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Abstract:
In the present work, Gadolinium Doped ceria (GDC) based solid electrolyte was successfully
synthesized through wet chemical method to operate at intermediate temperature (500–700C) for
SOFCs. DSC study revealed the formation of GDC phase at 900C during calcination. The crystal
structure of GDC was identified as cubic fluorite phase and the crystallite size was found to be around
23 nm. The density of the material was found to increase with increase the conventional sintering
temperature and the concentration of gadolinium content. SEM analysis revealed that the particles were
uniform in size and shape. From the above results it was understood that the obtained particle was a
single crystallite with the absence of agglomeration. Functional group analysis, confirmed the O-H bond
stretching. Hence, GDC based electrolyte can be a good choice for SOFC applications.
Keywords: GDC, Conventional sintering, Electrolyte, SOFCs.

1. INRODUCTION
Solid oxide fuels cell was considered as
one of the best electrochemical device for
the direct conversion of chemical energy
into electrical energy. SOFCs consist of
three main components such as anode,
cathode, and an electrolyte. Out of these
three, electrolyte plays an important role for
the conversion of energy with high
efficiency [1]. Yttrium stabilized zirconia
(YSZ) based materials are considered as the
most efficient electrolyte with high ionic
conductivity of 0.1 S/cm at 1000 C. This
high temperature operation may leads to
establish some practical difficulties such as
thermal instability, thermal expansion
mismatch and interfacial reaction between
the electrodes and electrolyte, which
severely hampers the practical application
of YSZ as an electrolyte for solid oxide fuel
cells [2].
In order to overcome the above stated
problems, ceria based materials are doped

with aliovalent cations like Gd3+or Sm3+
ions and are being considered as the best
alternate electrolyte materials with high
ionic conductivity of 0.016 S/cm at 800 C
[3,4]. The ionic conductivity of these
gadolinium doped ceria system was higher
when compared to YSZ at 1000 C. The
high ionic conductivity was due to the
creation of the oxygen vacancies which
aggressively increases the conduction of
oxide ions to meet the commercial
requirement for IT SOFC applications [5,
6]. In addition, these doped electrolyte
materials are considered as a promising
electrolyte due its excellent chemical
compatibility and high ionic conductivity at
reduced operating temperature [7, 8].
However, the open cell voltage of these
doped ceria based materials was lower than
the Nernst theoretical voltage, which was
persuade due the release oxygen by the
reduction of cerium from Ce4+ ions to Ce3+
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ions at higher operating temperature > 800
C [21, 22, 27, 29]. Further, the incomplete
reduction reaction occurred in ceria system
would also consequently decrease the
mechanical strength of the electrolyte [9,
10]. So, operating temperature of such solid
electrolyte must be reduced below 800 C
to meet the commercial requirement.
Hence, the present research work aims to
prepare a suitable electrolyte to operate at
intermediate temperature (500 C-700 C)
for solid oxide fuel cell applications.
Gadolinium doped ceria (GDC) powder was
successfully synthesized through chemical
route and the solid electrolyte was sintered
through conventional sintering method.
XRD and SEM analysis were carried out to
study the effect of dopant in enhancing the
structural, density and functional properties
of ceria based electrolyte for SOFC
applications.
2. EXPERIMENTAL METHODS
2.1 Powder Synthesis
The gadolinium doped ceria based
electrolyte powder has been successively
synthesized by co precipitation method.
Flowchart for the synthesis of the sample
was shown in Figure.1. Cerium nitrate and
gadolinium nitrate (99.5% pure) were
purchased from Sigma–Aldrich, Italy,
dissolved in 50 ml of distilled water in a
separate beaker. Two solutions with ceria
(90%) and gadolinium (10 – 40%) were
poured in a burette one by one and added
together in a beaker drop-by-drop slowly
with continuous stirring at 500 rpm using
magnetic stirrer.

Figure 1. Flowchart to synthesis of GDC
powder.
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Ammonium hydroxide solution was then
added to the mixture to maintain the pH
>10. By the addition NH4OH, the mixture
was precipitated out as hydroxides of
Cerium/Gadolinium and stirrer with 1000
rpm for 30 minutes. In order to obtain the
gel, the mixture was added with 10% of
PEG (Poly Ethylene Glycol) as a binder and
stirred well to improve green body
formation [13].
To dry out the gel, the precipitate was
then dried in hot air oven at 105 °C for 6
hours. The obtained gel was kept in furnace
at 300 °C for 1 hr to get the dry powder.
The powder was grained for 30 minutes and
undergone calcinations to get the required
phase formation at 400 °C and 500 °C for 4
hours. DSC was carried out with the help of
TA Instruments to ascertain the calcination
temperature. XRD analysis was performed
to determining the crystallinity and the
phase purity of the as-prepared green
powder.
2.2 Pellet Preparation
Green pellets were obtained by uniaxial
pressing the as prepared powder at 10 MPa,
using a steel die of 12 mm diameter.
Polyvinyl alcohol (PVA) was added as a
binder with the green powder to increase
the green strength of the pellets for good
compaction [11]. The percentage of PVA
addition was limited to 3% to avoid the
formation of cracks and also to have proper
bonding with oxide ions during sintering
process [12, 27]. The pressed pellets were
taken in alumina boat for sintering at 1100
C, 1200 °C, 1300 °C, and 1400 °C for 6
hours in air with a heating rate of 5 °C per
minutes. When compared with the earlier
work reported [1] sintering temperature of
the pressed pellets was reduced from 1550
o
C to 1400 oC within the reduced sintering
time of 6 hours. Density measurement was
conceded for the pellet to know the
percentage of densification during sintering.
SEM analysis was carried out to know the
development of microstructure in the pellet
sintered at various temperatures.
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3. RESULT AND DISCUSSIONS
3.1 DSC Analysis
DSC phase analysis was carried out using
DSC Q20 V24.2 Build 107 analyzer.
GDC10 powder with molecular formula
Gd0.1Ce0.9O2-δ was calcined at 400 °C and
500 °C in the temperature range from 30 °C
to 500 °C at a constant heating rate of 5 °C
per min. From the DSC curve shown in
Figure.2, it was understood that the required
phase formation was recognized with a
small exothermic peak in the region around
286 °C to 290 °C and it was attributed as
the decomposition temperature of PEG (
polyethylene glycol) and the organic
solvent was completed only at 500 °C [2].

organic species with 1.87% weight loss and
the second one was mainly due to the
decomposition of nitrates with 1.68%
weight loss after which there was no sign of
any loss from 500 °C, indicates that the
completion of phase formation for ceria
based electrolyte (GDC) [19, 23, 28].
3.2. Structural Analysis for Powder
XRD analysis was carried out for GDC10
powder calcined at 400 °C and 500 °C to
confirm the presence of required phase.
XRD pattern has been recorded using
PANalytical X-ray diffractometer with Cu
K alpha (λ-1.5406 Å) at 40 kV and 20mA in
the two-theta value range of 10 C to 110
C. Figure.3 shows the XRD pattern for
GDC10 powder calcined at 500 °C.
Interestingly, the predominant peak and all
the required planes are highly oriented at
(111) for the GDC10 powder calcined at
this temperatures. On the other hand, the
peaks correspond to GDC phases are sharp
and high intense. The high intense peak
present at 29.39o corresponds to GDC phase
and hence confirms that most of the grains
are highly oriented in (111) plane.

Figure 2. DSC patterns for GDC10 powder
calcined at 400 °C and 500 °C for 4 hours.
An endothermic peak at 382 oC was
observed as the temperature to form the
required phase in GDC10 powder calcined
at 400 °C and similarly in endothermic
curve around 381 oC for the powder
calcined at 500 °C. Based on this DSC
results, calcinations temperature of the as
prepared powder was identified as 500 °C
and further works were carried out for the
powder calcined at this prominent
temperature.
From DCS curve (Figure.1) it’s also to
understand that the GDC10 phase formation
was completed at 500 °C at which it can get
completely crystallized into cubic fluorite
structure. The sign of two sharp
endothermic peaks are observed at 382 °C
and 475 °C. The first endothermic peak
may be due the combustion of residual

Figure 3. X-ray diffraction pattern for
GDC10 powder calcined at 500 °C.
The crystallite size for plane for GDC10
powder sample was calculated using
Scherer’s formula from the following
equation with 2θ value from XRD main
reflection peak (111).
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below 1500 °C [14] and also to avoid the
loss of GDC phase at (111) plane.
where D is crystallite size in nm, λ is the
radiation wavelength (for Cu Kα radiation,
λ = 1.5406 Å), θ is the diffraction peak
angle and β is the broadening of the line
(“half width”) measured at half of its
maximum intensity (in radians).
3.3 Structural Analysis for Pellet
Figure.4. Shows the XRD pattern for
GDC10 pellet sintered at (a) 1100 C (b)
1200 C (c) 1300 C (d) 1400 C
conventionally. Even though the increase in
sintering temperature from 1100 C to 1400
C, ceria based material can able to retain
the GDC phase at higher temperature (1400
°C). Further, there was no sign of any
decrease in phase with increase in sintering
temperature was also observed.

Figure 4. X-ray diffraction patterns for
GDC10 pellet sintered at (a) 1100 C (b)
1200 C (c) 1300C (d) 1400 C
conventionally.
Crystallite size for GDC powder was
found to increase from 18 nm to 23 nm with
increase in sintering temperature. However,
few reports are available on GDC
electrolytes materials prepared through
conventional sintering (<1200 °C), but the
morphology of the composites suggests
incomplete densification [19, 20, 24]. It was
understood from the available literature that
increase in sintering temperature of ceria
based materials can able to densify well
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3.3 Study on Densified GDC10
Electrolyte
The green powder was compressed using
static press machine to obtain compact disc
shaped pellet. In order to determine the
most favorable sintering temperature,
GDC10 pellet was heated at 1100 C, 1200
C, 1300 C and 1400 C using muffle
furnace (conventional method). The density
of GDC10 pellet sintered at 1100 C, 1200
°C, 1300 °C and 1400 °C through
conventional method was measured using
Archimede’s principle(liquid displacement)
method .
The theoretical density of each
composition is measured from the average
mass per unit cell divided by the unit cell
volume as determined from X-ray powder
diffraction method [28]. The theoretical
density (th) of the pellet is calculated from
the following equations:

where th is the theoretical density of
pellet (%), M is the molecular mass (gmol1), V is the unit cell volume (cm3) and Na
is the Avogadro number:

Hence, from the experimental and
theoretical density values, the relative
density of the sintered pellets is calculated
for all the samples. The variation of density
with increase in sintering temperature was
shown in Figure.5. As expected the density
of the pellet was increased with increase in
sintering temperature.
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process at lower temperature [19, 25, 29].
The absence of coalesced grains with few
pores at higher temperature indicates that
the densification process completes at 1400
C and the development of morphology was
shown in Figure 6.

Figure 5.Variation of density with increase
in sintering temperature.
The density of GDC10 sintered at 1100
°C was found to be ~70% of theoretical
density. The maximum density (~87%) was
achieved for the composite sintered at 1400
°C. The theoretical density was calculated
using Archimedes principle and the
percentage of theoretical density was shown
in Table.1. The density of the GDC10
electrolyte was increased from 70 to 87%.
The increased densification may be due to
the fine grains size distribution of particles
with reduced porosity and are in good
agreement with the available literature [28].
Table 1. Variation of density with increase
in sintering temperature(C).
Sample Temper

Th
 exp
ature
%
g/cc
g/cc
Name
C
)
GDC10

1100

6.222

4.357

70.02

GDC10
GDC10
GDC10

1200
1300
1400

6.221
6.220
6.220

4.392
5.056
5.417

70.59
81.28
87.09

3.5. Surface Morphology
The morphological analysis was carried
out for GDC10 sample sintered at 1200 C,
1300 C and 1400 C. The SEM
morphology for GDC10 sintered at 1200 C
and 1300 C exhibits pores with coalesced
grains. The presence of coalesced grains
indicates that sintering temperature was not
sufficient for completing the densification

Figure 6. SEM image of GDC10 pellet
sintered at (a) 1200 C (b) 1300 C (c)
1400 C (Conventional).
The above studies clearly reveal that the
sintering temperature for GDC10 pellet was
1400 C, albeit the GDC phase was exist in
the calcined powder. Further to increase the
percentage of densification, gadolinium
content in the electrolyte was increased
from 10 – 40 mole%.
3.6. Study on Densified Electrolyte with
Gd Content (10-40 mole %)
The Gd content in GDC phase was further
increased from 10 to 40 mole % and the
compact powder was sintered at 1400 °C to
ensure
the
development
of
fine
microstructure with higher rate of
densification. The variation of density
(%theoretical density) with Gd content for
all the GDC based electrolyte was shown in
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Figure 7. The density of GDC10 sintered at
1400 C was found to be ~87% of
theoretical density.

analyzer. The surface micrograph of GDC
(10-40 mole%) electrolyte shows the
development of uniform grain size. From
this SEM results shown in Figure.8, the
average grain size was found to be around
1m. The SEM image reveals that the
increase in gadolinium content tends to
increases the grain size of the sample and
leads to the development of high grain
boundary resistance and tents to have higher
ionic conductivity [20, 26].

Figure 7. Variation of density with increase
in barium content (mol%)
The maximum density (~91%) was
achieved for the GDC40 electrolyte. The
density value was highly comparable to the
reported value [15]. Table.2 shows that the
variation in theoretical and experimental
density of the pellet processed at 1400°C
through conventional method with increase
in Gd content.
Table 2. Density of GDC electrolyte heated
at 1400 C (Conventional).
Sample
exp
Th
( %
g/cc
Code
g/cc
)
GDC10

6.217

5.427

87.29

GDC 20

6.184

5.485

88.69

GDC 30

6.169

5.564

90.19

GDC 40

6.203

5.650

91.08

Hence, from density measurement it was
understood that the increase in gadolinium
content can increase the densification
process in the electrolyte sintered at 1400°C
conventionally.
3.7 SEM Measurement
The microstructural investigation was
carried out for the pellets sintered at 1400
C for 6 hours using Hitachi S3400N SEM
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Figure 8. SEM image for GDC (10-40 mole
%) pellet sintered at 1400C.
The diffusion of oxide ions are highly
expected to migrate through the oxygen
vacancies created in between the GDC
phase and crystallites [19]. Hence, high
oxygen ionic conductivity can be made easy
in GDC based electrolyte for SOFCs.
3.8 Functional Group Analysis
FT-IR spectrum has been recorded using
Perkin Elmer Spectrum 2 Model. The
infrared spectrum (FTIR) of the synthesized
GDC nanoparticles was in the range of 4004000 cm-1 wave number and identifies the
chemical bonds, as well as functional
groups present in the compound. The large
broad band at 3415 cm-1 was ascribed to the
O-H stretching vibration in OH groups as
shown in Figure.9. The absorption peaks
around 1464 cm-1 were assigned to the
bending vibration of C-H stretching. The
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strong band below 700 cm-1 was assigned to
the Ce-O stretching mode [13, 16]. The
broad band, corresponding to the Ce-O
stretching mode of CeO2 was seen at 500
cm-1 in GDC compound. The electronic
structure of the optical band gap of the
GDC material was basically implicit from
UV-visible
absorption
spectrum.
Absorption in the near ultraviolet region
was mainly occurred from electronic
transitions associated within the host oxide
material [17].

Figure 9. FTIR spectrum for GDC (10-40
mole %) sample
In the as-prepared GDC powder, the
strong absorption band nearer to low
wavelengths at 380 nm corresponds to band
gap energy of 3.26 eV and for calcined
GDC nanoparticles, the strong absorption
band at low wavelength near 385 nm
corresponds to 3.22 eV. In dissimilarity
with UV-visible absorption spectrum of the

as prepared nanoparticles, peak located in
the spectrum around 400-700 nm were
observed to be shifted towards the lower
wavelength side and evidently illustrate the
blue shift occurred in the material [18]. It
signifies that the absorption positions
depend on the morphologies of the sample
and sizes of GDC particles. The UV
absorption ability of CeO2 is related with
band gap energy.
4. CONCLUSIONS
A DSC study confirms the calcination
temperature of the as prepared powder as
900 C. The crystal structure of GDC based
electrolyte was identified as cubic fluorite
and crystallite size was found to be around
23 nm. The density of GDC electrolyte
sintered at 1400 C was found to increase
from 87-91% by the addition of gadolinium
content. The development of fine grain
microstructure was found in the sample
with higher gadolinium content. The rate of
oxygen ion diffusion was expected to be
higher through GDC phase. Functional
group analysis reveals that the band
stretching with the band gap of 3.22 eV.
Hence, GDC based electrolyte can act as a
good choice of electrolyte for SOFC
applications.
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