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Abstract

Gdj 1Cep 90195 and Gdy,Cey30;o powders were prepared through the polyol process without using any protective agent.
Microstructural and physical properties of the samples were characterized with X-ray diffraction (XRD), scanning electron microscopy
(SEM), thermogravimetry (TG) and impedance analysis methods. The results of the thermogravimetry/differential thermal analysis
(TG/DTA) and XRD indicated that a single-phase fluorite structure formed at the relatively low calcination temperature of 500 °C. The
XRD patterns of the samples revealed that the crystallite size of the samples increased as calcination temperatures increased. The
sintering behavior and ionic conductivity of pellets prepared from gadolinia doped ceria (GDC) powders, which were calcined at 500 °C,
were also investigated. The relative densities of the pellets, which were sintered at temperatures above 1300 °C, were higher than 95%.
The results of the impedance spectroscopy revealed that the GDC-20 sample that was sintered at 1400 °C exhibited an ionic conductivity
0f 3.25x 1072 S cm~ ! at 800 °C in air. This result clearly indicates that GDC powder with adequate ionic conductivity can be prepared
through the polyol process at low temperatures.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Fuel cells are becoming an increasingly viable source of
power for many applications due to a growing demand for
economical and clean electrical energy. Several types of
fuel cell systems that operate at varying temperatures and
efficiencies are currently available [1]. Among all of the fuel
cell systems, solid oxide fuel cells (SOFCs) have gained
considerable attention as promising systems for electrical
power generation because of their high conversion effi-
ciency for transforming chemical energy to electric power.
Furthermore, SOFCs have the advantage of fuel flexibility,
and the capability of working with hydrogen, hydrocarbon
reformate and, in some circumstances, directly with hydro-
carbon fuels [2].

*Corresponding author. Tel.: 490 212 440 00 00/17652.
E-mail address: fufu@istanbul.edu.tr (M.A.F. Oksiizomer).

Solid oxide fuel cells are classified into two groups
according to their operation temperature: high tempera-
ture solid oxide fuel cells (HT-SOFCs) and intermediate
temperature solid oxide fuel cells (IT-SOFCs). Although
some researchers focus on developing HT-SOFCs, redu-
cing the operation temperature of fuel cells is important
for achieving long-term performance stability and for
reducing the cost of materials processing and cell fabrica-
tion. To reduce the operation temperature, two approaches
are widely applied that lower the resistance of dense
electrolyte membranes: decreasing the traditional YSZ
(8 mol %Y,03-Zr0O,) electrolyte thickness or using alter-
native materials with higher conductivity at lower tem-
peratures [3].

Doped ceria electrolytes are good candidates for SOFCs
at intermediate temperatures despite their high ionic
conductivity and low activation energy and stability within

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.02.069


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.02.069
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ceramint.2013.02.069&domain=pdf
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.02.069
dx.doi.org/10.1016/j.ceramint.2013.02.069
dx.doi.org/10.1016/j.ceramint.2013.02.069
mailto:fufu@istanbul.edu.tr
mailto:fufu@istanbul.edu.tr

7306 M.A.F. Oksiizomer et al. | Ceramics International 39 (2013) 7305-7315

the temperature range of room temperature to its melting
point (approximately 2300 °C). The ceria is either doped
with Gd*? or Sm™?, both of which have slightly higher
ionic radii than Ce™* ions. Because the ionic radii of Gd
and Sm are nearly the same as the ionic radii of cerium,
their incorporation in ceria lattice for creating more
oxygen ion vacancies produces less distortion in host
lattices and, thereby prevents phase instability. These
excess oxygen vacancies generally yield a higher ionic
conductivity of oxygen and higher electronic conductivity
than un-doped ceria, due to the reduction of the cerium ion
from the tetravalent state to the trivalent state at high
temperatures in a reducing atmosphere [4,5]. Because of
their high ionic conductivity at relatively moderate tem-
peratures, these materials have great potential as electro-
lytes for SOFCs at intermediate temperatures. Gadolinia
doped ceria is one of the most promising electrolytes for
SOFCs that operate below 650 °C [6,7].

To synthesize ceria-based electrolytes with the desired
properties, various methods such as hydrothermal synth-
esis [8,9], homogenous precipitation [10,11], the sol-gel
process [12], the glycine-nitrate process [13], combustion
[14], the reverse microemulsion process [15], and a variant
of the sol-gel process known as cation complexation [16]
have been employed.

Among the several chemical methods for preparing
metal particles, a solvothermal route has been considered
as a promising method to obtain monodispersed metal
particles. In this procedure, polyalcohols with high boiling
points and the ability to solve organic salts at elevated
temperatures are utilized. Ethylene glycol and triethylene
glycol are a few examples of these compounds; ‘polyol’ is a
general term for polyalcohols. To prepare metal particles,
the polyol process was applied because of its mild reducing
properties and simple route. In addition, polyol acts as a
solvent with a chelating effect, which prevents the agglom-
eration of particles during reaction. Powders obtained
from the polyol method exhibit homogenous phase com-
position, narrow particle distribution and highly specific
surface areas. Due to its simplicity and numerous advan-
tages, the polyol method has received considerable atten-
tion regarding the preparation of highly pure mixed oxides
[17,18].

The oxygen ion conductivity of solid solutions of GDC,
typically with 10-20% substitution of Ce with Gd, is one
of the highest conductivities in this class of solid electro-
lytes [19,20].

A solvothermal route, which is a low-cost and relatively
simple method, was used in the preparation of 10% and
20% mole GDC. No sintering aids (transition metal oxides
such as MnQO,) [21] or protective agents were used. The
effect of calcination temperature on the crystal structure of
GDCs was investigated. The crystallite sizes were deter-
mined by X-ray diffraction analysis (XRD) and the sample
densities were measured by Archimedes’ method after
sintering. The thermal decomposition behavior of the
samples was also evaluated by using thermal gravimetric

analysis. The microstructural features and the ionic con-
ductivity values of the samples were characterized by
scanning electron microscopy (SEM) studies and impe-
dance spectroscopy measurements, respectively.

2. Experimental analysis
2.1. Preparation of GDC powders

Cerium (IIT) acetate hydrate ((C,H30,)3CexH-0,
99.9% metal basis, Aldrich) and gadolinium (III) acetate
hydrate ((C;H30,);Gd*xH,0, 99.9% metal basis, Aldrich)
were used as metal precursors and triethylene glycol
(TREG)(C¢H 1404, Merck) was used as a solvent and
reducing agent. In the polyol process, the specified amounts
of metal precursors were dissolved in 100 ml triethylene
glycol. The total ion concentration was maintained at
0.2 M. The solution was transferred to a 250 ml three-
neck spherical glass flask equipped with a refluxing con-
denser and thermometer and placed on a magnetic stirrer.
The synthesized powders were labeled according to the mole
percent of gadolinium that was used in the process: GDC-10
and GDC-20. All experimental conditions for GDC-10 and
GDC-20 were equivalent. First, the metal precursors were
dissolved in the reducing agent at 60-80 °C; the solution
was then heated to 200 °C and maintained at this tempera-
ture approximately 3 h under vigorous stirring. During this
time, the color of the reaction mixture changed from white
to yellow and then to dark brown. The reaction solution
was subsequently cooled to room temperature and the solids
were separated by centrifugation and washed with ethanol
and de-ionized water.

The solids were dried at 70 °C. The conversion of the
prepared amorphous precursors to crystalline gadolinia-
doped CeO, was achieved by heating the dried solid gels
at a heating rate of 5 °C min~' to temperatures of 500 °C,
750 °C, 1000 °C and maintaining these temperatures
for 4 h. Because the calcination performed at 500 °C for
4 h was sufficient enough to obtain crystalline gadolinia-
doped ceria, all solid samples were calcined at this
temperature. The flow chart of the polyol process is given
in the Fig. 1.

2.2. Characterization of the powders

2.2.1. Thermal analysis

The thermal behavior of the prepared GDC-10 and
GDC-20 powders was analyzed with SII Exstar 6000 TG/
DTA 6300 from 40 °C to 1000 °C at a constant heating
rate of 10 °C min~' under air. The results of the TG and
DTA were plotted as a function of temperature.

2.2.2. X-ray analysis and crystallite size determination
The XRD technique was used to examine the crystalline
structure and phase purity. Calcined powders were studied
by XRD using a Rigaku D/max-2200 Ultima X-ray
diffractometer with CuKa radiation. Data in an angular
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region of 20=20-90° were collected. From the X-ray
diffractograms, phases and average crystallite sizes, D, of
the Ce;_,Gd,O,_» samples were calculated from X-ray
line broadening of the reflections of (1 11) by using the
well-known Scherrer equation:

0.91
= = M
p-cosf
where 4 is the wavelength of the X-rays (1,5418 A), 0 is the
scattering angle of the main reflection (1 1 1) and f is the
corrected peak at full width at half maximum (FWHM)

intensity. The lattice parameter of the doped ceria’s was
calculated by the relation:

a=dViR+k2+ P2 )

where a is the cubic lattice parameter; d is the spacing
between the planes in the atomic lattice, which is calculated
by Bragg’s law and 4, k and / are the miller indices of
the plane.

2.2.3. Density determination

The calcined powders were pressed with a cold isostatic
press (CIP) at 200 MPa to obtain a disc-shaped test
sample. The compact disc samples were then sintered at
different temperatures (1100 °C, 1200 °C, 1300 °C, 1400 °C
and 1500 °C) for 6 h. The densities of the sintered discs
were determined by Archimedes’ method:

dpellet = % (3)
where W is the dry weight, W is the wet weight, W, is the
body’s submerged weight without fine wire and p is the
density of solvent (ethanol at 26 °C with a density of
0.785 g cm ~3). After determination of the bulk density, the
relative densities of the samples were calculated by dividing
the experimental bulk density values by the theoretical
densities. The theoretical densities of the samples were
taken as 7.21 gem > and 7.23 gem~* for GDC-10 and
GDC-20, respectively, which were calculated by using the
lattice parameters obtained from the XRD analysis:
a=5.421 A for GDC-10 and a=5.427 A for GDC-20.

2.2.4. Scanning electron microscopy (SEM) analysis

The samples were placed on stubs using carbon tape and
then coated with Au to avoid particle charging. The
scanning electron micrographs were obtained by using
FEI Quanta FEG scanning electron microscopy to identify
the morphology and microstructure of the sintered samples.

2.2.5. Oxygen conductivity measurements

Initially, both sides of the sintered pellets were covered
with Ag paste and maintained at 800 °C for half an hour.
The ionic conductivity measurements of the sintered pellets,
which were 11-12 mm in diameter and 1-1.5 mm in thick-
ness, were obtained with an AC impedance analyzer (Solar-
tron 1260 FRA and 1296 interface) in the temperature range
of 200-800 °C.

3. Results and discussion
3.1. TG/DTA analysis

The thermal analysis methods investigate the properties
of solids as a function of temperature. They are useful for
determining phase changes, decomposition, loss of water
or oxygen, and for constructing phase diagrams. In TGA,
the weight of a sample is monitored as a function of
temperature at a controlled heating rate [22] .

(Cz H3 02)3C€.XH20
(C2H3 02 )3Gd.xH20

J

Dissolving with C6H1404

J

Heating and stirring with
condenser (200°C, 3 hr)

J

Cooling to room temperature

J

Centrifugation

f—

Washing with ethanol and
deionized water

—

Drying (70°C) @ TG/DTA
Calcination (500°C, 4 hr) :> XRD Analysis

—

Pelletizing and sintering

J

SEM Analysis, Impedance &
Density Measurements

Fig. 1. Flow chart of the process.
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The thermal decomposition behavior of Gdy,Ceq 309
powders is shown in Fig. 2. As seen in the figure, weight
loss occurred in three steps. In the first step, a weight loss
of 3.9% occurred due to the dehydration and decomposi-
tion of acetate groups in the temperature range of
40-196 °C. The next step, which is shown in Fig. 2 at
221 °C, corresponds to a weight loss of 14.3% and is
related to the combustion of organic residues. A minor
weight loss, which occurred between 221 °C and 435 °C,
can be ascribed to the removal of residual triethylene
glycol. Almost no remarkable weight change was detected
above 500 °C on the TG curve, which suggests the
formation of crystalline Ce,_,Gd,O,_,,. The XRD
results, which will be discussed in the following section,
also confirm these findings.

3.2. Powder characterization

X-ray diffraction is a versatile, non-destructive techni-
que that reveals detailed information about the crystal-
lographic structure of natural and manufactured materials.
The phase evolution of the precursors upon calcination
was determined by the method of XRD. The XRD
patterns for the GDC powders that were calcined at
500 °C, 750 °C and 1000 °C are shown in Fig. 3. According
to the results of XRD, crystallization of the powders
occurred at 500 °C. These results indicate that the products
consist of single phase CeO, with a cubic fluorite structure
(JCPDS Card No:34-394). No peaks were detected for the
gadolinium oxide. The results indicate that the dopant ion
was fully substituted in the CeO, lattice. The calculated
lattice parameters of the samples are 5.421 A for GDC-10

M.A.F. Oksiizomer et al. | Ceramics International 39 (2013) 7305-7315

and 5.427 A for GDC-20, which indicate solid solution
formation because pure ceria contains lattice parameters of
5411 A [23]. The reflection peaks became sharper and
narrower with increased calcination temperatures, which
indicates that the crystal sizes increase and the crystallinity
of the powders becomes better-defined during the calcina-
tion process. However, after heating at 1000 °C, the width
of the peaks’ became very narrow and intensified, which
indicates a rapid increase in the size of the crystallite.

The crystallite sizes, which were calculated from the
Scherer equation, of the GDC-20 samples calcined at
500 °C, 750°C and 1000 °C consisted of 10.9 nm, 20.4 nm
and 43.2 nm, respectively.

o
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Fig. 3. XRD patterns of nanocrystalline Gdg,Ce( 30,9 powders calcined
in air for 4 h at (a) 500 °C (b) 750 °C and (c) 1000 °C.
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GDC-10/1200°C

GDC-10/1300°C

GDC-10/1400°C GDC-20/1400°C

Fig. 4. Scanning electron micrographs of sintered GDC-10 and GDC-20 samples (20,000 x ).
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As mentioned previously, no remarkable change was
detected above 500 °C on the TG curve. As a result, the
calcination operation at 500 °C was selected for all samples.
Lower crystallite sizes typically provide higher density for
ceramics [24].

3.3. Sintering and microstructures

Scanning electron microscopy was used to observe the
morphological features and defects within the sample
microstructure and to determine the distribution of ele-
ments [22]. The SEM images displayed in Fig. 4 show the
effect of sintering temperature on density and grain growth.
The samples that were sintered at higher temperatures were
composed of nearly fully dense material, whereas the
samples sintered at lower temperature were more porous.
The densities of the pellets sintered at different tempera-
tures were measured; GDC-10 and GDC-20 pellets con-
tained 95% theoretical density at temperatures above
1300 °C. This value is comparatively higher than the values
of the previously reported results [17,25]. The sintering
behavior of two GDC groups is quite different. When
compared with GDC-10, the GDC-20 group showed a
retarded but rapid sintering at 1400 °C. Between 1100 and
1300 °C, GDC-10 exhibited larger grains. At 1400 °C,
GDC-20 exhibited better grain growth in contrast with
GDC-10. At a high magnification (40000 x ), the
grain size increased when using the enhanced amount of
dopant cations that were sintered at 1400 °C as illustrated
in Fig. 5. Conversely, Suzuki et al. [26] reported that a
higher content of dopant realized a smaller grain size. In
addition, Chourasiya et al. [27] stated that grain size
decreased with Gd concentration. In another study, Zhang
et al. [28] indicated that there is no strong impact of Gd
content on grain growth and densification, although a
slight decrease was observed for both grain size and
densification. As mentioned previously, the grain size of
GDC-20 was higher than the grain size of the GDC-10
sample for the sintering operations at 1400 °C and 1500 °C.

GDC-10/1400°C
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The average grain sizes of the sintered samples were
measured by using SEM images at higher magnifications;
the results are provided in Table 1.

Electron dispersive X-ray analysis (EDX) provided an
elemental analysis of the samples. The results of the elemental
analyses of the GDC-10 and GDC-20 samples are shown in
Fig. 6. The polyol microwave assisted method [17] was also
used to synthesize nanocrystalline Ce;_,Gd.O,_5 (GDC)
particles but the as-synthesized powders contain a lower
gadolinium amount than the theoretical value, which is most
likely due to the formation of stable gadolinium diglycolate
complexes that are derived from the interaction of diethylene
glycol and nitric compounds. To overcome this problem, we
began with acetate precursors of gadolinium and cerium and
used triethylene glycol. As a result, we obtained the desired
stoichiometry as confirmed by the Energy Dispersive X-ray
Spectrometry (EDS) results. After thermal treatment in an
oven at 500 °C for 4 h, the samples experienced a concominant
weight loss of 23%. No further weight loss was detected after
thermal treatment at 500 °C for 4 h. Therefore, the actual final
reaction yield was 67% for Gdg;Cey9O;95 and 55% for
Gd2Ce) 501 .

3.4. Conductivity measurement
Electrochemical Impedance Spectroscopy uses electro-

nically conducting electrodes to characterize the electrical
properties of materials and their interfaces. The evaluation

Table 1
Average grain sizes (um) of GDC samples obtained from SEM images.
Sintering temperature (°C) Compositions
GDC-10 (pm) GDC-20 (pm)
1100 0.62 0.45
1200 0.64 0.67
1300 0.80 0.71
1400 1.22 1.69
1500 2.50 2.93

GDC-20/1400°C

Fig. 5. Scanning electron microscopy images of GDC-10 and GDC-20 samples sintered at 1400 °C (40,000 x ).
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of the electrochemical behavior of electrolyte and/or
electrode materials is performed by applying voltage to
electrodes and observing the response [29]. The use of
impedance spectroscopy to determine the oxygen ionic
conductivity was first introduced by Bauerle [30]. Solid
oxide fuel cell electrolytes are oxygen ion conductors,
therefore, they can be studied by using this technique.
Impedance spectroscopy is essentially a technique that is
employed in the study of mobile charges in ionic, semi-
conducting or insulating solids, and is also used to measure
the resistance, or the impedance, of the grain boundary,
the grain and the electrode of a sample [1].

The impedance spectrum of an ionic conductor contains
contributions from the grains, the grain boundary, and the
electrode—electrolyte interface, which can be simplified by
three arcs. However, depending on the nature of the
sample and conditions of the experiment, not all of these
arcs can be observed [31,32]. The three arcs can be
identified clearly below 500 °C.

The ionic conductivity measurement was performed in air
in the temperature range of 200-800 °C. A complex plane
plot of real impedance, Z', versus imaginary impedance, Z”,
was prepared for each set of data. By curve fitting a circle
to semicircles on these plots, sample resistances (R) were

EDAX ZAF Quantification (Standardless)
Elesent Normalized
SEC Table : Default
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obtained. The total conductivity (o7) values were then
calculated from the total resistance (Ry,.), cross-sectional
area (A) and thickness (/) by using the following equation:
]
AoRtotal

G 4)

The complex impedance spectra plots, which were
constructed for temperatures of 250 °C, 400°C and
800 °C in air, for the GDC-10 and GDC-20 samples
sintered at 1400 °C are shown in Fig. 7. In Fig. 7a, two
well-defined semicircular arcs, which denote the grain
interior and grain boundary, are discernible. With increas-
ing temperature (Fig. 7b), the first semicircle (the high-
frequency arc) disappears and only the grain boundary and
electrode arcs are visible. When the temperature increases
(Fig. 7c), the grain interior and grain boundary resistances
become frequency independent and only one semicircle,
which refers to the electrode resistance, is visible.

At elevated temperatures in the approximate range of
700-800 °C, a single arc, which represents the electrode,
was observed. This phenomenon is attributed to the effect
on the spectra of inductances that was generated within the
experimental apparatus [2]. The same trend was observed
for all examined samples. The impedance behavior of the

EDAX ZAF Quantification (Standardless)
Elesent Normalized
SEC Table : Default
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Fig. 6. EDX analysis of (a) GDC-10 and (b) GDC-20 samples.
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GDC ceramic pellets was similar to the trend that is
usually observed for polycrystalline ceramic materials, as
documented in related research [25,33].

The temperature dependence of the ionic conductivities
of GDC-10 and GDC-20 pellets that were sintered
at 1100 °C, 1200 °C, 1300 °C, 1400 °C and 1500 °C are
illustrated in Fig. 8; the total ionic conductivity values at
800 °C are tabulated in Table 2. The maximum ionic
conductivity, which is comparable or better than the results
of other studies, was measured for GDC-20/1400 °C at

M.A.F. Oksiizomer et al. | Ceramics International 39 (2013) 7305-7315

800 °C with 3.25x 107>Scm™!. For example, Rambabu
et al. [34] reported a 2.4 x 1072 S cm ™! ionic conductivity at
800 °C for GDC-20 sintered at 1400 °C. In addition, Dikmen
et al. [35] measured 3.3x 10"*Sem ™! for GDC-10 and
51x107>Scem™! for GDC-20 at 600 °C; whereas in this
work, 5.8 x 1073Scem ™! and 7.6 x 1073 S em ™! conductiv-
ities were measured for GDC-10 and GDC-20 at 600 °C,
respectively.

Note that the Arrhenius curve of doped ceria electrolyte
cannot be fitted by a single straight line. This implies that

a b
3000
200000 +—=— GDC10 e ~= GDC10
e GDC20 -~ - GDC20
-
E 150000 | [250°C - T 2000 | 400°C
o o Q
E' Ry Ry R g Ri Ry R
L ]
S 100000 [ 7 §
f‘.' A 1000 |
50000 |
o 1 1 1 1 0
0 150000 300000 450000 600000 0 2000 4000 6000
Z' (ohm.cm) Z' (ohm.cm)
C
—=- GDC10
8 . GDC20
800-C
5
>~ 4}
g
£
e R,i+R R
- gi " gh e
f\ll ------ > €mmmmmmmmm > f'&
2 f 7 W
‘f o
L .
" \ |
-
-
0 18 1 - 1
30 40 50
Z'(ohm.cm)

Fig. 7. Complex impedance spectra plots of GDC-10 and GDC-20 pellets sintered at 1400 °C, and measured at 250 °C, 400 °C and 800 °C in air. The
grain interior, grain boundary and electrode contributions are represented as R;, Ry, and R,, respectively.
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Fig. 8. Arrhenius plots of GDC-10 and GDC-20 samples.
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Table 2
Ionic conductivities at 800 °C and activation energies of samples for both low temperature and high temperature regimes.
Sintering Compositions
temperature (°C)

GDC-10 Activation energy (eV) GDC-20 Activation energy (eV)

Conductivity (S em ™) LT HT AE Conductivity (S em ™) LT HT AE
1100 1.89 x 1072 0.77 0.53 0.24 1.8x1072 0.90 0.61 0.29
1200 2.11x 1072 0.78 0.53 0.25 2.01x1072 0.89 0.63 0.27
1300 225x 1072 0.80 0.52 0.28 3.13x 1072 0.97 0.59 0.39
1400 229 x 1072 0.88 0.60 0.28 3.25%x 1072 0.96 0.64 0.33
1500 1.75x 1072 0.95 0.76 0.19 277 %1072 0.91 0.51 0.40

the mechanism for conduction changes at a transition
temperature [3]. According to the Arrhenius plots of all
samples (shown in Fig. 8), there are two parts named LT
(low temperature) and HT (high temperature) regimes in
which the linearity of the plots change; and thus, the
activation energy of the bulk, grain and overall conductiv-
ity change with increasing temperature.

Oxygen ionic conductivity in rare-earth doped ceria can
be represented by the following equations:

ao e (AHm +AHa)

tlow t t == 5

at low temperatures o T (%)
. (41} (AHm)

t high t t = —e— 6

at high temperatures 0 = -5 e——-p (6)

where AH,, is the migration enthalpy of the oxygen ions
and AH, is the association enthalpy of the dopant ion with
the oxygen vacancies. Thus, the activation energy for
conduction becomes the sum of activation energy for
migration and association (E=E,,+ E,). Generally, it was
suggested that at higher temperatures, the dopant-oxygen
vacancy complex dissociates completely to free dopant
cations and oxygen vacancy. The concentration of oxygen
vacancy is independent of temperature and equivalent to
the total concentration of dopant cations. Therefore, the
migration enthalpy can be estimated from the slope of
Arrhenius plots in the higher temperature regime. The
association enthalpy can be calculated from the differences
of the slopes at higher and lower temperature regimes
[36-38]. The results are provided in Table 2.

The AE column denotes association enthalpy of the
dopant ion—oxygen vacancy complex because E; = E,+ E,,
and Ey7=E,,. With an increasing Gd content from 10% to
20%, the association enthalpies increased almost 1.5 times
due to the interaction of Gd ions and oxygen vacancy.
Although the migration enthalpy also increased with
increased Gd content, there is no significant difference in
Gd content. The overall LT activation energy values were
approximately 0.8-0.9 eV for both groups, which is con-
sistent with reported studies [6,25].

The ionic conductivity of the GDCs increased when
sintering temperature increased, up to 1400 °C. Conver-
sely, for sintering 1500 °C, the ionic conductivities of the

samples decreased significantly for both groups. Lenka
et al. [39] reported that the bulk conductivity increases
with an increase in grain size, and grain boundary
conductivity decreases with an increase in grain size. (We
also observed the same trend in this study.) Due to these
results, there is a competitive situation between an increase
in bulk conductivity and a decrease in grain boundary
conductivity. Above a critical temperature, the effect of
grain boundary becomes more dominant for total con-
ductivity. Therefore, the reverse V-type behavior is accep-
table. When the GDC-10 and GDC-20 samples that were
sintered at 1400 °C (because the results for 1400 °C are the
best for both groups) were compared at lower tempera-
tures (250 °C), the lattice conductivity (grain interior) of
GDC-10 was 3.5 times the lattice conductivity of GDC-20
for the 1400 °C samples. Although the grain boundary
resistance of GDC-10 is higher than the grain boundary
resistance of GDC-20 due to a lower grain interior (R))
resistance, the observed total conductivity of GDC-10 is
higher than the observed total conductivity of GDC-20. At
400 °C, the difference in grain interior resistance between
the two samples decreased and the two samples exhibited
nearly equivalent total conductivities. At 800 °C, the grain
interior (R,;) and grain boundary (R,;) resistances are not
discrete; only the total conductivity can be calculated. At
this temperature, the conductivity of GDC-20 was 1.4
times higher than the conductivity of GDC-10. Research
findings have claimed that for the Gd dopant content, the
composition x=0.1 yields the maximum lattice conductiv-
ity, but above 400 °C the composition x=0.2 yields the
maximum lattice conductivity [28]. This behavior can be
attributed to the difference in activation energy between
the two samples. Low activation energy typically indicates
low-temperature dependency; the GDC-20/1400 °C sample
contains higher activation energy (both low and high
temperature regions) than the GDC-10/1400 °C sample.

For the compositions with x=0.1 and x=0.2, gadolinia-
doped ceria is one of the most frequently used electrolytes
for IT-SOFCs [40]. However, some confusion exists over
the selection of optimal GDC electrolyte composition. The
GDC-20 electrolyte has demonstrated a better total ionic
conductivity than the GDC-10 electrolyte, as described in
the study [41-45].
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4. Conclusion

The polyol processing of gadolinium and cerium acetate
precursors leads to the production of nanocrystalline
GDC-10 and GDC-20 powders after calcination at
500 °C. The XRD patterns of the samples prepared with
the polyol method exhibited the fluorite structure of CeOs,.
The effect of sintering temperature and concentration of
Gd on the properties of GDC were thoroughly studied.
After sintering, the nano-sized gadolinia-doped ceria pel-
lets achieved over 95% of the theoretical density at
approximately 1300 °C.

According to the electrochemical impedance spectroscopy
results, GDC-10/1400 °C exhibited a total conductivity of
229 x 107*Scem ™! and GDC-20/1400 °C exhibited a total
conductivity of 3.25x 1072 S em ™" at 800 °C. Gdy-Cey50; 0
is a more promising electrolyte for IT-SOFC based on our
results.

This paper discusses one of the first studies to use the
polyol method to obtain electrolyte materials with detailed
conductivity results. To obtain ceria-based electrolytes
with higher ionic conductivity, additional studies will be
performed.
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