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Abstract. Ceria based ceramic materials are the possible constituents as electrolytes in
electrochemical devices. Doping of trivalent ion having lower melting point with ionic radius close
to host ion radius, decreases sintering temperature and enhances ionic conductivity of ceria
based electrolytes. This paper attempts to unveil the complicate interconnection between
gadolinium doped ceria co-doped with bismuth (3+) ion. It is successfully made into a unified
entity by solid state reaction synthesis. The synthesised sample is characterised using XRD,
EDAX, FTIR, SEM, and electrochemical impedance spectroscopy. Nanocrystalline particles are
obtained with cubic fluorite structure at a relatively low processing temperature. Rod shaped
grains are formed for the sintered sample. The ionic conductivity of the samples is comparable
to that of gadolinium doped ceria electrolyte.

1. INTRODUCTION
To meet many of the day-to-day demands of the
growing population, like that related to industry and
automobiles, it is imperative to find alternate as well
as sustainable methods of energy production. Lasting solutions in these fields would be emerged only
by adopting innovative method with creation of zero
or less wastage and minor CO2 emissions. This issue has greater importance in considering the contemporary magnitude of air pollution. Fuel cells are
one of the efficient candidates which convert the
stored chemical energy of the fuel directly into electricity and heat, in a more meaningful and a pro
environmental way than the conventional combustion engines. The solid oxide fuel cell (SOFC) is
influential among fuel cells, due to its fuel flexibility,
reliability and portability [1-3]. However, the constrictions of SOFC are its high operating temperature (~
1200 °C), heavy production cost, limited operational

life and depleting level of performance. These can
be minimized by using intermediate temperature (~
500-800 °C) solid oxide fuel cells (IT-SOFCs) [1].
Presently, ceria based systems such as samarium doped ceria (SDC) and gadolinium doped ceria
(GDC) are used as solid electrolytes in IT-SOFCs
[4]. These materials have a nature of mixed electronic and ionic conduction at high temperature and
this again limits high temperature sintering and its
use as the IT-solid electrolyte [5-8]. Researchers
are pondering on it to reduce the sintering temperature and to increase the ionic conductivity by changing dopants and doping concentrations. Lattice parameter and ionic radii are connected by an empirical relation that, doping of ions with radius similar
to host ion radius increases lattice parameter and
thus ion conductivity [9-11]. In this study, Bi3+ (ionic
radii 1.17 Å) is co-doped on 10% gadolinium doped
ceria (Bi-GDC) by solid state reaction synthesis.
The sample is characterized by X-ray powder dif-
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fraction (XRD), Fourier transform infrared
spectroscopy (FTIR), Scanning electron microscopy
(SEM), and Impedance spectroscopy. The electrical conductivity of the sample is compared with that
of 20% gadolinium doped ceria (GDC20) sintered at
1200 °C for 10 h, prepared under the same processing condition.

2. EXPERIMENTAL
Analytical grade chemicals (purity 99.9%) were used
for the synthesis of the sample Ce0.8Gd0.1Bi0.1O2- (BiGDC) by solid state reaction. Stoichiometric amount
of cerium nitrate (Ce(NO3)3.6H2O), gadolinium nitrate
(Gd(NO3)3.6H2O), and bismuth oxide (Bi2O3) were
weighed using a micro balance. The reagents were
milled and mixed in an agate mortar with acetone
as solvent. The mixture was calcined at 800 °C for
2 h for obtaining phase pure powder. The sample
was made into pellet of 9 mm diameter and 2 mm
thickness using a hydraulic press by applying a
pressure of 2.5 MPa. The pellets were sintered at
900 °C for 10 h in air. After sintering, the pellet was
shrunk to diameter 7 mm and thickness 1.75 mm.
The crystal structure and phase formation of the
synthesized sample were studied using powder Xray diffraction technique (XPERTO-PRO diffractometer) with Cu- K1 radiations of wavelength 1.54060
Å. The crystallite size of the sample was calculated using the Scherrer equation [6]. The chemical
composition and stoichiometry of the sample was
examined using EDAX (BRUKER-XFlash 6/10). Different elements in the sample were qualitatively determined by FTIR spectroscopy (SHIMANSDU IR
Prestige-21), making use of the natural vibrational
frequencies of various bonds present. The density
of the sintered pellet was determined by Archimedes
principle and compared with the theoretical density
given by the equation d t = (4/N a a 3 )((1-2x)
MCe+xMGd+xMBi+(2-x)MO), where a is the lattice parameter of the prepared sample, x is the content of
Bi and Gd (x=0.1), Na is the Avogadro number and
M is the atomic weight [6]. The surface morphology, the amount of grain growth, shape and size of
grains in the sintered pellets were ascertained by
scanning electron microscopic images (JEOL, JSM
- 6390LV). The dielectric measurements of the
sintered pellets were carried out by impedance
analyzer (Solatron 1250).
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and Bi3+ ions into the CeO2 lattice. The XRD pattern
is identical with cubic fluorite structure of ceria lattice {JCPDS file no: 75-0162}. Pure single phase
diffractogram is obtained, suggesting negligible or
nil presence of unreacted dopants or impurities in
the sample. The broad peaks in XRD pattern are
the indications of stepping of the calcined Bi-GDC
sample into nano-dimensions [10].
The average crystallite size is about 17 nm. The
lattice parameter is calculated using the equation
for cubic lattice and it is 5.421 Å, higher than the
value reported for Ce0.8Gd0.2O2- (GDC20) sintered
at 1200 °C [12]. A higher conductivity for
Ce0.8Gd0.1Bi0.1O2- can be expected due to the increase in lattice parameter along with nanocrystallite size. The substitution of trivalent ions
(Gd3+ and Bi3+) in the place of tetravalent ion (Ce4+)
can produce more anionic (O2-) vacancies in the lattice in accordance with the condition of charge neutrality. This in turn leads to a higher conductivity in
fast oxide ion conductors like GDC.
The energy dispersive spectrum of the sample
shown in Fig. 2, confirms the presence of Ce, Gd,

Fig. 1. XRD pattern of Bi-GDC samples.

3. RESULTS AND DISCUSSION
The X-ray diffraction pattern of calcined
Ce0.8Gd0.1Bi0.1O2- powder is shown in Fig. 1. The
pattern confirms the complete dissolution of Gd3+

Fig. 2. EDS of Bi-GDC samples.
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Fig. 3. FTIR spectrum of Bi-GDC samples.
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Fig. 5. Variation of AC electrical conductivity with
frequency for Bi-GDC samples.

Fig. 6. Variation of capacitive reactance with frequency for Ce0.8Gd0.1Bi0.1O2-

Fig. 4. Scanning electron micrographs of Bi-GDC
pellets sintered at 900 C.
and Bi in stoichiometric proportions in the prepared
sample. The XRD pattern and EDS collectively illustrate the co-ordination of trivalent dopants (Gd
and Bi) into the cubic fluorite structure of CeO2.
The FTIR spectrum of the calcined sample is
shown in Fig.3. The strong band near 840 cm-1 indicates the presence of Bi-O bond stretching vibrations. The bands below 450 cm-1 and 550 cm-1 show
the presence of cerium and gadolinium respectively
in the synthesized sample. The broad band near
3000 cm-1 is mainly due to the -OH group stretching vibration and that near 1650 cm-1 and 1300
cm-1 is mainly due to O-C-O stretching frequencies.
The scanning electron micrographs of the pellets sintered at 900 °C are shown in Figs. 4a and
4b. It is observed that sufficient densification is

achieved for the sample. Co-doping with Bi3+ reduces
the sintering temperature from 1200 °C to 900 °C
for GDC systems. Sintering temperature has great
impact on conductivity, since conductivity increases
with grain growth. The micrograph at high resolution shows rod-shaped grains of diameter in the range
85-120 nm. The reduction of grain size to nano-dimensions can attribute to high conductivity in
nanocrystallites. The grain growth and density of
the sample can be increased by increasing the
sintering temperature. The sintered density of the
pellet is about 90% of the theoretical value. Conductivity of nanocrystallites depends mainly on the
method of preparation, grain size and homogeneity
of the grains [13,14] and not strictly on density. The
optimum grain growth for Bi-GDC pellet is obtained
for temperatures below 1000 °C.
The variation of AC conductivity of sintered BiGDC pellet with frequency, for three different temperatures, is shown in Fig. 5. The plots generally
have a static conduction region at low frequencies,
along with a conductivity dispersion region at the
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Fig. 7. Variation of electric modulus M’+jM” with frequency for Bi-GDC samples.
high frequency end. The DC conduction region is
not seen at very low temperatures, but it generates
as temperature increases. The plateau region with
a sufficient length is obtained for intermediate temperatures up to 750 °C. The nature of the plot is in
agreement with jump relaxation model for ionic conductors [14,15].
Fig. 6 shows the variation of imaginary part of
complex impedance with frequency for three temperatures. The plot has a non-Debye type bell
shaped distribution with high frequency end declines
gradually to zero, that indicates the sample is ohmic
at high frequencies. As temperature increases, the
reactance value is low even at low frequencies,
showing that the capacitance value is greater (micro-farad range). This is the implication of on-set of
the grain boundary conductivity with the rise of temperature at low frequencies.
The electric modulus function M*= M’+jM”
=jwC0Z* is important in determining the nature of
conduction in solids [15,16]. The variation of real

and imaginary parts of electric modulus function with
frequency is shown in Fig. 7. The shapes of plot are
exactly same as that predicted by Sarkar et al. [16]
by Eq. (1),

Fig. 8. Arrhenius Plots of Bi-GDC and GDC20 samples for the temperature range 500-750 °C.

Fig. 9. Complex impedance plots of Bi-GDC samples for temperatures 350 °C, 400 °C, and 500 °C.

(t )  exp  (t / )  for 0    1.


(1)

This type of variation of M’ is due to migration of
ions through the lattice of the dielectric material.
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Any deviation from this nature is due to charge reorientation relaxation of defect associates, as reported in many of the similar doping processes
[14,17-19]. The dielectric relaxation studies in the
sample Bi-GDC reveal that the conduction in the
sample is facilitated by the migration of oxygen ions
through the vacancies in the lattice, produced by
the doping of trivalent ions Gd3+ and Bi3+.
The Arrhenius plot for Bi-GDC is shown in Fig.
8. The ionic conductivity is found to increase with
temperature. The bulk activation energy for Bi-GDC
is calculated from the slope of Arrhenius plot and is
about 1.487 eV. The ionic conductivity of the sintered
Bi-GDC pellet is about 3.523x10-3 Scm-1 at 750 °C.
The prepared GDC20 sample sintered at 1200 °C
for 12 h is electrically characterized in the same
way as that of the Bi-GDC sample and the Arrhenius
plot is sketched in Fig. 8. The GDC has ionic conductivity of about 3.865x10-3 Scm-1 at 750 °C and
activation energy of about 0.95 eV. The Bi3+ doped
ceria synthesized at lower sintering temperature has
increased mechanical strength and ionic conductivity, showing that Bi is a good sintering aid for GDC.
The Nyquist plots of the sample for three different
temperatures are shown in Fig. 9. The complex
plane impedance plots shows the switching of conductivity from grain to grain-boundary and then to
electrode, with increase of temperature. Only one
semicircle is obtained in different temperatures, so
the nature of conductivity (whether through the grains
or grain-boundaries) cannot be differentiated
[14,18,19]. It can only be differentiated by fitting the
cole-cole plot using an equivalent circuit.

4. CONCLUSION
Phase pure Ce0.8Gd0.1Bi0.1O2- nanocrystalline material with crystallite size 17 nm is successfully synthesized by solid state reaction method. The synthesis process takes minimal mechanical energy.
The lattice parameter of the sample is comparable
with the 20% gadolinium doped ceria. The sintered
pellets have good surface morphology with rod
shaped grains. The sintering temperature for Bi
doped GDC is 25% less than that for GDC. The
modulus spectra suggest purely ionic conductivity
for the sample. The oxide ion conductivity of the
synthesized Bi doped GDC is found to be comparable to that of GDC at the intermediate temperature
range. Further, fabrication of IT-SOFC using Bi doped
GDC as electrolyte is required to ascertain the cell
performance.
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