
ASIAN JOURNAL OF CHEMISTRYASIAN JOURNAL OF CHEMISTRY
https://doi.org/10.14233/ajchem.2018.21147

INTRODUCTION

Ceria (CeO2) represents cubic unit cell with fluorite-type
crystal structure. This structure is characteristic feature of some
high performance fast-ion conductors, e.g. stabilized cubic
zirconia. However, pure ceria is a poor ionic conductor (σ700 °C

= 1.9 × 10–5 S cm–1) [1]. When partial substitution of aliovalent
cations in ceria leads to incorporation of oxygen vacancies for
charge compensation.

2 3M O
2 ce o o2CeO 2M' 3o V×→ + + (1)

MO
2 ce o oCeO M" 2o V×→ + + (2)

where, the symbols are used in accordance with Kroger Vink
notation of defects. M′ce stands for a trivalent ion on Ce4+ site,
M′′ce stands for a divalent ion on Ce4+ site V0 is oxygen vacancy
with doubly positive effective charge and O0 represents that
oxygen ion on O2 site being neutral. In order to increase the
ionic conductivity, the activation energy should be minimum
for oxygen diffusion, which can be achieved with the selection
of proper dopants. Among rare earth elements gadolinium and
samarium doped ceria have been generally used due to these
lattice parameters almost equal to undoped ceria which have
high solubility in ceria [2]. Their substitution creates very small
strain in the lattice which reduces the activation energy for
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diffusion of oxide ions [3,4]. This has also been confirmed by
atomistic computer simulation studies based on the binding
energy between trivalent cations and oxygen vacancies and
the corresponding lattice relaxation energy [5]. Herle et al. [6,7]
reported that GDC showed higher ionic conductivity, whereas
the reverse results were reported in the literature [8]. This disagree-
ment probably results from divergence in sample preparation.
Herein, we present the effect of Sr2+, Gd3+codoping in ceria.
We have selected divalent Sr2+ and trivalent Gd3+ as codopants
because average radii of the dopants will become close to critical
radii and average binding energy will be lowered as proposed
for multiple doping. Ce0.8-xGd0.2O2-dSrx (x = 0, 0.005, 0.01, 0.02)
system of samples were prepared by solid state method and
the results of electrical properties are discussed.

EXPERIMENTAL

Ce0.8Gd0.2O2-δ (99.9 % pure, 40 nm particle size, Cotter
International, India) and SrCO3 (AR grade Sigma Aldrich USA,
99.9 % purity) were used as starting materials. The powders
of GDC and SrCO3 were mixed in required stoichiometric
proportion (0.5, 1 and 2 mol % of SrCO3). The mixture was
ground in agate and mortar for 2 h and calcined at 800 °C for
2 h. 2 wt % of poly(vinyl pyrrolidone) was added to the powder
as binder and was mixed thoroughly. All the samples were



uni-axially pressed to obtain a disc shaped pellets and sintered
at 1400 °C for 2 h in air at a ramp rate of 2 °C/min and cool
down to room temperature by the same ramp. The synthesized
pellets were characterized using AC Impedance analyzer
(SI1260A, Solatron UK).

RESULTS AND DISCUSSION

AC impedance spectroscopy is used to study the grain,
grain boundary and electrode contribution to the overall ionic
conductivity. Normally the total conductivity is the sum of
ionic conductivity and electronic conductivity. But in air
electronic conductivity (σe ≈ 10–5 S/cm) being negligible below
800 °C, as compared to ionic conductivity(σi ≈ 10-2 S/cm) for
rare earth.

Fig. 1(a-d) shows Cole-Cole plots of (a) GDC (b) 0.5, (c)
1 and (d) 2 mol % Sr2+ doped GDC pellets recorded at 300,
500, 600 and 700 °C. Generally AC impedance of an ionic
conductor measured by the two-probe method contains the
contributions from grain interior, grain boundary and electrode-
electrolyte interface polarization, which are reflected in a
complex plane with three well successive arcs. It is observed
that the change in the area of semicircular arcs with temperature
represents the variation in relaxation. At lower temperatures,
the samples are fairly resistive as evident from Z"-Z' plots.

The (Z') and (Z") values decrease with temperature in the
present samples of Sr2+-GDC.

The effect of grain and grain boundaries contributes on
the conduction mechanism is studied by using impedance at
different temperatures. The plots between Z" and Z' have shown
two semicircles and a spike. The diameter of the semicircle
gives the resistance of grain and grain boundaries. Grain resis-
tance is observed to be higher than the grain boundary resis-
tance and it indicates that the conduction mechanism in Sr2+

doped GDC is due to grain boundaries. At higher temperatures,
the semicircle starts intercepting at high frequency side
indicating the role of series resistance in the standard material
system and the time constants of the relaxations resulting from
the individual polarizations are decreased and it results in
successive disappearance of the arcs corresponding to the grain
and grain-boundary contributions.

High frequency semi-circle corresponds to grain resistance
(Rg), intermediate frequency semi-circle corresponds to grain
boundary resistance (Rgb) and low frequency incomplete arc
corresponds to electrode resistance (Re). All these arcs will be
observed depending on the nature of samples and the testing
conditions. At 500 °C, the grain boundary conductivity was
substantially increased with Sr2+ addition from 0-0.5 mol %
Sr2+-GDC. This might be due to the addition of Sr2+ affecting
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Fig. 1. Cole-Cole plots of (a) GDC (b) 0.5, (c) 1 and (d) 2 mol % Sr2+ doped GDC pellets recorded at 300, 500, 600 and 700 °C
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the grain boundary conduction by acting as a grain boundary
scavenger. Therefore, a material with low grain boundary resis-
tance, i.e., high grain boundary conductivity, is ideal for practical
applications. Moreover, the size of bulk and grain boundary
semicircles decreases with an increase of temperature from
300 to 700 °C and all semicircles shift towards high frequency
side. The size of bulk and grain boundary semicircles decreases
with an increase of temperature and finally only the electrode
contribution will be seen at higher temperatures.

The sample total resistance, Rt can be obtained from
impedance spectroscopy at different temperatures as:

Rt = Rg + Rgb

t
t

1 t

R A
σ = × (3)

where t is the thickness and A is the cross sectional area of the
sample.

The total ionic conductivity σ was calculated by using
above equation. Fig. 1 shows ionic conductivity with respect
of mol % of dopant at 700 °C.

Fig. 2 shows that highest conductivity (electrical or ionic)
is obtained at 0.5mol % Sr2+ doping concentration. However,
above 0.5 mol %, Sr2+ concentration total conductivity dec-
reases due to defect association and it leads to lowering the
effective concentration of oxygen vacancies and their mobility.
Hence increase in Sr2+ content to high values leads to decrease
in the overall conductivity. The ionic conductivity depends
mainly on the mobile oxygen concentration and their mobility.
The fact is attributed to the presence of impurities located in
grain boundary, which lower the ionic mobility. It is observed
that there is a decrease in grain boundary resistivity by
increasing the grain sizes as discussed in cole-cole plots, i.e.,
lowering the grain boundary density [9].
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Fig. 2. mol % vs. ionic conductivity of Sr2+ doped GDC

Fig. 3 shows the Arrhenius plots of Sr doped GDC system
of samples. The ionic conductivity of GDC was significantly
enhanced by addition of strontium due to creation of oxygen
vacancies. It is clear that both bulk and grain boundary impe-
dance arcs are present in the ceramics and electrical properties
are determined. According to previous reports partial substi-
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Fig. 3. 1000/T versus log (σ) Arrhenius plots of Sr2+ GDC

tution of gadolinia by samaria in Ce0.85Gd0.15-xSmxO2 up to x =
0.05 also enhances the total electrical conductivity compared
to only gadolinia doped ceria (Ce0.85Gd0.15-xSmxO2). Because
of small ionic size mismatch between the host and a dopant
was reported as a factor to enhance the ionic conductivity
[10,11]. As temperature increases Rgb decreases in all samples
which indicates enhancement of the conductivity due to oxygen
ions migrate easily codoping ceria system more effective than
single dopant [12-15].

For a specific composition, with rise in temperature, time
constants of both grain and grain boundary processes reduce
and corresponding resistances decrease. Hence conductivity
rises with the temperature. The temperature dependence of
total electrical conductivity can be fitted into the Arrhenius
relation:

A Ea
exp

T kT

−σ = (4)

Sr2+-GDC samples showed higher conductivity than GDC
at all temperatures with more difference in the lower tempe-
rature ranges. The activation energies of the total conductivity
for GDC and Sr2+ -GDC (0.5, 1 and 2 mol %) were estimated
and shown in Table-1. These activation energies are lesser than
the previous reports as presented in the literature review
[16,17].

TABLE-1 
ACTIVATION ENERGY OF GDC + Sr SYSTEM 

Composition AE (eV) 
Pure GDC  1.250 

0.5 mol % Sr2+ doped GDC 0.809 
1.0 mol % Sr2+ doped GDC 0.916  
2.0 mol % Sr2+ doped GDC 0.956 

 
In Sr2+ added GDC the ionic radius of Sr2+ (1.26 A) is

higher than Gd and ceria (0.97 A), so the electrostatic attraction
(SrCeVo) between SrCeVo is stronger than that between GdCeVo.
Therefore defect Association between (SrCeVo) is easier than
GdCeVo, so that Sr2+ attracts one (Vo) to form a defect complex,
thereby decreasing conductivity. Strontium doping to GDC
patterns results in improving the oxygen vacancies and redu-
cing the lattice fastening power that increases the oxygen ion
movement, resulting in the observed enhancement of electrical
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conductivity in comparison to un-doped GDC samples. Increa-
sing activation energy means defect complex take place bet-
ween Sr2+ and Vo as result decrease conductivity.

Conclusion

Sr2+ doped GDC solid electrolytes are successfully synthe-
sized by solid state reaction method. The conductivity is more
for 0.5 mol % Sr2+ than pure GDC. An enhanced conductivity
at 0.5 mol % is due to scavenging effect. Activation energies
were calculated from Arrhenius plot and are found in the range
of 0.80 to 1.25 eV, indicating oxygen ion conduction in the
doped GDC electrolyte system of samples.
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