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tered from powders with different specific surface areas. The produced ceramics were studied by scanning
electron microscopy and impedance spectroscopy methods. Impedance spectroscopy measurements were per-
formed in a wide frequency range of 10 Hz-3 GHz at temperatures up to 900 K in air. Temperature dependences
of bulk and total ionic conductivities of ceramics were investigated. High bulk ionic conductivity of the order
of 1 S/m at 900 K for 10ScSZ and 10Sc1CeSZ ceramics was achieved. Total ionic conductivity for both types of

10GDC ceramics was of the order of 0.1 S/m at 700 K.
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1. Introduction

Challenges exist in the solid oxide fuel cell (SOFC)
research area due to their high operating temper-
atures, which results in the degradation of SOFC
components, material compatibility issues and etc.

The yttria-stabilised zirconia (YSZ) electrolyte is
the most common material employed as an electro-
lyte in SOFCs. However, high temperatures in the
range of 1070-1270 K are required to obtain suf-
ficient ionic conductivity (approximately 1 S/m) in
YSZ for SOFC operation [Ij)]. Therefore, materials
which exhibit sufficient ionic conductivity at lower
temperatures have attracted great attention of sci-
entists worldwide.

Zirconia remains a prime choice as an electro-
lyte material because of its stability and compatibil-
ity with the electrode materials over wide ranges
of temperatures. Ionic conductivity of stabilised
zirconia depends on the size of dopant cations and
tends to be the highest for those with ionic radii
close to that of the host Zr** (0.84 A) [E]. In the case
of zirconia-based systems, Sc** with radii of 0.87 A

should be the most effective dopant among Ca?,
Y3+, Sm?, etc. Scandia-stabilised zirconia (ScSZ)
is a promising material: for example, 11 mol%
Sc,0, - ZrO, ceramic (115c¢SZ) exhibits sufficient
ionic conductivity for SOFC operation at 870 K [E].

However, ScSZ (9-13 mol% Sc,0,) suffers
a phase transition to the rhombohedral phase
around 800-900 K (depending on dopant amount),
which is unique for Sc-stabilised zirconias [H]. The
thermocycling process of such material eventually
leads to a reduced ionic conductivity and material
degradation. There are reports in literature that the
stabilisation of the cubic phase ScSZ in lower tem-
peratures can be achieved by co-doping with small
amounts (0.5-1.5 mol%) of other oxides (Gd,0,,
Y,0,, Bi,O,, or CeO,) [E]. However, the effect of
various ternary dopants on this process has not
been studied in detail.

In recent years many other systems, such as var-
ious ceria-based oxides, have also been proposed
as electrolyte material for SOFC. Regarding doped
zirconia, one of the best dopants due to its optimum
atomic radius are Y?* (1.019 A), or Gd3* (1.053 A).
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However, there is still discrepancy in understand-
ing the relationship between the dopant proper-
ties and the ionic conductivity: gadolinium doped
ceria have higher ionic conductivity than yttrium
doped ceria Egﬁ], although the best match for the
ionic radius of Ce** (0.97 A) is yttrium. Gadolin-
ium doped ceria (GDC) has shown higher ionic
conductivity at 870-1070 K than conventional
YSZ [ﬁ], and its conductivity is comparable to the
conductivity of ScSZ.

One problem concerning ceria-based electro-
lytes is that conventional sintering to full density
requires temperatures exceeding 1570 K [E]. Rather
high grain growth rates at those temperatures result
in large grains and therefore poor mechanical sta-
bility. In order to obtain ceramics with small grains
and high stability, powders with a high surface area
should be used for sintering.

In this paper we present sintering conditions
and electrical properties in a wide frequency
and temperature range of 10GDC, 10ScSZ, and
10Sc1CeSZ ceramics. Sintered ceramics were stud-
ied by scanning electron microscopy (SEM) and
impedance spectroscopy (IS) methods in a wide
frequency range 10 Hz-3 GHz at temperatures up
to 900 K in air.

2. Experiment

Solid electrolyte ceramics were sintered from
commercial powders (Sc,0,),,(Zr0O,) , (10ScSZ),
(5¢,0,),,(Ce0,),,,(Zr0,) ,, (10Sc1CeSZ), and
Ce,,Gd O,,. (10GDC) produced by Fuel Cell
Materials. For preparing 10GDC ceramics two
types of the powders with different surface areas
Sypr = 6.44 m’/g and S, = 201 m*/g were used.
Powders were shaped by uniaxial cold pressing at
300 MPa. Ceramics were sintered in air atmosphere
for 1 h, sintering temperatures of ScSZ and 10GDC
ceramics were 1773 and 1673 K, respectively. The
surfaces of ceramic samples were observed by a
scanning electron microscope in the secondary
electron mode. This study allows one to determine
the qualitative distribution of grains and grain
boundaries and to compare the microstructure of
ceramics sintered using different powders.

For the measurements of complex specific ionic
conductivity (&) and complex specific impedance
(p) in alow frequency range (from 10 Hz to 2 MHz)
2-electrode and 4-electrode methods were used [E].

Corresponding investigations in a high frequency
range (from 0.3 MHz to 3 GHz) were based on
the measurement of the S-parameters matrix for a
2-port network made of a coaxial waveguide and a
sample inserted in the gap of the central conductor
[@]. For 2-electrode and high frequency measure-
ment techniques cylindrical samples of the height
of 1.5 mm and of the diameter of 2.5 mm were pre-
pared from sintered ceramics; for the 4-electrode
method rectangular samples (8 x 1.5 x 1.5 mm)
were used. The electrodes of the samples were pre-
pared using Pt paste, except for voltage electrodes
in case of the 4-electrode method: platinum wires
wound around the sample were used. All measure-
ments were carried out in air, and temperature was
controlled by a computer connected to DC power
supply.

The spectra of measured electrical properties
were analysed by means of nonlinear least-squares
fitting of equivalent circuit (Fig.) with the aid of
the Zview program. All the capacitances shown in
the equivalent electrical circuit were mathemati-
cally modelled using a constant phase element

(CPE) [[L1].

Fig. 1. Equivalent circuit comprising two parallel R and
C circuits in series.

3. Results and discussion

The most important parameters of sintered ceramics
are summarised in Table EI The S, represents the
surface area of the powder (m?*/g) determined using
the BET (Brunauer, Emmett & Teller) method.

SEM images of surfaces of 10ScSZ and
10Sc1CeSZceramics are shown in Fig. @ No sig-
nificant differences can be seen in the microstruc-
ture of the samples: grain size varies from about
1 to 12 ym in both samples. The microstructure of
10GDC ceramics is shown in Fig. E The grain sizes
of these ceramics are similar, there is no expected
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Table 1. Surface areas, sintering temperatures and densities of investigated ceramics.
Powder Sintering | Actual den- . Theoretical
. Relative :
Compound surface area | temperature sity p, density [%] density p,
S, [m¥g] T, [K] [g/cm’] ¥ [g/cm’]
(S¢,0),,(Zr0),, 11.1 1773 5.35 94.1 5.68 [12]
(S,0,),,(Ce0)), ,(Zr0)), , 9.4 1773 5.48 95.4 5.74 [12]
Ce,,Gd,,0, . 6.44 1673 6.93 96.1 7.21 [13]
Ce,,Gd,,0, . 201 1673 6.99 96.9 7.21 [13]

Fig. 2. SEM images of surfaces of (a) 10Sc1CeSZ and (b) 10ScSZ ceramics.

Fig. 3. SEM images of surfaces of (a) 10GDC

difference resulting from the distinct surface area
of powders of which ceramics were sintered. Both
10GDC ceramics were sintered at the same tempera-
ture (T = 1673 K), the sintering time was equal; these
factors could make a crucial influence on micro-
structure. The experimentally measured ionic con-
ductivity dependences of 10GDC ceramics are over-
lapped in Figs. H E E due to identical stoichiometric
composition and very similar microstructure.

$=201 ceramics.

and (b) 10GDC

§=6.44

The frequency dependences of the real part o’
of complex ionic conductivity (&) of investigated
ceramics are presented in Fig. @ Two relaxation
dispersions have been found in ionic conductiv-
ity and impedance spectra of the studied ceramics.
Considering literature data [, ], dispersion in a
high frequency region (I) was attributed to oxygen
ion relaxation in the bulk. Whereas minor disper-
sion in intermediate and low frequency ranges (II)
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10° o nique frequently used in the literature [@, E], the
O] 1o5e1esz semicircle at higher frequencies (on the left-hand
107 L* 10GDC o side of the spectrum) corresponds to bulk specific

glv N
2 I ﬁ
-3
10 T — “ \
m T
10™
/ T=600 K
10° )
10° 10° 10* 10° 10° 10"

f, Hz

Fig. 4. Frequency dependences of the real part of con-
ductivity of 10ScSZ, 10Sc1CeSZ, and both 10GDC
(overlapped) ceramics.

was caused by the ion blocking effect at the grain
boundaries of the ceramics.

Bulk and total ionic conductivities were derived
from complex specific impedance p' = f(p') plots at
different temperatures using a detailed analysis of
the data points. Bulk ionic conductivity o, = 1/p,
(p, bulk specific resistance) is a material-specific
constant, which approximately corresponds to dc
ionic conductivity of the single crystal of a given
compound. Total ionic conductivity o, = 1/p, (p, total
specific resistance) is a similar material-specific con-
stant, which corresponds to dc ionic conductivity of
a given polycrystalline compound.

Asan example, the specificimpedance of 10GDC
ceramics measured at 580 K is shown in a complex
plane in Fig. E, where parameter f indicates aver-
age ion relaxation frequencies in the bulk and the
grain boundary. Using an equivalent circuit tech-

Fig. 5. Complex plane plots of specific impedance of
10GDC__,, and 10GDC__  ceramics.

$=6.44 §=201

resistance p, and the one at lower frequencies (on
the right-hand side of the spectrum) corresponds
to the resistance of grain boundaries of the ceramic
Py Total specific resistance is the sum of bulk and
grain boundary resistances: p, = p, + Py By using
the 4-electrodes technique impedance measuring
methods, the interface Pt-electrolyte, which rela-
tively blocks the ionic current, was eliminated from
the electrochemical system and the third semicircle
does not appear in the impedance spectra.

Specific impedance in the complex plane of
10Sc1CeSZ and 10ScSZ ceramics measured at
580 and 620 K, respectively, using the 2-electrode
method is shown in Fig. f. These diagrams show
only one semicircle, which defines bulk ionic con-
ductivity. An examination of the data points on the
low frequency side shows deviation from semi-
circle, and precise separation between the grain
boundary and electrode characteristic could not
be distinguished. For these temperatures (and all
temperatures below 820 K, the range wherein the
phase of 10ScSZ is rhombohedral), the bulk ionic
conductivity of 10Sc1CeSZ is ten or more times
higher than that of 10ScSZ.

Fig. 6. Complex plane plots of specific impedance of
10Sc1CeSZ and 10ScSZ ceramics.

As mentioned before, the practical use of ScSZ
(9-13 mol%) ceramics is hindered by phase transi-
tion at high temperatures. The investigated 10ScSZ
ceramic sample suffers phase transition to the
rhombohedral phase at around 820 K, leading to
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increased ionic conductivity. This phase transi-
tion was suppressed using co-doping with 1 mol%
of cerium oxide. The bulk ionic conductivities of
10ScSZ and 10Sc1CeSZ ceramics at temperatures
above 820 K are very similar (Fig. ﬁ).

Fig. 7. Complex plane plots of specific impedance of
10Sc1CeSZ and 10ScSZ ceramics.

Temperature dependences of ¢, and o, of in-
vestigated ceramics are shown in Arrhenius plots
(Figs. E and E respectively). When comparing the
individual plots (Fig.@) it is remarkable that the bulk
ionic conductivity of 10ScSZ increases very rapidly
in the region of phase transition. 10Sc1CeSZ and
10ScSZ ceramics exhibit 3.4 and 3.7 S/m bulk ionic
conductivity at 900 K. Bulk ionic conductivity of
10GDC ceramics achieves 0.32 S/m at 700 K.

The total ionic conductivity of 10Sc1CeSZ was
measured using the 4-electrode technique. 10ScSZ
possess phase transition, which limits its use as a
SOEFC electrolyte and therefore the total conductiv-
ity of this material has no meaning. The total ionic
conductivity of 10Sc1CeSZ ceramic is 0.05 S/m at
700 K. 10GDC ceramics shows a 0.26 S/m total
ionic conductivity at the same temperature.

Fig. 8. Temperature dependences of bulk conductivities
of 10ScSZ, 10Sc1CeSZ, and both 10GDC (overlapped)
ceramics.

Fig. 9. Temperature dependences of the total conductivities
of 10Sc1CeSZ and both 10GDC (overlapped) ceramics.

The corresponding activation energies (deter-
mined from the Arrhenius plots shown in Figs. B
and E) are very close. The activation energies E,, E,
and 0,, 0, conductivities at different temperatures
are summarised in Table @

Table 2. Activation energies and conductivities at different temperatures of investigated ceramics.

Activation | Activation
Compound ener enerov AE | % [S/m] 0, [S/m] | o, [S/m] | o, [S/m] o, [S/m]
b A g\’; g\’/’ | at500K | at700K | at900K | at500K | at700K
E, [eV] [eV]
(5¢,03)0.1(Z1r0,)0s 1.07 - 23.107  6.3-10* 3.9 - -
(SC203)0A1(CeOZ)OAOI(ZrOZ)OAgg ]..55 1.33 1.0 * 1075 6.]. * 1072 3.4 6.0 * 1076 5.0 * 1072
Ce,sGd, 0105 (s=6.49) 0.96 1.01 3.7-10°% 3.2-10! - 2.5.10% 2.6-10"
Ce,Gdy10, o5 5 - 201) 0.97 0.98 3.6-10°% 3.3.10! - 23.10° 2.7-107!
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4. Conclusions

The ceramic compounds 10ScSZ, 10Sc1CeSZ, and
10GDC were sintered and relative density greater
than 94% was achieved.

Two different scandium-doped zirconia sys-
tems with composition 10ScSZ and 10Sc1CeSZ
were studied with a particular interest to the effect
of ternary dopant on electrical properties. An ad-
dition of 1 mol% CeO, significantly decreases the
phase transition temperature and stabilises the
cubic phase. The IS study of the ceramics has re-
vealed that both scandium-based ceramics exhibit
the bulk ionic conductivity of the order of 1 S/m at
900 K. The total ionic conductivity of 10Sc1CeSZ
reaches 0.01 S/m at 700 K.

The images of 10GDC ceramics did not show
any expected difference of the microstructure for
sintered ceramics from different powder. High sin-
tering temperature allowed fast crystal growth and
the difference of the specific surface area of pow-
ders has no impact on bulk and total ionic conduc-
tivities and their activation energies. However, bulk
and total ionic conductivities of both 10GDC ce-
ramics are in the order of 0.1 S/m at 700 K.

All investigated ceramics (except for 10ScSZ)
showed results which are appropriate for successful
operation as an electrolyte in intermediate temper-
ature SOFCs.
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DEGUONIES JONAMS LAIDZIU]U KERAMIKU KEPINIMAS IR JU ELEKTRINES
SAVYBES
S. Kazlauskas, A. Kezionis, T. Salkus, A. E Orliukas
Vilniaus universiteto Fizikos fakultetas, Vilnius, Lietuva
Santrauka

I8 (5¢,0,),,(Zr0,),, (10ScSZ), (Sc,0,),,(CeO,)
(ZrOZ)O)89 (10Sc1CeSZ) ir Ceo’ngo’IOw5 (10GDC) milte-
liy, kuriy savitasis pavir$iaus plotas S = 6,44 ir 201 m%/g,
buvo pagamintos deguonies jonams laidZiosios kerami-
kos. Siekiant nustatyti keramiky gamybos technologiniy
salygy jtaka jy mikrostruktirai, keramiky pavirsiai buvo
istirti skenuojanciu elektroniniu mikroskopu (SEM).
Elektrinés $iy keramiky savybés buvo tiriamos pla¢iame
dazniy (10 Hz-3 GHz) ir temperatary (300-900 K) dia-
pazone pilnutinés varzos spektroskopijos (IS) metodais.

IS SEM nuotrauky nustatyta, jog kristality dydziai
keramikose 10ScSZ ir 10Sc1CeSZ yra panasis, jie kinta
nuo 1 iki 12 um. I8 skirtingo pavirsiaus ploto milteliy
pagaminty 10GDC keramiky kristality dydZiai taip pat
labai artimi, tac¢iau jie keletg karty mazesni nei cirkonio
keramiky. Naudojantis IS rezultatais, buvo jvertinti kris-

talitinis o, ir bendrasis o, keramiky laidumai. Keiciant
temperatirg, $ie dydziai kinta pagal Arenijaus désnj.

Staigus kristalitinio laidumo padidéjimas, stebimas
820 K temperatiiroje 10 mol % skandziu stabilizuo-
to cirkonio oksido (10ScSZ) keramikoje, yra susijes su
10ScSZ struktariniu faziniu virsmu. Junginyje, kuriame
i 10ScSZ buvo jvesta 1 mol % CeO, priemaisy, 300-
850 K temperatiiry intervale laidumo $uolis nestebimas.

10Sc1CeSZ ir 10ScSZ keramiky kristalitinis laidu-
mas yra didesnis nei 2 S/m esant 900 K temperatiirai,
o abiejy 10GDC keramiky bendrasis laidumas buvo jau
0,1 S/m esant 700 K temperatirai.

Visy tyrinéty keramiky (iSskyrus 10ScSZ) rezultatai
rodo, jog jos pasizymi dideliu joniniu laidumu ir atitin-
ka reikalavimus, keliamus vidutiniy temperatary kieto-
jo kuro gardeléms (SOFC).



