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Structural and Electrical Characterization of a Novel Mixed
Conductor: CeO,-Sm,05-Zr O, Solid Solution

W. Huang,2 P. Shuk,29* M. Greenblatt,®* M. Croft,” F. Chen,** and M. Liu®*
aDepartment of Chemistry and PDepartment of Physics, Rutgers, the State University of New Jersey, Piscataway,

New Jersey 08854, USA

¢School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 303320, USA

(Cen.g3SMp.17)1-xZrkOo—5 (x = 0to 0.50) solid solutions were synthesized for the first time by the hydrothermal method. The elec-
trical properties of the solid solutions have been studied in air and under reducing conditions. Solid solutions with the fluorite struc-
ture were formed in all of the studied range of ZrO, substitution after calcination at 1500°C. With increasing ZrO, substitution up
to 30 mol %, the electronic conductivity increases under a reducing atmosphere. The (Cey g3Smg 17)0.7Zr9.302—5 Solid solution has
good mixed electronic and ionic conductivity; the total conductivity is 0.42 S/cm at pg, = 5.7 X 10-21 atm and 700°C with an

estimated ionic conductivity of ca. 1072 S/em.

© 2000 The Electrochemical Society. S0013-4651(00)03-078-0. All rights reserved.

Manuscript submitted March 17, 2000; revised manuscript received July 7, 2000.

Solid electrolytes are key components of solid-state electro-
chemical devices, which are increasingly important for applications
in energy conversion, chemical processing, sensing, and combustion
control.13 Solid electrolytes based on CeO$ aso have potential
applications as structural and electronic promoters of heterogeneous
catalytic reactions and oxygen membranes.8

In recent years the CeO,-ZrO, system has been investigated,
mainly in the context of a “three-way catalyst” technology for the
treatment of automobile exhausts.9-13 It has been reported that the
reducibility of ceriais greatly enhanced when it is mixed with zirco-
niato form a solid solution.®13 These results suggest that CeO,-ZrO,
might be an excellent mixed conductor (exhibiting both ionic and
electronic conductivity). It is the numerous applications of mixed
conductors as oxygen separation membranes, partial oxidation cata-
lysts, and fuel-cell electrodes that motivated us to investigate the
Ce0,-ZrO, solid solution as a potential mixed conductor. Recently
we have shown that solid solutions of Ce;_,Sm0O,_,, and Ce,.
Ca,0,_, can be hydrothermally prepared in awide substitution range
of Sm or Ca.2* Our systematic studies showed maximum ionic con-
ductivity for the Cey g3Smg 170,_5 composition. In order to achieve
appreciableionic conductivity in the mixed conductor, we haveinves-
tigated the substitution of CepgzSmg 17055 with 0 to 50 mol %
ZrO,, i.e., (CeygaSMg 17)1—xZOos—5 (X = 010 0.5) solid solutions. In
this paper we report the results of these studies.

Experimental

Synthesis—Solid solutions of (CeygaSMy 17)1-xZOr—5 (X = 0
to 0.50) were synthesized by the hydrotherma method as previous-
ly reported for the Th, Sm, and Ca doped ceria solid eectrolytes.”4
The appropriate quantities of cerium(lll) nitrate hexahydrate
[Ce(NO3)5-6H,0, 99.9% Aldrich], samarium(l11) nitrate hexahydrate
[SM(NO3)5-6H,0, 99.9% Aldrich], and zirconium dichloride oxide
hexahydrate (ZrOCl,-6H,0, 99.9% Aldrich) were dissolved separate-
ly in water, mixed and coprecipitated with ammonium hydroxide
a pH 10. The precipitated gels were sealed into Teflon-lined stedl
autoclaves and hydrothermally treated at 260°C for several hours.
The autoclaves were quenched, and the crystalized powder of
(Cep.gzSMg.17)1-xZrO5_5 (x = 0to 0.50) solid solutions were repest-
edly washed with deionized water and dried in air at room temperature.

X-ray diffraction.—The powder X-ray diffraction patterns
(XRD) of the ultrafine powder samples were obtained with a Scin-
tag PAD V diffractometer equipped with monochromatized Cu Ko
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radiation at a 26 scan of 0.5°/min. Cell parameters were calculated
by fitting the observed reflections with a least-squares program.

XAS measurements.—The X-ray absorption spectroscopy (XAS)
measurements were made in the electron yield and fluorescence
modes!®>1 on beam line X-19A at the Brookhaven National Syn-
chrotron Light Source with double crystal [Si(111)] and monochro-
mater. All spectra were normalized to unity step in the absorption
coefficient from well below to well above the edge.

Electrical conductivity measurement.—The powder samples were
pelletized and sintered at 1500°C for 24 h with a programmed heat-
ing and cooling rate of 5°C/min. The sintered samples were over 95%
of the theoretical density in all cases, as determined by pycnometry.

The ionic conductivity of the materials was measured on a sin-
tered ceramic pellet. Silver paste was painted onto two faces of the
pellets, using GC Electronics paste. The sample was then dried and
fired at 700°C. The ionic conductivity measurements were per-
formed by the complex-impedance method at frequencies ranging
from 0.1 Hz to 20 kHz (Solartron 1280 frequency response analyz-
er) on isothermal plateaus 1 h long, in air on heating and cooling
every 25 to 50°C up to 800°C.

The electrical conductivity of ceria samples was measured as a
function of oxygen partial pressure, po,, and temperature with a
four-probe dc technique. A mixture of O,, N,, and H, gases passed
through a water separator, set at 25 to 85°C, was used to fix differ-
ent oxygen partial pressures determined from the equilibrium of the
chemical reactions of the gases. The oxygen partial pressure in the
gas mixture was measured by a solid-electrolyte oxygen sensor be-
fore and after the gasses passed through the closed ceramic cell
where the ceria solid electrolyte sample was placed for the conduc-
tivity measurements. The samples were allowed to equilibrate at the
set po, atmospheres for 24 h before the measurement was taken.

Electrode polarization measurement.—For the electrode polar-
ization measurements, the ceria samples were prepressed uniaxialy,
then isostatically under 500 MPa. The green densities were about 55
to 58%. The green pellets were sintered at 1400°C for 1 hwith apro-
grammed heating and cooling rate of 5°C/min. The sintered samples
were over 98% of the theoretical density in all cases. Platinum elec-
trodes were attached with a commercial electrode process. First a
thin Pt film was sprayed on the pellet surface and then sintered at
1200°C; finally the Engelhard Pt paste was used to optimize the
electrode properties. The samplewas dried in air and fired at 900°C.
The impedance measurements were performed with an impedance
analyzer SI-1260 (Solartron Instruments) over 0.01 Hz to 1 MHz
frequency range on isothermal plateaus 1 h long, in air on heating
every 50°C up to 650°C. The inductive error associated with various
components of the measurement circuit was evaluated by carrying
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out measurements in the rig on reference resistances in place of
samples. All the measurements were corrected accordingly. The
curve fitting was done with “Zview 2.1b” with different equivalent
circuits. The solid-electrolyte conductivities as well as polarization
resistances of the applied electrodes were determined directly from
the impedance spectra.

lonic and electronic transference numbers measurement.—The
ionic and electronic transference numbers were determined with a
combination of impedance spectroscopy, open-circuit voltage meas-
urement, and oxygen gas permeation measurements. Figure 1 shows
aschematic arrangement for these measurements. Cellswith Pt elec-
trodes were attached to an alumina tube using a glass seal.’® The
glasses were fired in situ, and the heating and cooling rates were
carefully controlled to avoid cracking of the glass seal. The furnace
was heated at 7°C/min to 820°C, held at that temperature for 10 min
to soften the glass, and then cooled at 3°C/min to the desired tem-
perature for testing. Impedance spectra, open-circuit potentials, and
oxygen permeation rates were measured under identical conditions
in an oxygen concentration cell

Air, Pt | (Ceg g3SMo 17)1-xZ1Oz—5 | Pt Ar (or Hy) (1

The oxygen concentration of the incoming and outgoing gas was
monitored with an yttria-stabilized zirconia (Y SZ) oxygen sensor. A
computerized impedance-analysis system, consisting of a frequency
response analyzer (Solartron 1255) and an electrochemical interface
(Solartron 1286), was used to measure the impedance of the oxygen
concentration cellsin the frequency range from 1 mHz to 10 MHz at
temperatures ranging from 500 to 750°C.

Measurement of defect concentration.—The electrical conductiv-
ity of doped ceria under reducing atmospheres is different from that
under high oxygen activities because of the reduction of cerium
cations from Ce* to Ce3*. Such reduction must at the same time
give rise to aweight loss of the samples due to oxygen loss, which
can be measured by thermogravimetric techniques.

The (CeygaSMg 17)0.72r030-_5 sample was first calcined at a
high temperature, 1500°C. A thermogravimetric analyzer TGA (TA
Instruments, Inc., model 2050) was used to examine the weight
change under reducing atmospheres. The partial pressure of oxygen
was controlled by a N,/H, flow and measured by aY SZ oxygen sen-
sor placed at the outlet of the balance. Measurements were carried
out isothermally at a fixed flow rate of gases.

The composition of the solid solution in air is taken as a stoi-
chiometric reference and may be explicitly written as
(Cey.g39My 17)0.74r0.301.94- Under reducing atmospheres, the compo-
sition of the solid solutions departs from the “ stoichiometric” compo-
sition by avalue8, according to Ce g37)—265M(0.17x0.7) 20301045
The deviation from stoichiometry & can be obtained from19.23

(Cep.835M0.17)0.7270.301.04

i)
4 3
— Ce(0g3x07)-25C€% SM17x0727030104-5 T Eoz [2]

Pt-clectrode
Glass seal ~

(Cegg:Smp 17142025 —

Pt-clectrode

Furnace ——

Electrochemical
Test Equipment

YSZ oxygen
SENnsor
YSZ oxygen
sensor

ArorH, =——
Vent

Figure 1. A schematic diagram showing the experimental arrangement for
gas permeation, open-circuit potential, and impedance measurements.

_ Z(mair - m)Mwmple
mairM02
where my, and m represent the mass of the samplein air and reduc-

ing atmospheres, respectively, Mgmgie and Mo, are the molar mass
of the sample and oxygen molecule, respectively.

)

(3]

Results and Discussion

Phase composition.—X-ray diffraction (XRD) analysis (Fig. 2)
indicates that the (Cey g3Smg 17)1—xZOs_5 Solid solutions prepared
by the hydrothermal method at 260°C for x = 0.0 to 0.10 form with
the cubic fluorite structure, while for x = 0.2 to 0.50 a zirconia
tetragonal impurity phase is present along with the cubic fluorite
phase. When the hydrothermal processing temperature is increased
to 310°C, the XRD shows the zirconia tetragonal impurity phase
only for x = 0.5. However, when the hydrothermally prepared solid
solutions (x = 0.2to 0.5; 260°C) are calcined at 1500°C for 12 h, the
XRD (Fig. 3) shows no evidence of tetragona zirconia. Figure 4
shows the phase evolution of (Cey g3SmMg 17)0.5Zr0502-5 in the range
from 260 to 1300°C; the zirconia tetragonal impurity phase disap-
pears, and the resulting diffraction peaks of the ceria fluorite phase
are shifted to higher 26 as the temperature is increased. Rietveld
refinement (Fig. 5) also confirms that the resulting phase is a fluo-
rite structure (space group Fm3m) where Ce, Sm, and Zr are statis-
tically distributed in the specia position 4(a).

The unit-cell parameter for (Cey gsSmMg 17)1—xZOs—5 (X = 0t
0.50) solid solution (insetin Fig. 3) calcined at 1500°C decreaseslin-
early with the zirconia content according to Vegard's law and as
expected from effective ionic radii (rega+ = 0.1110 nm; rg,3+ =
0.1219 nm; r 4+ = 0.0980 nm?®) considerations.

Zr-Lo 3 spectral changes between the cubic and tetragonal struc-
tures—The WL (“white line”) features at the L (L,) edges of 4d
transition metal compounds are related to 2p4), (2py) to 4ds>-4dg»
and (4ds,) phototransitions. Consequently these WL features yield
direct information on the occupancy and energy distribution of the
important final 4d states (with the understanding that the final state
2p hole and multiplet interactions can also play a complicating role).
The Zr atoms in (Cep g3SMy 17)1-xZOs—5, 0 = x = 0.5 arein an
eight-fold cubic environment for which the four-fold degenerate gy

(CCO.BBSmO.W)I-xzerZ-B

Intensity (arbitrary units)
c e
w

Figure 2. XRD patterns of the (Cey g3Smg 17)1—xZOs 5 solid solutions (x =
0.0 to 0.50) prepared by hydrothermal methods at 260°C.
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Figure 3. XRD patterns of the (Cey g3Smg 17)1—xZrO»—5 solid solutions (x =
0.1 to 0.50) prepared by hydrotherma methods at 260°C and calcined at
1500°C. Inset: variation of the lattice parameters as a function of x for
(Cep.gaSMg 17)1 42O solid solutions (x = 0.0 to 0.50) prepared by
hydrothermal methods at 260°C and calcined at 1500°C.

orbitalslie at an energy A below the six-fold tog orbitals. The Zr-L, 5
spectra for (CepgzSMg 17)05ZM0502—5 in Fig. 6 manifest a clearly
bimodal structure with the less (more) intense, lower (higher) ener-
gy A feature (C feature) involving the ey (tog) final states. The mag-
nitude of the crystalline electric field (CEF) splitting is about A =
2.3 eV fromthe A-C feature splitting. Orlando et al .21 noted the clear
eg-tog splitting (with an intervening gap) in their ab initio Hartree-
Fock calculation of the d-projected density states (DOS) for cubic
ZrO,. Their projected DOS figure exhibits a roughly 2 eV splitting
between the band centroids which, without a full photoabsorption

(Cep g35my )y 21y $O, 5
A~ 1300°C

Mlzoovc_
1150°C

@
5
g
2 e M 1100°C
<
z
8 1000°C
E
I
J!
st w\www/\www\n 800°C

26 35 40

Figure 4. Phase evolution of (Cey g3SMy 17)05Zr0 505 Solid solution in the
temperature range 260 to 1300°C.

calculation, is in adequate agreement with the Zr-L, 3 results pre-
sented here.

The Zr-L, 3 spectra for tetragonally distorted fluorite ZrO,_; in
Fig. 6 manifest a similar two peak A-C structure. The additional
spectral intensity of the A and C peaks of ZrO,_ isdramatic in com-
parison to (Cepg3SMy 17)05Zr0502_5 Spectrum. Moreover, in the
XAS of ZrO,_5 an additiona unresolved intermediate B feature (or
features) is also present. The higher intensity of the B feature in the
L3 spectrum is related to spin orbit and multiplet effects. It is well
known that when the cubic On symmetry islowered to tetragonal Dy,
symmetry, the (x?-y?) and (z) of the ey orbitals split in energy and
the (tog) orbitals split into [(x2), (y2)] and [xy] energy states. Thus the
intermediate energy states of the B feature in the Zr-L, 5 spectra of
ZrO,_5 in Fig. 6 are consistent with these lower symmetry splittings.
Indeed the d projected DOS for tetragonal-ZrO,_g, of Orlando
et al.?! manifests a dramatic filling-in of intermediate energy states
in the eg—tog gap seen for cubic ZrO,_5. Thus these ab initio calcu-
lations support the character of the observed Zr-L , 5 spectral changes
between the cubic and tetragonal fluorite-based structures.

lonic conductivity in air.—The composition and temperature de-
pendences of ionic conductivity of (Ceyg3Smg 17)1—xZrOs_5 solid
solutions (x = 0.0 to 0.50) in air are shown in Fig. 7. It can be seen
that in the lower ZrO, substitution range (x = 0.0 to 0.30), the ionic
conductivity decreases with increasing ZrO,, whereas
(Cepg3SMp.17)0.52r0502-5 and (Cep gaSMo 17)0.6210.402-5 exhibit
higher ionic conductivity than (Cey gaSMg 17)972r0.30-_5. The inset
in Fig. 7 shows that the apparent activation energy (E,) tends to
increase with ZrO, content up to x = 0.2, and for x > 0.2, E4is con-
stant within the experimental error (=0.05 eV).

The incorporation of SmO, 5 in the CeO, or ZrO, host structure
can be described by the following equation

2SmO; 5~ 2SMy, + 303 + VE [4]

Notice that Kréger-Vink notation?? is used in this equation in which
V' represents an oxygen vacancy, Smgy, is a Sm3+ on a Ce** or
Zr* |attice site, and O is anormal oxygen lattice site. It is expect-
ed that in the lower ZrO, substitution range (x = 0.0 to 0.30), the
[Sm3*] will decrease in the cubic fluorite host structure. Since ca.
17 mol % Sm3* is the optimal concentration for Ce;_,Sm,O,_; to
achieve maximum ionic conductivity, decreasing [Sm3*] in

30000

(Ce, 4.Sm

0835 17)0.527o sO:

2-8

20000

10000 f

Intensity (counts)

e

20 40 60 80 100 120
20

Figure5. Observed (+), calculated (solid line), and difference XRD profiles
of (CeygaSMg 17)05Zr050—3 (after calcined at 1400°C for 24 h). Reflection
positions are represented by tic marks. Space group: Fm3m; a =
0.52721(4) nm; atomic positions: Ce, Sm, Zr in 4(a); O in 8(c) (Wyckoff
notation); R, = 5.7%; R,, = 8.0%.

Downloaded on 2015-03-04 to IP 129.252.69.176 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 147 (11) 4196-4202 (2000) 4199

S0013-4651(00)03-078-0 CCC: $7.00 © The Electrochemical Society, Inc.

Energy (eV)
2225 2230 2235 2240
T T O T T
B Ja %
l/ Zr-L_edge

Absorption coefficient

‘(,‘“ RESln(l l?)tj,izr() i()Z-ﬁ
L L 1 L L L L | i 1 L 1 L 1 ! L
s e e A e e o B S L B
A B
Py C
- y Zr~L2 edge
g i
L ¥
X {
8 Ap=2.0 ;
£ i
B ;
=
< | Vv
(Ce Sm_ ) Zr O__
0.83 017705 05 26
| 1 1 L L 1 1 L 1 L 1 L L L L | L
2310 2315 2320 2325
Energy (eV)
Figure 6. The Zr-L; and L, spectra for cubic-fluorite

(Cep.g3SMg 17)0.5Z2r 05055 and for ZrO, with atetragonally distorted fluorite
structure. Note the A and C features of the cubic material that are associated
with the four-fold eg and six-folds tog orbitals, respectively, with the CEF
splitting, A, being ca. 2.3 eV.

(Cep g3SMy.17)1-xZrOo_5 Will lead to lower [V 3] and thus the ob-
served lower ionic conductivity as x increases up to 0.30 (Fig. 7).

Electrical conductivity in the low oxygen partial pressure (pp,)
region.—Theelectrical conductivity of the (Cey g3SMg 17)1-xZO2—5
solid solution for x = 0, 0.02, 0.08 0.2, and 0.3 in the low p, region
isshown in Fig. 8. The electrical conductivity tends to increase with
decreasing po,. The increased electrical conductivity in the low p,
region can be attributed to the partial reduction of the Ce** to gener-
ate electronic charge carriers according to the reaction

2CeX, + Oy = 2CeL, + V5 + %02 [5]

where Ce¥.isaCe*™ on aCe*" lattice site and Cel,isaCe*" ona
Ce*t lattice. For a stoichiometric reaction, it can be assumed that
[Cecd = 2[VE], where [Ce] and [V 5] are concentrations of Ceg,
and Vg, respectively. Thus

[Cetd = KYZ[CeXJ[ONYV ] V2ol [6]

where K is the equilibrium constant for Eqg. 5.
If the concentration of intrinsic electrons and holes as well as

oxygen interstitials in the samplesis negligible, the electroneutrality
condition can be described as

2[V3l = [Cegel + [SMiezl [7]
It follows then that
[Cetdl = (2K)2[CeX ][O ([Cete + [SMeerz]) Y200y (8]

Assume [OF] and [Ce%] are constants; Eq. 8 can be simplified as
[Cecd = K'(ICecd + [SMeerzd) %P0y (9

where K' = (2K)V2 [CeX ][04 Y2

It follows from Eq. 9 that if [Cegd << [SmMiyz,] (Most likely in
the lower ZrO, content samples and at high oxygen partial pres-
sures), [Celd * poy’®, whereas if [Celd =~ [SMiyy] a very low
Pog [Cecd  Poy™.

If electron hopping from Ce3* to Ce** is the main charge-carri-
er process, and the electron mobility is constant, the n-type elec-
tronic conductivity is proportional to [Ceg] and should have the
same oxygen-activity dependence as [Cer], i.e, the n-type elec-
tronic conductivity is dependent upon the oxygen pressure to the
power of ca. —1/6 to —1/4.

Asseenin Fig. 8, the observed dopes for the least-square best fit-
ted straight lines (log o vs. log po,) for (CeygzSMg 17)1-xZrO2—5
solid solutions with x = 0, 0.02, 0.08, 0.2, and 0.3 are —0.17, —0.22,
—0.24, —0.14, and —0.12, respectively. The dopes of x = 0, 0.02,
and 0.08 are within the range —1/6 to —1/4, indicating n-type elec-
tronic conductivity. In the case of (CeygaSmg 17)0sZr020,—5 and
(Cey gaSMg 17)0.72r0.302_5, the absolute value of the slope is lower
than 1/6. This might be due to the increase of the ionic conductivity
under reducing atmospheres, as the reduction of Ce** leadsto an in-
crease of the oxygen-vacancy concentration. Since the oxygen-vacan-
cy concentration of (Cep gzSMg 17)0.7Zr930-_5 inar islower than that
in CeygsSmMg 170,_5, an increased oxygen-vacancy concentration
should give rise to an increase of ionic conductivity. In the following
discussion, we use an established procedure described previously by

Mogensen et al.,2® specifically, in the range of po, from 5.0 x 10718
to 4.8 X 10~ am, thermogravimetric measurements indicate that
in_ Celp'3x07)-2C€% SM(.17x07)Z70.301945 d changes from
0.027410 0.0536 (Tablel). Thetotal oxygen-vacancy concentration of
Cefbiaax07)—2Ce% SM(017%07)Zr 301045 Under these conditions

T(°C)
600 500

-1.0 T T T T T T T

(Ceg g3Smy 1), Zr,0, 5

log 6 (S/cm)

0 01 02 03 04 05
X

| S W S SR [ ST ST SR SR |

U SR T S S '

0.90 1.0 1.1 1.2 1.3
1000/T (K™)

Figure 7. Temperature dependence of the ionic conductivity of the
(Cey g3Smy 17)1—xZrO,_5 solid solutions (x = 0.0 to 0.50). Inset: composi-
tion dependence of activation energy of the (Cey g3SmMg 17)1—xZOs—5 Solid
solutions (x = 0.0 to 0.50).
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Figure 8. Total electrical conductivity of the (Cey gaSMp 17)1—xZr«O»— solid
solutions (x = 0.0 to 0.50) under reducing atmospheres and at 700°C.

(Po, = 5 X 10~18t0 5 X 10~22 atm) isthe same asthe oxygen-vacan-
cy concentration generated by doping pure ceriawith 17.4 to 22.8 mol
% Sm3" in air. Although direct measurement of ionic conductivity
has not been possible under reducing atmospheres, it is reasonable to
estimate that the ionic conductivity of (CeygsSmMg17)072r0302-5
under reducing atmospheres (po, = 5 X 10-18 atm) is ca. 0.01 S/cm,
as observed in the sample Cey gSmg ,0,_5 at 700°C in air.

Figure 8 also shows that at afixed po, the larger the ZrO, content,
the higher the electrical conductivity. The total electrical conductivi-
ty of (CeygaSMy17)0.7Zr030;2—5 15 0.42 S/cm at p, = 5.7 X 10-2L
atm and 700°C. Thermogravimetric measurements suggests that 8 =
0.047 under the same condition, which is eguivalent to doping ceria
with 229% Sm3*. Therefore, it is estimated that the ionic conductivi-
ty under the same condition should be close to ca. 0.009 S/cm. Sub-
traction on the ionic conductivity yields the n-type electronic con-
ductivity of ca. 0.41 S/cm. A dilemma for the traditional substituted
ceriais that on the one hand the ionic conductivity is increased by
orders of magnitude when oxygen vacancies are formed as a conse-
quence of substitution with lower valent cations, on the other hand
such substitution generally leads to a considerable decrease in the
electronic conductivity. The (Cey gaSmMg 17)0.74r0 3055 Solid solution
appears to have arelatively good combined electronic and ionic con-
ductivity typicaly required for solid oxide fuel cell (SOFC) anode
materials. Even though the desirable electronic conductivity require-
ment for anode materials for SOFC (o, > 100 S/cm) is not satisfied,

Tablel. Variation of stoichiometry of

(Cep gaSMg 17)0. 72103045 Solid solution together with a current col-
lector might be a good choice for the anode material in SOFC.

The increase of electrical conductivity with increased ZrO, dop-
ing can be attributed to the enhancement of the reducibility of the
(Cep g3SMp.17)1—xZrOo_5 solid solutions induced by the addition of
the Zr into the CeO, lattice. According to Balducci et al., the
Ce**/Ce®" reduction energy is significantly reduced even by asmall
amount of zirconia for CeO,-ZrO, solid solution. In addition, acti-
vation-energy calculations indicate an increase of oxygen mobility
with increasing zirconia content for CeO,-ZrO, solid solution.’ The
high mohility of oxygen vacancies through the bulk and the surface
will assist the Ce#*/Ce3" redox cycle. All these factors will con-
tribute to the enhancement of electronic conductivity.

lonic and electronic transference numbers—The Nernst poten-
tial and open-circuit voltage of the air-H, and air-Ar oxygen con-
centration cells as afunction of temperature are shown in Fig. 9. The
bulk and total resistances of the concentration cells were determined
from the intercepts of the impedance spectra with the real-axis at
high and low frequencies, respectively.

The average oxide ionic transference numbers, ft;, of
(Cepg3SMg 17)0.7Zr0 30, were determined from the combination of
impedance spectroscopy and open-circuit potential measurement
using the equation?*

- RO Vek
t =1 P{g e F

where R, and R; are the bulk and total resistance, respectively, of the
air-H, and air-Ar cells as determined from the impedance-spec-
troscopy measurement, and V. and E are the open-circuit potential
and Nernst potential across the cells, respectively. Furthermore, the
average ionic transference numbers, t;, were calculated from the
combination of oxygen permeation and impedance measurements
using the following equation®

[10]

Air,Pt[(Ce _Sm_ ) Zr O |PL,H
083° 01770703 2:8 2

Ce{0.83x0.7)-2CE% SM(0.17x07)Z" 0301045 Under reducing

atmospheres.

Log (po,) (am) 3 Formula
—-17.3 0.0274 Ceg.gzece%mssmo.1192ro.301.913
—-17.9 0.0312 Ce 519C€ 06245M0 119270301 909
—190 0.0372 Ce 507Ce0 07445M0 119270301 003
—194 0.0393 Ced 502Ce0 07865M0.119270.301 901
-201 0.0467 Ce 485C€3 00345M0 116270301 893
—203 0.0494 Ce482C€3 60885M0 11927030+ 01
—213 0.0536 Cegjlmcegﬁmsmo.ngzr0.301.886
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Figure9. Nernst potential and open-circuit potential of oxygen concentration
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(11]

Theionic current due to the permeation of oxygen through the oxy-
gen concentration cell, 12—, can be calculated as®

| 855X, — ViXy)
0% T

where V, and V; are the flow rate (mL/min) of the outgoing
and incoming gas, respectively, and X, and X; are the oxygen par-
tial pressures (atm) of the outgoing and incoming gas, respective-
ly. T is the absolute temperature at which the gas flow rate was
measured.

The average oxygen ion transference numbers of
(Cep g3SMQ 17)0.7210.305—3, as determined from the air-H, and air-Ar
oxygen concentration cellsusing Eq. 11 and 12 are shown in Fig. 10.
In the air-H, cell, the average ionic transference numbers obtained
from the combination of gas permeation and impedance spectra are
more reliable than those from the combination of open-circuit poten-
tial and impedance spectra, since the open-circuit potentials are rel-
atively small. Whilein the air-Ar cell, the average ionic transference
numbers obtained from the combination of gas permeation and im-
pedance spectra and those from the combination of open-circuit
potential and impedance spectra agree quite well, it can be seen that
in the air-H, cell, (Cey g3SMy.17)0.72r0.302_5 exhibits mixed ionic-
electronic conduction with mainly electronic conduction in the tem-
perature range of 600 to 750°C. On the other hand, in the air-Ar cell,
(Cep g3SMp.17)0.7Zr0.302_5 shows mixed conduction with predomi-
nantly ionic character.

[12]

Electrode polarization resistance—In Fig. 11 and 12 two series
of impedance diagrams recorded at higher (650°C) and lower
(500°C) temperatures for (Ceyg3SMy 17)0.7210302_5 are presented.
In both cases, the diagrams exhibit two well-defined semicircles rep-
resenting the properties of the solid electrolyte at higher frequencies
and those of the electrodes at low frequencies. The solid-electrolyte

4201
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Figure 11. The complex-impedance plots for the cell, air, Pt |
(Cey,835M0 17)0.7270302—3 | P, air a 650°C (thickness of the three samples:
no. 1, 0.96 mm; no. 2, 1.26 mm; no. 3, 1.7 mm).

resistance and the total resistance of the electrochemical cell, Air,
Pt | (CepgsSMy17)0.7Z70302-5 | Pt Air were determined from the
intercepts of the impedance loops with the real axis at high (ca.
0.1 MHz) and low (1072 to 1 Hz) frequencies, respectively. As can
be seen in Fig. 11, a wide variation in electrode polarization resis-
tance (5 to 50 Q-cm? at 650°C, as calculated from the three cells
consisting of electrolyte materials with different thicknesses in
Fig. 11) is observed. The electrode polarization resistances for both
the reference electrode and the working electrode are plotted in
Fig. 13. The polarization resistances of the el ectrodes show different
slopes indicating different mechanisms of electrode polarizations (in
the reference electrode, R1, Pt-mesh collector was incorporated) and
increase by four orders of magnitude when the temperature is de-
creased by 200°C (from 650 to 450°C).

Conclusion

(Cep gaSmg 17)1-xZ,0Os_5 (x = 0o 0.5) solid solutions were pre-
pared by the hydrotherma method at 260°C. When these samples are
calcined at 1500°C, the XRD exhibit a fluorite pattern. The electronic

1.0 ™ T T T d T T T T T
]
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08 o— o TT—0y
.\.///.\. ‘s
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Figure 10. Average oxygen ion transference numbers of

(Cey g3SMg 17)0.72r0.30,— 5 determined at different temperatures using method 1
(Eq. 10) and method 2 (Eq. 11) inacell of () air, Pt | (Ceo.835M0.17)0.7Z70502—5
| Pt, Hy and (b) air, Pt | (Cep gsSMo 17)0.7Z10302-5 | PX.
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Figure. 12. The complex-impedance plot for the cell, ar, Pt |
(Cen.g35Mg.17)0.7270.30,—5 | PX. ar at 500°C.
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