

the GULP software, lattice dynamics methods, and empiri-

cal pair-interaction potential, which were described by

Gale.328 It was established that, at a lattice strain of 4%,

the conductivity of CeO2-based electrolyte at a temperature

of 227 8C may increase by a factor of *104 due to the

change in activation energy. According to the calculations,

a similar increase in ionic conductivity occurs for the

SrTiO3/YSZ/SrTiO3 heterostructure. As a result, it was

suggested by Garcia-Barriocanal et al.325 that the elevated

conductivity is due to either electron transport or the

influence of other mechanisms, for example, formation of

a space-charge region. The authors made an emphasis on

the necessity of further theoretical and experimental studies

of the processes occurring in the heterostructures promising

for increasing SOFC efficiency.

It is noteworthy that nanoscale effects arise also in

single-phase electrolyte films with a decrease in the grain

size to 10 ± 20 nm. For example, the ionic conductivity of

thin films based on YSZ 332 and the electronic conductivity

of electrolyte films based on CeO2, both in a reducing

atmosphere and at high partial oxygen pressure, can be

increased with a decrease in the grain size to *10 nm.333

To use most efficiently the nanoscale effects arising at

the interface between structural elements, along with nano-

composites having a core/shell structure and composite

structures in the form of a mixture of particles, their thin-

film modifications have been proposed: a multilayer struc-

ture with a nanoscale layer thickness and vertically aligned

nanocomposite (VAN) films (Fig. 29). VAN films are a

relatively new type of thin-film nanomaterials having a

columnar structure, in which the material of one phase

alternates with the material of another, and the interface

planes are oriented perpendicular to the film plane. The

transverse size of single-phase structural elements is

*10 ± 20 nm. The ion transport along interfaces can be

significantly enhanced in these films, due to which new-

generation SOFCs with a lower working temperature can be

designed.

VAN films have a high density of interfacial regions per

unit volume. This fact determines the difference between the

properties of these films and the properties of correspond-

ing bulk materials. In particular, Su et al.211 reported the

results of studying an SOFC with a two-phase GDC7YSZ

electrolyte layer, formed as a VAN structure, and showed

an increase in the electrolyte conductivity by 50% relative

to the conductivity of single-phase SDC layer and by two

orders of magnitude relative to the YSZ conductivity. With

a VAN structure formed between the YSZ and GDC layers

in an SOFC with a carrier anode, the OCV turned out to be

1.04 V at a temperature of 700 8C, and the power densities

were 0.432, 0.623, and 0.783 W cm72 at 700, 750, and

800 8C, respectively. An YSZ7GDC cell without a VAN

structure exhibited lower power densities: 0.227, 0.376, and

0.571 W cm72 at 700, 750, and 800 8C, respectively.
Based on the above results, one can conclude that the

application of VAN structures is more efficient at lower

working temperatures (the power density increases by

factors of 1.9, 1.6, and 1.4 at 700, 750, and 800 8C,
respectively). When a VAN structure was formed from

above on the GDC layer, between the cathode layer and

electrolyte, the power density was found to be 0.488, 0.694,

and 0.883 W cm72 at 700, 750, and 800 8C, respectively.
The electron micrograph (Fig. 29 c) shows that the VAN

structure and GDC layer have comparable lengths; this

factor may limit the increase in power caused by the

increased ionic conductivity in the VAN structure.

Some remarks concerning the expediency and efficiency

of application of YSZ/GDC heterostructures were made by

NaÈ fe,334 who noted, in particular, that the results obtained

by Su et al.211 did not show any significant increase in the

SOFC power and conductivity of heterostructures.

Experimental studies aimed at refining the character of

conductivity in heterostructures and implemented interface

mechanisms were continued. In particular, Yang et al.335

studied the parameters of a heterostructure film with a

thickness *1 mm, which consisted of columnar SDC crys-

tallites in an STO matrix, formed on a neodymium-doped

STO substrate. The transverse diameter of SDC crystallites

was *30 mm. The local ion and electron transport charac-

teristics of the SDC/STO heterostructure were studied by

scanning probe microscopy with a spatial resolution of

*10 nm. The ionic conductivity was found to increase not

only in the near-interface region but also in the entire

volume of columnar SDC crystallite; the maximum con-

ductivity was observed at its centre. A high degree of

crystallinity of the structure formed in SDC throughout

the entire thickness of SDC/STO film was noted. These

results confirmed the increase of the conductivity in the

heterostructure; nevertheless, they contradict the generally

accepted interpretation, according to which conductivity

increases specifically along the boundary between phases.325

The mechanism of formation of vertically aligned nano-

composite films is based on the self-assembly of a columnar

structure growing from the gas phase on a single-crystal

substrate. The growth methods are pulsed laser deposi-

tion,336 as well as molecular-beam epitaxy and its modifica-

tions,337 in which the initial material or components of

desired material are evaporated with subsequent condensa-

tion on a heated substrate. The conditions of spontaneous

formation of such structures were analyzed by MacManus-

Driscoll.338 The formation of nanoscale heterostructures

was considered in that study from the point of view of
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Figure 29. Schematic diagrams of (a) multilayer and (b) vertically
aligned heterostructures YSZ (Y)/GDC (G) and (c) a micrograph
of a VAN microstructure.211 Published with permission of Elsevier.
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spinodal decomposition, at which a homogeneous system is

separated into phases.

Spinodal decomposition arises when the formation of a

homogeneous system at high temperatures is energetically

favourable for minimizing free energy, and sharp cooling

causes delamination of system with segregation of separate

initial phases due to the increase in fluctuations. Spinodal

decomposition of a homogeneous system occurs throughout

the entire volume, and there is no need for activation energy

to form new-phase nuclei.339 Of particular interest are the

mechanisms of formation of an ordered periodic nano-

structure during spinodal decomposition in processes of

condensation and solid solution cooling. The influence of

the dependence of solubility of individual phases in a

heterogeneous system on the temperature and ratio of

mixture components with different lattice parameters and

the strained state at the interface on these mechanisms was

noted by MacManus-Driscoll.338 The mixing of individual

components of oxide systems depends on the ratio of ionic

radii of cations, the difference in which excludes component

mixing at lowered mixture temperatures. A columnar struc-

ture with arrangement of individual phases in the checker-

board pattern is formed during spinodal decomposition.

Maybe, it is the strained state at boundaries between them

that determines this peculiarity of periodic structure for-

mation.340

7.2. Increasing the electrode response in heterostructural
systems
The efficiency of SOFC oxygen electrodes can be

increased using heterostructures, in particular, those com-

bining materials with a perovskite structure and structure

of Ruddlesden ± Popper phases (ABO37A2BO4). Based

on the results of studying the isotopic exchange in test

layered materials La27xSrxCoO4/La17xSrxCoO3

(LSC2147LSC113) on a Ce0.9Gd0.1O1.95 (GDC) substrate,

Sase et al.341 proposed a composite layered structure of

cathode with an upper porous layer LSC214 and dense

sublayer LSC113 . The results of subsequent experimental

studies confirmed the enhancement of electrode kinetics

due to the contribution of LSC214/LSC113 interface and

significant difference in the rates of electrochemical reac-

tions in heterostructure systems as compared with the

corresponding bulk materials. For example, Crumlin et

al.342 revealed that an island structure of coating (LSC214

on LSC113) with a developed interface increases the rate of

electrode processes, a fact confirming the key role of the

LSC214/LSC113 interface in this effect.

VAN structures (Fig. 30 a,b) can also be organized at

the interface between electrolyte Ce0.9Gd0.1O1.95 (CGO) and

cathode layer La0.5Sr0.5CoO3 (LSCO); in this configuration,

the effective three-phase boundary length and electrode

reaction rate increase.343 Thereafter, different theoretical

models explaining the mechanisms of enhancement of oxy-

gen reduction reaction kinetics at the LSC214/LSC113 inter-

face were developed.346 The strained lattice state near this

interface was simulated using the DFT method. The results

obtained confirmed the enhancement of oxygen incorpora-

tion on the LSC214 surface, which is facilitated by the

strained lattice state near the LSC214/LSC113 interface. At

the same time, there may be activation of oxygen diffusion

along this interface with its subsequent incorporation into

LSC113 . In correspondence with the simulation results, the

joint effect of these two mechanisms may enhance oxygen

reduction up to 400 times at a temperature of 500 8C. Stress
also facilitates changes in the state of point defects, as well

as the diffusion kinetics and redistribution of oxygen

vacancies and dopants. Boundary effects include also dif-

fusion of strontium cations from LSC113 to LSC214 and

redistribution of lanthanum ions in these phases, which

increases the concentration of oxygen vacancies and enhan-

ces oxygen incorporation. This mechanism is consistent

with the DFT simulation results obtained by Gadre et al.347

In addition to the above-considered mechanisms of

increasing the electrode reaction rate in heterogeneous

VAN structures LSC214/LSC113, Chen et al.348 indicated

the activation of electronic conductivity of the LSC214 layer

(contacting LSC113 ), due to which the band gap in the

energy diagram of LSC214 disappears at temperatures

>250 8C. It should be noted that the single-phase material

LSC214 is characterized by a wide band gap (*1 eV) at the

aforementioned temperatures. The increase in the electronic

conductivity in combination with the enhancement of oxy-

gen transport along the interface facilitate the reduction of

oxygen adsorbed on the surface of nanocomposite electrode

LSC214/LSC113 . The authors suggested that this activation

of electronic conductivity in LSC214 is due to the generation

of electrons in the conduction band of LSC113 layer and

their injection from LSC113 to LSC214 through the interface,

which is also accompanied by the formation and subsequent

migration of oxygen vacancies. In the case of VAN struc-

ture, this effect arises in the entire volume of columnar

LSC214 cell with a length of 200 ± 300 nm.

Despite the advantages of electrode VAN structures

LSC214/LSC113 , they were found to exhibit instability,

enhanced ageing, and deterioration of characteristics at
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Figure 30. Schematics of (a) a symmetric cell with a VAN structure LSCO/CGO, located between electrode (LSCO) and electrolyte (CGO)
layers;343 (b) electrode VAN structure LSC214/LSC113; 344 and (c) multilayer structure NSC113/NSC214 on an YSZ substrate fabricated by
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temperatures >400 8C. Ma et al.344 stated necessity of

further search for materials based on which one would

design efficient VAN structures stably operating at elevated

temperatures.

Good prospects of the Nd0.5Sr0.5CoO37d/

Nd0.8Sr1.2CoO4� d (NSC113/NSC214) heterostructure were

announced by Zheng et al.,345 who reported the results of

studying the kinetics of oxygen exchange in this multilayer

thin-film system, formed on a single-crystal YSZ substrate

by pulsed laser deposition (Fig. 30 c). A significant increase

in the oxygen surface exchange coefficient at 500 8C (up to

1027103 times) in comparison with single-phase NSC113

and NSC214 samples was obtained. Studies showed that the

found enhancement of oxygen exchange kinetics is due to

the processes of segregation of Sr2+ ions near the interface,

where Nd3+ ions are replaced with Sr2+ ions; as a result,

the activation energy of oxygen vacancy formation

decreases.

Impregnation (or infiltration) of a porous material can

be performed without using expensive equipment, due to

which the heterostructure fabrication technology is signifi-

cantly simplified. The characteristic features and applica-

tion of infiltration in heterostructure fabrication technology

were reviewed by Ding et al.349 Impregnation is incorpo-

ration of a material into a porous medium using the

solution or colloidal method (Fig. 31); the incorporated

material is deposited on the inner pore surface, in contrast

to the technologies of joint pressing and sintering of two

powder materials.350

After the impregnation a heat treatment is performed at

a relatively low temperature (300 ± 500 8C), and the impreg-

nation and heat treatment cycles are repeated. The output

and long-term stability of SOFCs increases due to the

infiltration of catalytically active species into the porous

material of electrode. Kiebach et al.351 noted that a neces-

sary condition for implementing these composite electrodes

is the absence of interaction between the embedded (impreg-

nated) phase and the main porous medium, both during

formation and under SOFC operation conditions. The

morphology of composite electrode depends on the viscosity

and wetting of its precursor. Various surfactants, as well as

solutions of nitrates in different solvents and their mix-

tures,352 are used to improve these characteristics. Vacuum

and heating of porous substrate are applied to enhance

infiltration.353 The structures can be implemented in the

following versions:

Ð impregnation of a material with oxygen ionic or

mixed conductivity, such as SDC, GDC, and doped bismuth

oxide, into the main porous material with electronic con-

ductivity, for example, lanthanum ± strontium manganites

(LSM);354, 355

Ð impregnation of a material with electronic conduc-

tivity (in particular, LSM, LSCF) into a porous material

with ionic or mixed conductivity, for example, GDC;356

Ð impregnation of catalytically active additives into the

porous structure of electrode (single-phase or composite).

A drawback of impregnated composite electrodes is

their temporal instability, caused by morphological and

structural changes.357 To eliminate the instability of

impregnated electrode structures, S nd racË et al.358 proposed

to apply composites based on nonaqueous LSCF7GDC

precursors for infiltration into the porous GDC structure.

The authors could form a continuous composite coating

LSCF7GDC on GDC particles by multiple repetition of

impregnation and heat treatment cycles (10 ± 50 in total) at

700 8C and thus reduce the polarization resistance to

0.71 O cm2. A subsequent analysis did not reveal any

significant changes in the morphology and size of porous

cathode particles after a long-term exposure at 700 8C; this
was explained by the stabilizing effect of the composite shell

on GDC particles, which impedes particle growth and

agglomeration. One can also reduce the polarization resist-

ance and increase the oxygen exchange rate by impregnating

catalytically active particles of Pr6O11 ,359, 360 and

MgO,361, 362 and nanoparticles of barium carbonate 363 and

calcium oxide.364 Impregnation of CeO2 nanoparticles is a

well-known way to increase the catalytic activity of SOFC

anodes. When studying the electrode kinetics of

Ni7SDC20 anodes, Osinkin 365 showed that, by adding

highly dispersed CeO2, one can increase the anode activity

by a factor of 10 ± 24 due to the enhancement of surface

processes (adsorption).

8. Modification of SOFC designs. Electrolyte-free
and single-chamber cells

In the study by Riess 244 (published in 1992), it was

suggested that a material with mixed conductivity can be

used for both electrolyte and electrodes, with modification

of the latter in the electrode conductivity region by doping.

Currently, this approach is applied in electrolyte-free or

single-layer SOFCs; the corresponding data were general-

ized in recent reviews, presented by Zhu's group.366, 367 A

schematic diagram of functioning of a single-layer SOFC is

presented in Fig. 32.
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Figure 31. Schematic diagrams of the (a) structure of porous medium and processes of (b) solution infiltration into it with (c) deposition of
individual particles and (d ) formation of thin-film coating on the particles of porous material. The figure was compiled by the authors
based on the data of Ref. 349.
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The electrode reactions of hydrogen oxidation and oxy-

gen reduction occur from the anode and cathode sides of the

functional layer, in which transport of oxygen and hydrogen

ions is implemented, with possible catalytic enhancement of

electrochemical reactions under the action of current col-

lector material.368 The functional layer in these cells is a

porous composite membrane, formed from a mixture of

semiconductor and oxide particles with oxygen ionic or

mixed conductivity. The role of semiconductor material is

played by transition metal oxides, lithiated nickel oxide, or

strontium titanate, which are mixed with ceria

powder; for example, LiNiO27GDC,369

Ce0.8Sm0.2O27d7Li0.3Ni0.6Cu0.07Sr0.03O27d ,370 and

SrTiO37CeO2 .371

In correspondence with the fabrication technology of

electrolyte-free or single-layer SOFCs, which were applied

by Zhu's group,369 ± 371 a powder mixture can be formed by

different methods. For example, an LiNiO27GDC mixture

was obtained 369 by co-precipitation, powders were

annealed at a low temperature (*700 8C), and isostatic

pressing was performed at a pressure of 250 MPa without

subsequent high-temperature sintering. Then a current col-

lector was deposited on both sides of the cell fabricated.

Measurements on these cells were performed in a temper-

ature range of 450 ± 600 8C. Despite the absence of high-

temperature annealing, the following parameters were

obtained: OCV& 1 V and power density of 0.45 W cm72

at 5508C. For a single-layer SOFC with a composite

membrane SrTiO37CeO2 and current collectors-

LiNi0.8Co0.15Al0.05O2 (NCAL), the OCV and specific

power density at the same temperature were, respectively,

1.1. V and 0.75 W cm72 (Ref. 371).

Different mechanisms were proposeds 366, 367 to explain

the effect of blocking the electron current through a single-

layer SOFC, for example, because of the occurrence of n-

and p-type conductivities from the sides of fuel and oxidant

supply, respectively. This mechanism is responsible for the

occurrence of a depleted p7n junction and blocking of

electron current through the cell. An example is the study by

Wang et al.,372 who proposed to use undoped CeO2 (with

dominant electronic conductivity) in a single-layer SOFC.

As a result, they obtained a nanocomposite material with a

core/shell (CeO27d/CeO2) structure (Fig. 33 a,b) having

ionic conductivity of *0.1 S cm71 at 550 8C; its application
as an electrolytic membrane (200 mm) provided power

660 mW cm72 at 550 8C (Fig. 33 c) and OCV equal to

1.12 V for an SOFC with symmetric NCAL electrodes.

Surface doping of nanoscale CeO2 (aimed at forming a

core/shell composite) was carried out by 2-h treatment in

hydrogen at 550 8C. The presence of Ce3+ in the near-

surface layer several nanometers thick was confirmed by

different methods. The principle of blocking electronic

conductivity in the nanocomposite membrane due to the

formation of a p7n junction between CeO2 and reduced

CeO27d , which have electronic conductivities of p and n

types, respectively, is illustrated in Fig. 33 d. The enhance-

ment of ionic conductivity was related to the formation of

interface channels with elevated concentration of oxygen

vacancies.

Modelling of single-layer SOFC operation, with consid-

eration of the gas permittivity of composite porous mem-

brane from the sides of fuel and oxidant, and comparison of

calculation results with experimental data were per-

formed.373 The authors reported the results of calculating
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the oxygen and hydrogen permittivities from the corre-

sponding sides of porous membrane (at a pressure of

1 atm). It was found that the gas penetration depth did

not exceed 14 mm at a membrane porosity of 0.5 and a

current density through the cell of 100 ± 2000 mA cm72; i.e.,

it was much smaller than the membrane thickness (0.5 mm).

Zhu et al.374 also paid attention to the porosity of

composite membrane, which seems to play a rather impor-

tant role in the single-layer SOFC operation. It was found

that pressing of a composite membrane at a pressure of

250 MPa may change its porosity at an elevated temper-

ature; specifically, the porosity decreases from 30.94� 0.088

to 29.35� 0.068% upon heating at 600 8C for 0.5 h. To

increase the SOFC efficiency, the authors proposed to use a

membrane with a porosity gradient, in particular, with a

dense central part. A possibility of applying a composite

membrane consisting of a mixture of powders of protonic

conductor BaCe0.6Zr0.2Y0.2O37d (BCZY622) and

Li2O7NiO7ZnO (LNZn) oxides was investigated;375 this

membrane was subjected to isostatic pressing with subse-

quent sintering at 1200 8C. Dense membranes 1.11 mm

thick were prepared. Current collectors were formed by

depositing and sintering a silver paste. For this cell, the

OCV was 0.83 V and the maximum specific power density

was 3.86 mW cm72 at 600 8C. The authors explained the

low value of maximum specific power density by the dense

microstructure of the sintered membrane

BCZY6227LNZn, in contrast to the porous membranes

applied by Zhu et al.374 The polarization loss (*100 O cm2

at 600 8C) turned out to be about two orders of magnitude

larger than the ohmic loss. Thus, the active region of

electrochemical reactions at the membrane/gas interface

decreased because of the dense membrane microstructure.

One can suggest that the increase in the active region of

electrochemical reactions in a single-layer SOFC is due to

the porous structure of composite ceramic membrane, in

which the inner surface of the porous space of a significant

part of bulk is involved, which leads to an increase in the

SOFC output. One does not need to use a gas-tight electro-

lyte for a single-layer SOFC and some mixing of fuel and

oxidant is allowed; thus, the requirement to isolation of fuel

and oxidant gas channels are less stringent. This require-

ment is rather difficult to fulfill, especially under conditions

of long-term and nonstationary SOFC operation. Solid

oxide fuel cells with porous electrolyte can be considered

as a catalytic membrane reactor.376

The problem of gas channel isolation is absent in the

case of single-chamber SOFCs, where a cell (Fig. 34) is

placed in a mixture of fuel and oxidant.377 The advantages

of single-chamber SOFCs are as follows: no need for

making cells gas-tight, possibility of miniaturizing the

device, a simpler design of the cell and gas supply system

in comparison with a two-chamber SOFC, and a possibility

of increasing cell temperature due to the exothermic reac-

tion between the fuel and oxidant. Their drawbacks are

lower efficiency, need for applying catalytically active

materials, less fuel utilization, and a risk of fuel7oxidant

mixture explosion.

Hibino et al.378 reported that a specific power density of

644 mW cm72 was achieved on a single-chamber solid-

oxide fuel cell PdO+NiO7SDC (anode)/SDC (electro-

lyte)/Sm0.5Sr0.5CoO3 (cathode). The electrodes were depos-

ited on a carrier SDC electrolyte substrate 0.5 mm thick.

A rather large OCV was obtained: OCV& 0.9 V. The high-

est specific power density was reached at a methane : oxygen

volume ratio equal to 1 : 1; the large OCV indicates the

absence of any significant electron current causing internal

short circuit. An important role is played by the PdO

additive (1 wt.%) in the anode composition; without this

additive the OCV does not exceed 0.11 V, which indicates

the catalytic activity of palladium oxide with respect to the

reactions of partial methane oxidation on the anode and

generation of H2O and CO2

CH4+1/2O2 2H2+CO (35)

H2+O27 H2O+2e7 (36)

CO+O27 CO2+2e7 (37)

Apparently, the influence of the exothermic character of

anode reactions, whose thermal effect increases the cell

temperature, on the single-chamber SOFC output is deci-

sive. It was found by Shao et al.379 that the temperature

measured directly on the cell exceeds the temperature of the

gas mixture in the heating chamber; the difference was as

large as 150 8C. With an increase in the gas mixture temper-

ature to 585 8C the difference between the cell and gas

mixture temperatures increased (due to thermal effect of

oxidation reaction). The authors investigated SOFCs with a

thin-film SDC electrolyte on a carrier anode Ni7SDC with

a composite cathode Ba0.5Sr0.5Co0.8Fe0.2O37d/SDC. The

maximum power density was obtained with a

CH4+O2+He mixture at a temperature of 650 8C (corre-

sponding to a cell temperature of*790 8C): 760 mW cm72.

The operation of a single-chamber SOFC is based on the

difference in the catalytic activity and selectivity of cathode

and anode materials with respect to the electrochemical

reactions occurring in them.380 Riess 381, 382 considered the

theoretical aspects of operation of a single-chamber SOFC

and an SOFC with a porous electrolyte in a fuel7oxidant

mixture. The application of a porous electrolyte in a two-

chamber fuel cell allows one to solve the problem of igniting

fuel due to its controlled mixing with oxidant. A working

version of this SOFC was reported.383 The maximum power

density obtained on a cell with a porous GDC electrolyte

and a methane7oxygen mixture was rather low:

16 mW cm72 (700 8C).
The problem of increasing the performance of single-

chamber SOFCs and SOFCs with a porous electrolyte can

be solved by increasing the selectivity of cathode and anode,

modifying their microstructure, and optimizing the working

regimes in order to provide maximum catalytic activity and

efficiency of electrochemical energy conversion. In this case,

modification can be performed applying all the aforemen-

tioned heterostructure fabrication methods, including the

simplest one: electrode impregnation, whose effect is also

pronounced in the case of single-chamber cells.384
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Figure 34. Schematic diagrams of (a) two-chamber and (b) single-
chamber SOFCs.377
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9. Conclusion

Currently, the basic line of research in the development of

medium- and low-temperature SOFCs is the search for ways

to increase their operation efficiency and reduce the cost of

generated energy. The tendency for the ceramic-MIEC cells

is the same. Materials based on CeO2 are considered among

the most promising for SOFCs of this type due to their high

ionic conductivity, thermodynamic stability in a wide range

of temperatures and partial oxygen pressures, and tolerance

of fluorite lattice to doping with different-valence elements

to high concentrations.

Despite the high ionic conductivity of ceria-based mate-

rials, there are a number of fundamental problems impeding

commercial production of MIEC SOFCs. Hence, the

approaches implemented must be analyzed with estimation

of their prospects and possibility of commissioning solu-

tions obtained. The key problems determining the SOFC

working efficiency are as follows (in the order of their

importance):

Ð occurrence of electronic conductivity in materials

based on CeO2 electrolytes in a reducing atmosphere at

high temperatures, which gives rise to leakage currents and

reduces the SOFC output (one of possible solutions of this

problem is to develop cells operating in medium- and low-

temperature ranges);

Ð decrease in the electrolyte conductivity at low tem-

peratures (<600 8C) and high dopant concentrations as a

result of the formation of local ordered structures due to the

association of vacancies and dopant cations;

Ð significant influence of the microstructure of electro-

lyte on its conductivity, because grain boundaries form a

barrier for ion transport even in materials with a very low

impurity content; there are also problems with fabrication

of gas-tight ceramics because of high sintering temper-

atures;

Ð difficulties with the use of nanomaterials based on

CeO2 , which are related to the occurrence of electronic

conductivity in air in the nanoscale state;

Ð implementation of thin-film technologies calls for

thermodynamic and thermomechanical stability of thin

electrolyte film in a multilayer solid structure during

SOFC operation;

Ð necessity of searching for new materials for electro-

des and optimizing their structure for successful operation

in MIEC-electrolyte SOFCs at low temperatures (in this

context, the advantage of CeO2 electrolytes over conven-

tional electrolytes based on ZrO2 is the absence of chemical

reactions with many known perovskite materials).

Different research teams propose the following ways to

solve the aforementioned problems: to perform structural

modification of electrolyte by fitting dopants according to

different criteria in order to increase the ionic conductivity

and expand the electrolytic domain and to design new

composite materials. The best result was obtained by fitting

dopants or combining dopants with minimum effective

cation7vacancy binding energy in order to supress the

formation of local ordered regions in fluorite structure.

Good performance characteristics were reached for SOFCs

with composite membranes characterized by a high level of

both bulk and interface conductivity. Specific power den-

sities in the range of 1 ± 1.7 W cm72 were observed for

membranes with thicknesses from 120 to 900 mm. Accord-

ing to the estimates,305 the development of appropriate

methods for fabricating thin-film composite membranes

will make it possible to increase the specific power density

of SOFCs with these membranes to 2.5 W cm72 at 550 8C.
The development of reproducible fabrication technolo-

gies for thin-film structures is of crucial importance for

achieving high output and stability of SOFCs with multi-

layer structures, in which electron current is blocked by

depositing barrier layers from the cathode or anode side.

Currently, anode coatings are considered to be the most

efficient. The range of coating materials is constantly

expanded; both oxygen ionic and protonic conductors are

applied. Techniques of thin film deposition are modified as

well: from simple ceramic and colloidal methods to various

laser- and plasma-based technologies. Methods for fabricat-

ing horizontally and vertically aligned heterostructures are

also promising. However, the problem of their stability

during long-term cell operation remains open.

During the last decade particular attention has been

paid to designs of electrolyte-free cells. The operation of a

single-layer SOFC is based on the occurrence of n- and

p-type conductivities in a membrane from the sides of fuel

and oxidant supply, respectively, which leads to the for-

mation of a depleted p7n junction and blocking of electron

current through the cell. The functioning of developed

designs of single-chamber SOFCs is based on the difference

in the catalytic activity and selectivity of cathode and anode

materials with respect to the electrochemical reactions

occurring in them. Note that the output of single-chamber

SOFCs and SOFCs with porous electrolyte may be

increased by modifying their microstructure and optimizing

their working regimes in order to obtain maximum catalytic

activity and electrochemical energy conversion efficiency.

Modification can be performed using all above-described

heterostructure fabrication methods, including the simplest

one: impregnation of electrode materials.

Mathematical simulation of devices with a ceramic

membrane (having mixed conductivity), aimed at finding

the most effective structure and design of SOFC, is also of

great importance. It was shown that one of the most

efficient ways to block the internal short circuit in the

electrolyte layer (caused by the occurrence of electronic

conductivity in a reducing atmosphere) is to form thin

barrier layers from the anode side; in this case one must

ensure minimum electronic conductivity of the blocking

layer and sufficiently high ionic and electronic conductivity

of the layer with mixed conductivity. It is also important to

develop further theoretical models and numerical simula-

tion methods to describe the electrochemical reactions

occurring in the SOFC solid structure and the correspond-

ing processes of heat- and mass exchange in the porous

space of electrodes and gas-supplying channels using com-

putational hydrodynamics, kinetic theory, and lattice Boltz-

mann equations.
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10. List of acronyms and designations

Acronyms:

AFL Ð anode functional layer;

ALS Ð Adler7Lane ± Steel model;

ASR Ð area specific resistance;

BCS Ð samarium-doped barium cerate:

BaCe0.8Sm0.2O37d;
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BLM Ð brick-layer model;

BZCY Ð yttrium-doped barium cerate7zirconate,

BaZr0.1Ce0.7Y0.2O37d;

DFT Ð density functional theory;

EC Ð ethyl cellulose;

EDC20 Ð erbium doped ceria Ce0.8Er0.2O27d;

EPD Ð electrophoretic deposition;

EXAFS Ð extended X-ray absorption fine structure;

FC Ð fuel cell;

GDC Ð ceria doped with gadolinium to different levels,

Ce0.9Gd0.1O1.95 (GDC10), Ce0.8Gd0.2O1.9 (GDC20);

KC Ð potassium carbonate K2CO3;

LC Ð lithium carbonate Li2CO3;

LCN Ð calcium-doped lanthanum niobate,

La0.995Ca0.005NbO4;

LNC x/y Ð binary salt of lithium7sodium carbonate

Li2CO37Na2CO3 , where x and y are mole fractions of

components;

LNCS Ð monoxide NiO, doped with lithium, copper,

and strontium cations, Li0.3Ni0.6Cu0.07Sr0.03O27d;

LSC113 Ð lanthanum7strontium cobaltite,

La17xSrxCoO37d;

LSC214 Ð layered lanthanum7strontium cobaltite,

La27xSrxCoO47d;

LSCF Ð lanthanum7strontium cobaltite ferrite,

La0.6Sr0.4Co0.2Fe0.8O37d;

LSCO Ð lanthanum7strontium cobaltite,

La0.5Sr0.5CoO37d;

LSM Ð lanthanum7strontium manganites with differ-

ent contents of lanthanum and strontium:

La0.85Sr0.15MnO37d , La0.6Sr0.4MnO37d ,

La0.8Sr0.2MnO37d;

MIEC Ð mixed ionic7electronic conductor;

NC Ð sodium carbonate, Na2CO3;

NCAL Ð aluminium-doped lithiated nickelate cobal-

tite, Ni0.8Co0.15Al0.05LiO27d;

NLKC x/y/z Ð ternary salt of sodium7lithium7
potassium carbonate, Na2CO37Li2CO37K2CO3 , where

x, y, z are mole factions of components;

Nmax Ð maximum attainable specific power density (at

the theoretical Nernst voltage);

NN Ð near neighbor interactions;

NNN Ð next near neighbor interactions;

NSC113 Ð neodymium7strontium cobaltite,

Nd0.5Sr0.5CoO37d;

NSC214 Ð layered neodymium7strontium cobaltite,

Nd0.8Sr1.2CoO4� d;

OCV Ð open circuit value;

PLD Ð pulsed laser deposition;

PVA Ð polyvinyl alcohol;

SDCÐ samarium-doped ceria, Ce0.8Sm0.2O1.9 (SDC20);

SOFC Ð solid-oxide fuel cell;

SSZ Ð zirconia stabilized with scandium oxide,

Zr0.9Sc0.1O1.9;

STO Ð strontium titanate, SrTiO3;

TEM Ð transmission electron microscopy;

VAN Ð vertically aligned nanocomposite;

XANES Ð X-ray absorption near edge structure;

XPS Ð X-ray photoelectron spectroscopy;

XRD Ð X-ray diffraction analysis;

YSZ Ð zirconia stabilized with yttrium oxide,

(ZrO2)0.92(Y2O3)0.08 .

Designations:

a Ð unit cell parameter;

a0 Ð CeO2 lattice constant;

Da Ð change in the lattice parameter caused by doping;

[Ce0Ce] Ð concentration of small-radius polarons local-

ized on cerium ions;

Cg , Cgb Ð capacitances of the grain bulk and grain

boundaries of polycrystalline samples;

c1 Ð dimer concentration;

c2 Ð trimer concentration;

cel Ð electron concentration;

cn Ð oxygen vacancy concentration;

e Ð elementary charge;

Ea Ð conductivity activation energy;

EH Ð activation energy of small-polaron hop;

Eth Ð voltage according to the Nernst formula;

i Ð ion current density;

DHa Ð formation enthalpy of vacancy7cation associ-

ates;

DHm Ð oxygen vacancy migration enthalpy;

DHr Ð cerium reduction reaction enthalpy;

k Ð Boltzmann constant;

Kr Ð cerium reduction reaction constant;

M0Ce Ð concentration of metal ions in cerium site with

an effective charge of 71;

pO2
Ð partial oxygen pressure ;

p�O2
Ð critical partial oxygen pressure (at which

sion= sel);
R Ð universal gas constant;

Rel, Rion Ð resistances to, respectively, electron and ion

currents in electrolyte;

RZ Ð polarization resistance;

Rg , Rgb Ð grain bulk and grain boundary resistances of

polycrystalline samples;

rc Ð dopant critical radius;

rd Ð dopant radius;

rp Ð average pore size;

DSm Ð change in entropy caused by oxygen vacancy

transport;

DSr Ð cerium reduction reaction entropy;

T Ð absolute temperature;

Tc Ð critical temperature;

Tmelt Ð carbonate melting temperature;

Ttrans Ð superionic transition temperature;

[VO
..
] Ð oxygen vacancy concentration in the Kroger ±

Vink notation;

W Ð elastic lattice strain;

d Ð oxygen vacancy level;

dgb Ð grain boundary width;

mel Ð electron mobility;

mO2
Ð oxygen chemical potential;

m�O2
Ð standard value of oxygen chemical potential;

sion, sel Ð ionic and electronic conductivities;

stot, sg, sgb Ð total, grain bulk, and grain boundary

conductivities, respectively;

l Ð Debye length;

o Ð frequency.
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