JOURNAL OF MATERIALS SCIENCE36(2001)1105—-1117

Ceria-based materials for solid oxide fuel cells
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This paper is focused on the comparative analysis of data on electronic and ionic
conduction in gadolinia-doped ceria (CGO) ceramics as well as on the electrochemical
properties of various oxide electrodes in contact with ceria-based solid electrolytes.
Properties of electrode materials, having thermal expansion compatible with that of doped
ceria, are briefly reviewed. At temperatures below 1000 K, Ceg90Gdg 100,_s (CGO10) was
found to possess a better stability at reduced oxygen pressures than CeggyGdy.2002_s
(CG020). Incorporation of small amounts of praseodymium oxide into Ceq gyGdg 2002_5
leads to a slight improvement of the stability of CGO20 at intermediate temperatures, but
the difference between electrolytic domain boundaries of the Pr-doped material and CGO10
is insignificant. Since interaction of ceria-based ceramics with electrode materials, such as
lanthanum-strontium manganites, may result in the formation of low-conductive layers at
the electrode/electrolyte interface, optimization of electrode fabrication conditions is
needed. A good electrochemical activity in contact with CG0O20 electrolyte was pointed out
for electrodes of perovskite-type LaggSrg,FeqgC0q,05_5 and LaFeqsNig503_5, and
LaCoO5_s/LarZr,O; composites; surface modification of the electrode layers with
praseodymium oxide results in considerable decrease of cathodic overpotentials. Using
highly-dispersed ceria for the activation of SOFC anodes significantly improves the fuel cell
performance. © 2001 Kluwer Academic Publishers

1. Introduction Other promising applications of doped ceria refer to
Solid electrolytes based on doped cerium dioxide SOFC anode materials, solid-electrolyte oxygen pumps
Ce(M)O,_; (M :rare-earth or alkaline-earth cations), and mixed-conductive membranes for oxygen separa-
are of considerable interest for potential use in solid oxtion and partial oxidation of hydrocarbons [6—10]. For
ide fuel cells (SOFCs) due to a higher ionic conductivity membrane applications, significant oxygen permeabil-
with respect to stabilized zirconia and a lower cost inity of CeO,_; may be achieved either by dissolution
comparison with lanthanum gallate-based phases [1-5¢f variable-valence metal oxides in the cerium dioxide
High oxide ion conduction in doped ceria makes it pos-attice or by dispersion of an electronically-conducting
sible to decrease SOFC operation temperature, thyshase in the ceria matrix [6, 10-12].

reducing numerous technological problems. Among The main disadvantages of doped GeQceram-
ceria-based ionic conductors, the highest level of oxiddécs are associated with a relatively easy reducibility
ion conductivity is characteristic of the solid solutions at low oxygen partial pressures, which leads to in-
Ce_yMxO,_s, where M=Gd or Sm,x=0.10-0.20. creasing electronic transport and possible mechanical
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decomposition under large oxygen chemical potentiabf oxygen-concentration cells (EMF), the Faradaic effi-
gradients typical of SOFC operation [1, 2, 5, 7, 13,ciency method (FE) and electrochemical cells employ-
14]. Such problems can be partially solved by decreasing an ion-blocking electrode (BE). Detailed descrip-
ing the operating temperature of the electrochemications of these measurement techniques were published
cells to values below 920-970 K, or by a combina-earlier [11, 19—-27]. Unless otherwise specified, the pre-
tion of Ce(M)O,_s with other solid electrolytes such sented data on bulk properties of solid electrolytes
as stabilized zirconia or doped lanthanum gallate, irand mixed conductors (conductivity, oxygen perme-
multi-layer cells [5, 13—16]. However, the performanceability, transference numbers, thermal expansion) cor-
of multi-layer cells is relatively poor due to the for- responds to single-phase gas-tight ceramics, having no
mation of layers with low conductivity at the interface less than 93% of the theoretical density. The techniques
between the solid-electrolyte phases as well as differfor fabrication of electrode layers, study of electro-
ences in thermal expansion of the electrolytes, resultinghemical properties and testing of single solid oxide
in microcracks [15-17]. In the case of reduced operfuel cells were reported in [22, 24, 28, 29] and refer-
ating temperature, polarization resistance of electrodesnces therein. For electrode materials studied in contact
becomes critical, decreasing the performance, while lowith CGO electrolytes, this paper contains references
cal heating due to non-uniform current and/or reactiorto our original publications devoted to their detailed
rate distribution along the solid-electrolyte membranecharacterization.
may still result in irreversible decomposition of ceria-
based ceramics. This requires further modification of
ceria-based electrolytes in order to improve their stabil3. Results and discussion
ity, and development of novel electrode materials with3.1. lonic conductivity of gadolinia-doped
high electrochemical activity. ceria
The present work represents a brief summary of ouCeria-based ceramics with various microstructures
continuous research on transport and electrochemicaktudied by impedance spectroscopy confirmed the con-
properties of Ce@ s-based oxides, partly published clusion [39] that the grain boundary contribution to the
elsewhere [11, 12, 18—-24]. Particular emphasis is givetotal conductivity of CGO decreases with increasing
to electrode materials having thermal expansion coefaverage grain size for grain sizes larger than j2r3,
ficients compatible with that of doped ceria. whilst the grain conductivity of the materials prepared
by a similar route is essentially independent of grain
dimensions. As an example, Fig. 1 shows impedance
2. Materials and measurement techniques spectra of CGO20 ceramics obtained after pressing and
Experimental techniques used for preparation and chasintering a commercial powder, prepared by Praxair
acterization of solid solutions Ce(Gd)Q (CGO) Specialty Chemicals (Seattle), for 2 hours at 1773 and
and Ce(Gd, Me)@ ;s (Me=Pr, Mn, Co), including 1873 K, in air. SEM micrographs illustrating the re-
X-ray diffraction (XRD), scanning electron microscopy spective microstructures are given in Fig. 2. Increas-
(SEM), analysis of cation composition and dilatome-ing sintering temperature leads to an obvious increase
try, were described elsewhere [11, 12, 19-24]. Comin the grain size. This is accompanied by decreasing
positions studied in this work and corresponding ab-grain boundary resistivity, which may be estimated
breviations are listed in Tables | and II. The transportfrom the width of the intermediate-frequency semicir-
properties were tested using impedance spectroscomye in the impedance spectra. The grain interior con-
(1S), 4-probe DC conductivity measurements, determitribution is kept similar, independent of the sintering
nation of steady oxygen permeation fluxes (OP), e.m.fconditions.

TABLE | Abbreviations, XRD data and thermal expansion coefficients (TECs) obGeliased ceramics

Average TECs (300-1100 K)

Phase Fluorite unit Measurement

Composition Abbreviation compositibn cell parameter, (nm) methdtl ax 108, K1
Cen.90Gd 10025 CGO10 F 0.5417 XRD 1340.1
Cen.goGdp.2002_s CGO020 F 0.5425 D 1140.1
Cep.g0Gdo.18P10.0202—5 CGO18Pr2 F
Cen.75Gdy.20MNp.0502_s CGO20Mn5 F 0.5421
CQ)_7oGCb20Mno_1002,3 CGO20Mn10 F+Mn 0.5421
Cen.60Gdy.20MNp 2002_s CG0O20Mn20 F+Mn 0.5420 D 13.3:0.9
Cen.gsGdy 10C 00,0202 CG010Co2 F 0.5415 XRD 12:00.1

D 11.7+0.1
Cen.g5Gdy 10C 00,0502 CG010Co5 F 0.5416 D 12:20.1
Cen.goGdp.10C00.1002_s CGO010Co10 F 0.5417 XRD i1

D 12.4+0.4
Cey.75Gdy 10C0p.1502_5 CGO010Co15 R Co 0.5417 D 13.2-0.3
Cey.70Gdy 10C 0020025 CG010Co020 R Co 0.5417 D 14.220.2
CQ)@QGCblloCOogoOz,a CGO010Co30 F Co

*“F" “Mn” and “Co” correspond to the fluorite, manganese and cobalt oxide phases, respectively.
** “XRD” and “D" refer to the high-temperature XRD analysis and dilatometric measurements, respectively.
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TABLE |l Properties of electrode materials having TECs compatible with thermal expansion of CGO
Total Oxygen permeability
Average TEC conductivity (0.21/0.021 atm)O
Compositions and Detailed
abbreviations T, K ax 108, K1 T, K o, Slem T, K J(02) (mol x s71 x em™1) information
Lag.7Sth.3MnO3_; 300-1100 11.20.1 873 190 1223 1.610°12 [11]
(LSM30) 1123 200
Lag 6Sr.4Mng gNip 2035 300-1100 12.£0.1 873 150 1223 <1x10712 [30]
(LSMN) 1123 170
LapZr,07/LaCoQs_s 300-1100 13.£0.1 873 160 1223  <1x 10710 [22, 24, 31]
(LZ/LC) composite 1123 250
(41 vol% LC)
CGO20/LSM30 composite 300-1100 1%0.1 873 32 1223 2.%10°° [11]
(48 vol% CGO) 1123 33
LaFe sNig503_s (LFN) 300-1100 11.940.1 873 830 1223 361010 [32]
1123 680
LaGaysNig503-s 300-1100 11.40.3 873 25 1223 2.910° [33]
1123 28
LaGay4Nigs03_s* 300-1100 11.3:0.1 873 220 1223 8310710 [33]
1123 270
SrCa.7Nig 303_5** 300-1100 13.0£0.3 873 16 1123 6.4 10°° [34, 35]
1123 20
Lag gSr.2FengCap 20a_s*** 470-1070 15.4 [36] 1123 180 1123 2410710 [24, 37]
(LSFC) [36]
Lag 9Sr0.1Nip 98F€.0204+5 300-1100 12.5-0.1 873 81 1123 1.810°9° [27]
1123 64
LayNio ssFep 02Cup.1004+5 300-1100 10.5-0.2 873 44 1123 3.%10°° [27]
1123 33
LapCup 98C00,0204+5 470-1050 12.20.3 873 14 1123 1.210°° [38]
1123 12
LapCup 70C00.3004+5**** 470-1070 12.6+0.2 873 5.5 1123 2.810°° [38]
1123 8.1

* thermodynamically unstable in air at temperatures above 1170 K.
** non-single-phase material.

** the conductivity and TEC values are taken from Ref. [36].

*** thermodynamically unstable in air at temperatures below approximately 1200 K.
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separation of the grain and grain boundary contribu-
tions is complicated due to a relatively high electronic
conduction, Fig. 3 presents the total conductivity val-
ues without corrections for grain boundary contribu-
tion. The lattice conductivity of CG0O10, CG0O20 and
CGO18Pr2 ceramics, determined by IS, are close to
each other. Substitution of 2% Gd with Prin CGO20 has
little effect on ionic conduction—only a slight increase
in the conductivity of CG18Pr2 with respect to CGO20
is observed at temperatures above 870 K. This behav-
ior is in agreement with the literature data [40, 41],
and can be understood because of the small amount
of praseodymium oxide added. In fact, the maximum
ionic conductivity in fluorite-type oxides is observed
when the dopant ion radius is close to the radius of host
cations, resulting in a lower enthalpy for association of
oxygen vacancies and dopant ions [1, 3]. Sincé'Gd
ions are larger than Cg, the average dopant radius
could be matched using a second dopant such®is Y
[42]; additions of Pt into CGO might also lead to a
higher conductivity. However, small additions of sev-

Figure 1 Complex impedance spectra of CGO20 ceramics sintered ineral cations for improving ionic transport seem to be
air at 1873 and 1773 K for 2 hours.

ineffective, probably due to segregation of dopants at
the grain boundaries [1].

Fig. 3 shows temperature dependencies of the total When comparing the conductivity of CGO10 and
conductivity of selected Cefbased ceramics in air. CGO020, one should note that the identification of the
For solid-electrolyte materials such as CG0O10, CGO2@&xact composition in the Ce@5d,03 system, having a
and CGO18Pr2, the grain bulk conductivity values aremaximum conductivity, is still under discussion (for in-
given. For transition-metal doped compositions wherestance, compare datainrefs.[1, 3,4, 43]) and is probably
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Figure 2 SEM micrographs of CGO20 ceramics sintered in air at 1873 (A) and 1773 K (B) for 2 hours.

between 10 and 20 mol% of Gd@ Steele [1] reported TABLE Ill Oxygen ion transference numbers of CGO20 estimated

a lower grain boundary and higher lattice ConductiVityfrom the Faradaic efficiency data under the oxygen partial pressure
. . . . dient of 1.0/0.21 at

of CGO10 in comparison with CGO20, which makes 92¢"*™° am

sufficiently pure CGO10 to be more appropriate for use Current density, lon transference
in intermediate-temperature SOFCs. At the same timeglectrode T.K mA/crd numbero

the lattice conductivity, obtained from impedance spec-

troscopy assuming the “brick layer” model, may be sig-P 1223 2%057 116%1
nificantly affected by specific microstructural features, 1123 478 0.8
including porosity, nature of the grain boundaries andag 1023 35.4 1.00

grain size [44]. Therefore, the identification of the most- 923 7.0 0.99

conductive composition should be performed only after 823 12 1.02

optlmlzatlon Of_ the preparation route in o_rder to pro- *The values in excess of unit are due to the measurement error.
vide regular microstructures and low grain boundary
resistances.

1.0/0.21 atm are given in Table IIl. It is obvious that

the error in the ion transference number determination
3.2. p-type electronic conductivity of CGO using the Faradaic efficiency technique, which is no
The results of Faradaic efficiency tests of CGO20less than 2%, exceeds the electron transference num-
ceramics under an oxygen pressure gradient ober in CGO. This makes it impossible to study the
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v partial pressure difference pt = 0.21 atm. The solid lines correspond
) 5 |- to fitting results using Equation 2 as regression model.
g
- tivity on the measured e.m.f. increases, and can be de-
B termined from the dependence of the cell voltage on
i external load resistance [25].
sk Fig. 4 shows the oxygen permeation flux densijty (
ol i b el and specific oxygen permeability) (O)) of CGO20

N 10 12 14 membranes as functions of the oxygen pressure gra-
dient. The values of the oxygen permeability were

1041, K calculated using the formula [45]

Figure 3 Temperature dependence of the total conductivity in air: (A),

CGO020 and CGO20-based ceramics, (B), CGO10 and CGO10-based . P2 -1

ceramics. The solid lines are for visual guidance only. J(Oz) =]- d-|In F (1)
1

whered is the membrane thicknesg; and p; are the
electronic conduction in gadolinia-doped ceria (an al-oxygen partial pressures at the membrane feed and per-
most pure ionic conductor in oxidizing conditions) ei- meate sides, respectively{> p;). The oxygen perme-
ther by Faradaic efficiency measurement or by studyability of gadolinia-doped ceria is independent of the
ing the oxygen partial pressure dependence of the totahembrane thickness within the limits of experimen-
conductivity. The determination of the p-type electronictal error; deposition of porous platinum layers onto the
transport in oxidizing atmospheres was carried out usmembrane surface also has no effect on oxygen per-
ing the oxygen permeation [21, 27] and modified e.m.fmeation (Fig. 4). Sincd(O,) is proportional toj x d
[25] methods. In the case of oxygen permeability meadby definition, this behavior suggests negligible surface
surements, the permeation fluxes through CGO memiimitations to the oxygen permeation flux. Hence, the
branes at oxygen pressures close to air are limited bgermeation is limited by the bulk ambipolar conduc-
the electron hole conduction [23]. The modified e.m.f.tivity. When the oxygen ion transference numbers are
method can be used to measure small electronic corelose to unity (Table IIl), the ambipolar conductivity
tributions choosing electrodes with a high polarizationis close to the electronic one. Assuming that the oxy-
resistance; in this case the effect of electronic conducgen vacancy concentration is independent of oxygen
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2 0 - ivi
G020, 1atm O, whereo, is the value of the electronic conductivity

at unit oxygen pressure. Cells with ion-blocking elec-

i ® =& trodes were used for these measurements; calculations
| * - EMF of the n-type conductivity were carried out using the
3k M Luebke and Wiemhoefer Hebb- Wagner equation [18]. Electronic conduction in

solid electrolytes determines their stability atlow chem-
ical potentials, which may be expressed in terms of the
electrolytic domain boundary?). The latter quantity
corresponds to the oxygen partial pressure when the n-
type electronic conductivity becomes equal to the ionic
conductivity:

4 -

log op (S/cm)

On = 0g (4)
S

Respectively,

1 1 ] I ] ] ] ] L J 0o -
. o= (%) ©)

8 10 12
104/T, K-

Fig. 6 (A and B) presents a comparison of the
Figure 5 Temperature dependence of the p-typeelectronicconducFivitye|eCtr0|ytiC domain boundary, calculated from data
of CGOZQ atp(02)=_1 atm, calculated from the oxygen permeation thained with ion—blocking electrodes [18] with the
results using Equation 2. The data [39] and the e.m.f. measuremen ’
results, obtained under oxygen pressure gradient of 1.0/0.21 atm, arléesuns of other authors [4! 40, 41, 46]' Except for the
given for comparison. data of Yahiroet al. [46], the agreement between re-
sults is rather good taking into account the difference
in measuring techniques.

The variation in theP, values for CGO10, CGO20
‘and CGO18Pr2 in the studied temperature range was
found to be within 2-3 orders of magnitude (Fig. 6B).
At temperatures below 900 K, the CGO10 ceramics
exhibit a better stability in reducing environments in
B p1/4) @) comparison with CG0O20. Consideration of these data

1 in combination with the similar ionic conductivity val-
ues obtained for CGO10 and CGO20 (Fig. 3) supports

wheres{ is the value of the electron-hole conductivity the conclusion of Steele [1] that 10% gadolinia doped-
atan oxygen partial pressure of 1 atm. The solid lines irferia s preferable for intermediate-temperature SOFCs
Fig. 4 correspond to the best fit according to Equation 20Perating at 770 K. _
This model provides a sufficiently adequate descrip- 1he electrolytic domain boundary of CGO18Pr2
tion of the oxygen permeation process, suggesting thét T > 1100 K is close to that of CGO20. Decreasing
p-type conduction to be the permeation-limiting factor.temperature leads to lowele values of Pr-doped
The temperature dependence of the electron-hol€GO, which tend to the level characteristic of CGO10
conductivity of CGO ap(O,) = 1 atm, calculated from at temperatures below 900 K. One shoulq note that
the oxygen permeability data, is given in Fig. 5. Forthe resuI.tS obtained as well as the qlata in ref. _[41]
comparison, Fig. 5 shows also the corresponding val@re relatively close to the observation of Maricle
ues, measured by the e.m.f. method under an oxyet @ [40], who reported a difference in the elec-
gen pressure gradient of 1.0/0.21 atm, and the resuli§ochemical domain boundary of €@Gdo.2002-5
of Ref. [41], obtained by the ion-blocking technique. @d C@80Gdo.17P10.0302-s at 973 K of about two

In fact, all these data may be described by a singi@rders of magnitude. Therefore, small additions of
Arrhenius dependence. praseodymium oxide may indeed result in a moderate

increase in stability of CGO20 at intermediate temper-
atures, as claimed by Maricéd al.[40, 47]. However,
. L such an improvement is relatively small, and consid-
3.3. n-type electronic conductivity eration of the higher p-type electronic conductivity of
of gadolinia-doped ceria o Pr-doped CGO [41] makes questionable the practical
As for the electron-hole conduction, estimation of the  ge of such materials.
n-type electronic conductivity was based on the sim-  another important note is that the estimations of the
plest model, assuming(Oz)-independent oxygen va- g|ectrolytic domain boundary based on the above- men-
cancy concentration and the Q|rect proportionality be+jgned simplified assumptions may be considered only
tween the electron concentration ap(D,)~*/*: as crude approximations. Experimental and theoreti-
cal data (for example, [48, 49]) shows a non-negligible
on = oy - [p(O)] 4 (8)  dependence of the ionic conductivity of doped ceria

pressure, and that the p-type conductivity is propor
tional to p(0,)Y4, leads to the following simplified
model for the oxygen permeation flux:

. RT 4
=g ol
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» [ thus mainly of interest for the practical applications of
I the ceramic materials.
- A
-16 | 3.4. Interaction of CGO with manganese
- and cobalt oxides and
6} i lanthanum-strontium manganite
8 20 __ XRD results on Cggg_xGdy 10C0xO02_s and C@.go_x
e Gdy20Mn,O,_5 ceramics demonstrated that the solid
2 i €G020 solubility of cobalt and manganese oxides in the CGO
L | @  ouwdmn lattice does not exceed 10 mol%. Therewith, the solid
24+ | 4 - Luebkeand Wiemhoeter solution formation range in the case of manganese is
L | % Kudoand Obayashi more narrow with respect to cobalt; segregation of
- | % vahiroetal manganese oxide as a second phase was observed at
" o Marideeral x =0.10, whereas 10 mol% Co doped CGO10 was sin-
B T e gle phase. These results are in good agreement with the
7 8 o 10 " 12 data of Pound [50]. At the same time, it should be men-
104T, K1 tioned a significant dependence of the solid solution
formation range in these systems on temperature. For
example, quenching ceramics with the transition metal
8 G020, our data dopant contentas large as 20—30 mol% resulted in form-
[ ¥ CGOI0, our data ing single-phase ceramics at room temperature; these
| ©  CGOI8Pr2, ourdan oxides were found to decompose for 30-60 days, lead-
-12 - A CGO20, Luebke and Wiemhoefer ing to formation of two-phase mixtures of the fluorite-
i F  CGO18Pe, Lucbke and Wiemhoefer type solid solutions and manganese or cobalt oxides.
L Notice that the observed behavior and solid solubility
-16 - ranges are quite close to those of stabilized zirconia
- [ doped with transition metal oxides [9].
£ - The variation of the transport properties of ceria-
&
a T based ceramics with additions of manganese and cobalt
& L is also similar to the respective zirconia-based systems
- [9]. Doping with transition metal oxides leads to de-
A creasing ionic conductivity and increasing electronic
5 transport of ceria (Figs 3 and 7, [20, 21]). In partic-
L B ular, oxygen permeability of doped ceria significantly
[ I | ) | I | ! | .||- 1 |
7 8 9 10 1 12 ® cGox
104T, K} € CGO20/LSM30 composite
[ *  CGO20Mn20
Figure 6 Temperature dependence of the electrolytic domain boundar 05 X CGO20Mnd0
of CeQ-based electrolytes at low oxygen pressures.
-1.0
on oxygen chemical potential at high oxygen nonstoi-= *
chiometry values; the electronic conductivity in theses i
conditions also does not follow the simplified depen-@O 15 k-
dence Equation 3. In addition, oxygen currents flowing § %
through the fuel cell lead to increasing oxygen chemica= i ‘
potential at the anode, which may increase the stabilit a0k
of the electrolyte under SOFC operation conditions [5] '
with obvious benefit to the application domain of the -
materials.
The possible role of grain boundaries in the mea 23
sured values of p- and n-type electronic conductivitie: ' L ' ' . . ' |
should also be emphasised. The electrochemical tec 7 8 ? 10 1
niques, including ion-blocking, e.m.f. of oxygen con- 1047, K1

centration cells and oxygen permeation measurement, o -
do not allow separation of the grain boundary and bu”flgure 7 Temperature dependence of oxygen ionic conductivity of

ntributions to the m red ntiti However. th CeOy-based ceramics. The results on CGO20 were obtained using
co utions to the measured qua €S. However, ﬁnpedance spectroscopy. lonic conductivity of other materials was cal-

reSUIt:S thained by_ t_hese tEChniqueS_' make it possiblgjated from the oxygen permeation and total conductivity measurement
to optimize composition and preparation route, and areata.
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increases with increasing transition metal dopant conYABLE IV Thermal expansion coefficients of CGO20 ceramics with

tent [11 20 21] Taking into account the decreasé;lifferent porosity, calculated from dilatometric data and averaged in the
. ’ ! o . t t 300-1100 K
in the total conductivity with manganese and cobalt>"PraHre 'ange

additions (Fig. 3), such behaviour is unambiguouslyde,,/dneor % ax 108, K1 0
caused by increasing electronic transport. Here, the

higher electronic conductivity is obviously due to hop- 86 11.56+0.09 0.9992
ping of electronic charge carriers between the variablegg ﬁgi 8'1 8'3332
valence cations, while a decrease in the ionic conducg; 11.94 01 0.9987
tion is probably related to blocking of oxygen vacanciesgs 11.8+0.1 0.9990

and/or ions near the transition metal cations due to lo= : : : : —
cal distortions of the fluorite lattice. Within the solid dex/Gheorls the ratio of the experimental and theoretical densies;
. . . . the correlation coefficient of the linear model of thermal expansion.
solution formation ranges, incorporation of Co or Mn
into CGO leads to greater oxygen permeation fluxes
as a result of the higher p-type electronic conductiongreasing electrochemical activity. However, diffusion
segregation of the second phases was found to decreastlanthanum and strontium unambiguously leads to a
oxygen permeability [12, 20, 21]. degradation in transport properties and should be hence
Studies of CGO20/LSM30 composite ceramics, con-avoided. Thus, fabrication of the electrodes should be
taining approximately 48 vol% of the gadolinia-doped performed at possible minimum temperature in order
ceria phase (Table I1), showed that ionic conductivityto suppress interaction between ceria-based electrolytes
of these materials is relatively low and decreases wittand electrode materials.
increasing temperature or time of sintering [11]. At the
same time, the fluorite unit cell parameter of ceria in-
creases with thermal treatments, indicating diffusion of3.5. Thermal expansion of CGO and
lanthanum and strontium cations into the CGO grains. respective electrode materials
This behavior suggests a formation of low-conductiveAverage thermal expansion coefficients (TECs) of
layers at the ceria/manganite interface, which block thecG020 ceramics having various porosity are adduced
ionic transport. Such layers may represent, firstly, theén Table IV. In the studied range of apparent den-
ceria-based phase with high lanthanum and strontiurgity, the TEC values are similar and vary in the range
content; formation of SrCefbased phases having a (11.5-11.9) 10-8K—1; no dependence of thermal ex-
low oxygen ionic conductivity might also take place. pansion on porosity was found. One should mention
As an example, Fig. 8 shows a clear pattern of degrathat the observed TECs are lower than the value of
dation of CGO20/LSM30 composite membrane with12 5x 10-6 K~ reported by Mogenseet al. [43] for
time, resulting either from continuing interaction of ce- the temperature range of 323-1273 K. This is obviously
ria and lanthanum-strontium manganite at 1223 K ofcaused by a narrower temperature range (300-1100 K)
from segregation of SrCefbased phase at the grain exploited in this work. Thermal expansion coefficients
boundaries. of doped ceria increase slightly with increasing temper-
Therefore, interaction of CGO with electrode ma- ature, and narrowing the total temperature range for the
terials, containing lanthanum, strontium and transitioncalculations leads to lower average TECs. For example,
metals, may lead to formation of low-conductive layersthe thermal expansion coefficient of CGO20 ceramics
at the interface. While doping of ceria-based ceramic§93% of the theoretical density), averaged in the temper-
with small amounts of transition metal cations resultsature range 300-1233 K, was (22-0.1) x 10 8 K1,
in a higher oxygen permeability, moderate diffusionwhich is close enough to data in Ref. [43]. The temper-
of these metals may be useful from viewpoint of in- ature range used in the present work was chosen from a
viewpoint that an analysis of compatibility of materials
of the electrochemical cells should be performed using
the quantities corresponding to real operation condi-
tions; the operating temperature of SOFCs with ceria-
based solid electrolytes should not exceed 1000 K.
Table Il lists a number of electrode materials hav-
ing TECs, more or less compatible with thermal ex-
pansion of gadolinia-doped ceria. All data on thermal
expansion and transport properties of these materials
were obtained by the authors, except for the conductiv-
ity and TEC of La gSr 2FengCop 203_5 (LSFC) where
the data of Taket al. [36] are used. The best compat-
ibility with CGO from viewpoint of thermal expan-
sion belongs to lanthanum-strontium manganites and
solid solutions La(Fe,Ni)@ s; these perovskites, how-
ever, possess a relatively low oxygen ionic conductiv-
ity. Another interesting group of electrode materials
refers to LaNiOg4,s- and LaCuQy,s-based solid so-

Figure 8 Time dependence of the oxygen permeability of CGO20/ lUtions With the P@Ni_F4-ty_pe structure; oxygen iOh?C
LSM30 composite membranes at 1223 K. transport in such oxides is much faster in comparison
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with manganites. On the other hand, the higher conties such as oxygen ionic or electronic conductivity of
centration of A-site cations, such as lanthanum, in thenixed-conductive electrodes in contact with gadolinia-
K2NiF4-type oxide compounds leads to an expectatiordoped ceria electrolyte are not the only parameters with
of greater diffusion of these cations into CGO, forming relevance on electrode performance. This s particularly
low-conductive layers at the electrode/electrolyte inter-evident at high temperature when the increasing oxy-
face; this may complicate fabrication of electrodes. Ingen deficiency in the perovskites results in a significant
addition, the Cu-containing #f\iF4-type oxides, hav- increase in ionic conductivity, extending the electrode
ing the lowest TECs, possess a relatively low meltingreaction from the electrode/electrolyte/gas triple-phase
point in the range 1300-1400 K. boundary to the electrode/gas interface. In such circum-
stances, the polarization resistance becomes strongly
dependent of the electrode material surface characteris-

3.6. Cathodic behavior of oxide electrodes tics, namely specific electrocatalytic activity and avail-
in contact with doped ceria electrolyte able surface area for oxygen reduction. For example,

Selected results on cathodic polarization of porough® LC/LZ composites possess a lower oxygen per-
electrodes of several studied materials in contact witin€ability than LSFC (Table 1), but exhibit electrode
CG020 solid electrolyte are shown in Fig. 9. Curves 4Performance similar to LSFC at 973-1073 K (Fig. 9).
and 5 correspond to the LaCgQ/La,Zr,07 (LC/LZ) Comparison of both composite electrodes also suggest
composite cathodes, with 41vol% of lanthanum@n electrode process limited at the electrode/gas phase
cobaltite and different microstructures (Fig. 10). Two interface, with the dense layer in direct contact with
different electrode microstructures are presented: curvi® €lectrolyte having no apparent effect on the elec-
4—a double layer structure (Fig. 10A) with a densefrochemical activity. Analogously, surface modification
layer (thickness of about 12m) in direct contact with  Of LSMN electrodes affects remarkably the electrode
the electrolyte and a porous layer (24n) on top of Performance, leading to the decrease of polarization.
it: curve 5—an electrode consisting of a single;4® N fact, the cathodic polarization of the Rr@nodified
thick porous layer (Fig. 10B). Details of the deposition “SMN electrode is lower than the polarization of LSFC
techniques and electrode microstructures can be founl@Yers, whereas oxygen permeation of the lanthanum-
in [22, 28-31] and references therein. strontium manganite-nickelate is negligible in compar-

In general, as mentioned for ZsCand BpOz-based  ison with LSFC. ,
solid electrolytes [51, 52], the bulk transport proper- | he obtained results demonstrate evidence of an ad-
ditional mechanism that could be related to the solid
electrolyte surface properties. The measured overpo-
tential vs. current dependence of the platinum cath-
ode at 1073 K (curve 8) shows a significant increase
of the current density dt)| > 0.36 V. The ion block-
ing measurements of CGO20 [18] suggest the onset of
n-type electronic conductivity ap(0,) ~ 1071 atm,
which corresponds to the Nernst e.m.f. of approxi-
mately 0.4 V. On the other hand, polarizing at 0.36 V
relates to local reducing conditions with oxygen par-
tial pressure close to 18 atm. The fair agreement be-
tween these tw@(O;) values indicates that at high
overpotentials the solid electrolyte becomes a mixed
conductor, at least near the triple-phase boundary. As
a result, the electrode reaction may be extended to
the surface of the solid electrolyte and the electrolyte
ohmic drop may decrease due to the reduction of the
constriction effects. Similar behavior was observed
0.6 - N with La(Sr)Fe(Co)@_; point electrodes in contact with
CGO020 [53]. The significant activation energy for n-
type electronic conductivity of CGO206-50 kJ/mol)
suggests that much higher overpotentials should be at-
tained for the same effect to be identified at lower tem-
peratures.

Decreasing the operation temperature of the cell de-
0 50 100 150 200 250 creases the oxygen vacancy concentration in oxide elec-
trodes, and the importance of the ionic conductivity sig-
nificantly increases as shown by the polarization data
Figure 9 Dependence of cathodic overpotential of electrodes, appliedat 873 K. The maximum electrochemical activity was
onto CGO20 electrolyte, on current density in air: (1), LSM30; (2), found for the LFN and LSFC cathodes; these mate-
LSMN after fabrication; (3), LSMN modified with PrQ (4), double rials exhibit higher oxygen ion mobility than LC/LZ

layer dense plus porous LC/LZ composite; (5), single layer LC/LZ com- . . .
posite; (6), LFN activated with PrOand metallic silver; (7), LSFC; (8), composites and lanthanum-strontium manganites. At

Pt. Solid lines are a guide to the eye. The technigues of electrode surfac@e_ same time, the gOOd performance of the surface-
modification were described in [28, 29]. activated LFN layer at 873 K suggests that surface
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Figure 10 Cross-sectional SEM micrographs of LaGp®/LayZr,O7 composite electrodes: (A), double layer dense plus porous; (B), single porous
layer. See text for details.

kinetics continues to play an important role in thelems associated with easy reducibility, another promis-
electrode behavior. ing application of ceria in high-temperature electro-
In summary, the results demonstrate an abilitychemistry refers to the electrodes of SOFCs and other
of significant improvement of cathode performance,electrochemical cells, operating in reducing environ-
which may be achieved by increasing the oxygenments, and oxygen separation membranes. For appli-
ionic conductivity of electrode materials (e.g. usingcations in electrodes, an unambiguous advantage of
La;_«SrkCoO;_s in the case of composite cathodes) cerium oxide is a very high catalytic and electrocat-
and further activation of the surface exchange properalytic activity of nonstoichimetric phases Cg@Q in
ties (e.g. Pr@). In addition, surface modification of redox processes (for instance, see [7, 9] and refer-
ceria-based electrolytes in order to provide a higheences therein). Therewith, the low electronic conduc-
mixed conductivity and oxygen exchange currentdtivity makes it possible to use cerium oxide only as a
might also be useful. component of cermets or other electrode materials, but
not as a single material.
As an example, Fig. 11 demonstrates an effect of sur-
3.7. Applications of ceria in SOFC anodes face modification of SOFC electrodes on performance
and oxygen separation membranes of the cell, consisting of ZfepY 0.1001.95 Solid elec-
Whilst the potential use of doped Ce@s a solid elec- trolyte, LaygSrp4MnO3_s cathode and cermet anode
trolyte is still questionable due to technological prob-(76 wt% Ni, 12 wt% Zp.g0Y 0.1001.95, 12 Wt% CeQ).
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sure of exit gases for input into a gas turbine. Note
that SOFC performance significantly increases at el-
evated pressures [54]. For fuel cells with ceria solid
electrolytes, an increase of oxygen chemical potential
at the cathode is expected also to enhance the stability
of the electrolyte membranes [5].

In the present work, the tests of various electro-
chemical cells with ceria-based materials were carried
out at feed-side oxygen pressures up to 100 atm; the
experimental technique and equipment have been de-
scribed elsewhere [55]. Testing dense CGO20 mem-
branes with short-circuited Pt-electrodes showed an
instability of platinum layers at high pressures of oxy-
gen. For example, at 1080 K under an oxygen pres-
sure gradient of 50 atm/1 atm, the permeation flux de-
creased from approximately8x 108 to 7.2 x 10°°
mol x s~ x cm~2 after 20 hours of operation. Subse-
guent analysis of the cell showed that most of the plat-
inum disappeared from the surface, probably due to the
surface oxidation of platinum. Similar results were ob-
tained in the course of high-pressure tests of the short-
circuited CGO cells with electrodes of other materi-
als. Most oxide electrode layers, including LSM and
LSFC, exfoliated from the CGO membranes immedi-
ately after starting the tests, which can be attributed to
volume changes of the electrode materials due to incor-
poration of large amounts of oxygen into their crystal
lattice.

In contrast, testing dual-phase membranes of
CGO020/LSM30 composite demonstrated sufficient sta-

text for details): (1), before surface modification of electrodes; (2), af-Pility under these conditions. No degradation of the

ter surface modification of anode with cerium oxide and cathode withpermeation flux with time was observed at 1023 K
praseodymium oxide.

during 100-150 h. Fig. 12 shows the dependence of
the oxygen flux through LSM/CGO-1 membrane with
feed-side oxygen pressures between 18 and 50 atm.

The details of the cell fabrication and testing were de-
scribed in Ref. [29]. For the electrode activation, the
anode and cathode were impregnated with ethanol sc
lutions of cerium and praseodymium nitrates, respec
tively. After subsequent thermal treatment at 1270 K in
corresponding gases, the power density of the fuel cel
increased by more than 20% due to a sharp decrease
electrode polarization. In the temperature range 1150 ti

)

1250 K, the activation of cermet electrodes with cerium®'

oxide was found to decrease anodic overpotentials b

2-5 times. —

When considering the membrane applications, one
should note that oxygen permeability of ceria-basec
materials at membrane permeate-side oxygen pre:
sures of 18-1C° Pa is relatively low (for example,
[11, 20]), whereas further reduction of this partial pres-
sure may result in mechanical decomposition of the
membrane [7, 21]. Greater oxygen permeation fluxes

X Cm

(mol x s

jx 108

16

14

12

10

18 atm/0.145 atm

50 atm/1 atm

CGO20/LSM30
d=1.00 mm
1023 K

31 atm/1 atm

may be achieved by increasing the oxygen chemica B
potential at the membrane feed side. An increase o
operating oxygen pressures is of considerable intere: L
for film membranes, where the surface exchange lim-
itations to the permeation flux are significant due to 12 1.6 20 24

small membrane thickness, since oxygen surface ex log p,/py

Change currentsmcr.e-ase, a_sarUIe’Wlth mcr_easmg QXBﬁgure 12 Dependence of oxygen permeation flux through the
genpressure. Inaddition, using electrochemical devicegc020/1.5M30 membrane on oxygen pressure gradient. The oxygen
(high-purity oxygen generators or SOFC generators) ifpressure values at the feed and permeate sides are marked close to the
combination with gas turbines requires elevated presexperimental data points.
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The flux increases linearly with increasing oxygenAckowledgements

partial pressure gradient, in agreement with the clasThis work was partially supported by the FCT (Praxis,
sical Wagner model. Under the same oxygen chemPortugal), the Belarus Foundation for Basic Research
ical potential gradient, the oxygen permeability of and the Belarus State University.

CGO20/LSM30 composites at high oxygen pressures
was higher than that at low pressures. This differ-

ence could be due to an increase of the oxygen tranfleferences

port through the CGO phase, resulting from incor- ;

poration of excessive oxygen into the fluorite lattice

of CGO and subsequent increase of the p-type con-;
duction. In addition, placing the membranes under 4.

high pressure may also lead to formation of micro-

cracks at the membrane surface, which does not re>-

sult in open holes between membrane feed and per-
meate sides, but might contribute to the total perme-
ation flux due to decreasing effective thickness of the

membranes. 7.

Therefore, using SOFCs with ceria-based solid elec-
trolytes at high pressures requires development of new,
cathode materials. Use of composites consisting of
CGO and perovskites, such as LSM, can be considered
as a possible strategy.

9.

4. Conclusions
The present work is devoted to a brief summary and ;
comparative analysis of data on the electronic and ionic
transport properties of gadolinia-doped ceria ceramics
as well as to the electrochemical properties of differ-

ent oxide cathodes in contact with ceria-based solid?

electrolytes. CggoGdh.1002—s (CGO10) was found to
possess a better stability in reducing atmospheres with

respect to CggoGdy 20025 (CGO20) at temperatures 13.
below 1000 K, which makes CGO10 more suitablel4.

for intermediate-temperature SOFCs. Small additions
of praseodymium oxide into CGO20 leads to a mod-
erate increase in the stability, but the electrolytic do-

main boundary of the Pr-doped electrolyte is still com-1s.

parable to that of CGO10. Interaction of ceria-based
ceramics with electrode materials, such as lanthanum-
strontium manganites, may result in formation of

low-conductive layers at the electrode/electrolyte in-1g.

terface, thus necessitating the optimization of elec-

trode preparation conditions. Properties of variousl®-

oxide electrode materials, having thermal expansion
compatible with doped ceria, are presented. A goo
electrochemical activity in contact with CGO elec-
trolyte was pointed out for electrodes of perovskite-
type solid solutions LggSryoFeysCop203 5 and

LaFesNips03_5, and LaCoQ_s/LayxZr,O; compos-

ites. Surface modification of the cathode layers with,,
praseodymium oxide allows a considerable decrease

in polarization resistance. Using highly-dispersed cez23.

ria for activation of SOFC anodes results in signifi-

cant improvement of the fuel cell performance. Test-2*

ing electrochemical cells with CGO20 electrolyte at,.
high oxygen pressures (1-100 atm) showed mechan-
ical instability of numerous perovskite electrodes as

well as porous platinum layers. Composites consist<6.

ing of CGO and lanthanum-strontium manganite, ex-
hibiting a high Wagner-type permeation fluxes, can

be considered for applications at elevated oxygen;.

pressures.
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