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The addition of low melting point trivalent ions in ceria-based electrolyte
systems results in a new composite with better oxygen ion conduction at re-
duced temperature. The present work discusses the synthesis and charac-
terization of co-doped ceramic electrolyte CeggSmg 1My 1025 (M = Bi, Sb)
prepared by coprecipitation. This study mainly focuses on the effect of the
ionic radius of the dopants on the structural and electrical properties of doped
ceria. The structural studies of the samples by X-ray diffraction, field emission
scanning electron microscopy and transmission electron microscopy show
nanosized particles with a cubic fluorite structure. Raman spectroscopy con-
firmed the presence of O~ vacancies introduced into the lattice due to the
substitution of a large ionic radius of Bi®** for Ce**. The electrical survey by
electrochemical impedance spectroscopy suggests that the dopant ionic radius
has a significant influence on the ionic conductivity and activation energy of
the doped ceria. There is an enhancement in conductivity noted for bismuth-
co-doped samarium-doped ceria due to the larger ionic radius of the bismuth

dopant compared to antimony-co-doped samarium-doped ceria.
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INTRODUCTION

A solid oxide fuel cell (SOFC) is a clean energy
solid state device with dense oxygen ion conducting
ceramic membrane as the electrolyte. The elec-
trolyte is the main com}z)onent in determining the
performance of SOFCs."? The study of CeO, -based
electrolyte material occupies an active area of
research. In most of the research work, the ideal
characteristics required for the electrolyte material
are satisfied by certain ceramics with fluorite or
perovskite structure. Most materials used include
yttria-stabilized zirconia (YSZ) ** and gadolinium-
doped ceria (GDC),>” both with a fluorite-type
structure. But a major underlying problem in the
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CeO, -based electrolyte material research is the
high temperature required to obtain adequate oxide
ion conduction. These drawbacks spurred research
on the search of compositions as are necessary for
better electrolytes with high density and good ionic
conductivity.

Rare earth oxides possess high solubility in ceria.
However, the reduction of Ce*" to Ce®* at temper-
atures higher than 600°C poses a significant prob-
lem for its use. The mechanical properties of the cell
are mainly affected by the reduction of ceria due to
lattice expansion. Improper mechanical stability is
the major problem faced by samarium-doped ceria
(SDC)-based SOFC. The co-doping method has been
adopted to resolve the issue of mechanical stability
and enhance the ionic conductivity in CeOs. The co-
doping process was done by choosing one dopant
with a radius less than ceria and another dopant
whose is radius greater. As a result, expansion and
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contraction of the CeO, lattice are balanced out,
resulting in better ionic conductivity.® Solubility is
the main factor limiting the doping process. There is
contradicting information from the literature
regarding the solubility of large and small rare
earth dopants. The work on Sc** -doped samples
reported that the samples exhibit solubility limits
up to 3—5% mole dopant fractlon Further studies on
large dopants such as La®' explored the solid
solution of Ceq gliag 201 9 samples showing that they
are metastable, and complete solubility was
obtained after prolonged sintering for 7 days at
high temperature. These studies report that the
lattice parameter and ionic conductivity strongly
depends on the ionic radius of the dopant. It is
important to note that the small ionic radius
dopants show a decrease in the lattice parameter
and lower grain boundary conductivity up to certain
doping percentage. In contrast to smaller dopants,
the large dopants marked an increase in the lattice
parameter and low bulk conductivity constrained to
a certain doping percentage. But there is earlier
work that reported deviations from Vegard’s law
due to the association of oxygen vacancies with
dopants

It is interesting to 1nvest1gate the effect of radii
and activation enthalples of Sb3* and Bi®** on the
conductivity of ceria. The effective enthalpies are
usually composed of association enthalpy H, and
migration enthalpy H,,. Activation enthalpies of the
prepared samples are obtained from the Arrhenius
plot. The difference in the ionic radii of the dopants
and host cations generates oxygen vacancies
depending on the nature and amount of the
dopant.'®!! In the present investigation, a series
of rare earth-doped cerium oxides have been pre-
pared using wet coprecipitation. Wet coprecipitation
is done in an alkaline medium. The pH of the
precursor solution determines the shape of the
prepared nanomaterial. The main aim of the work
is to see the effect of the dopant’s ionic radius and
activation enthalpy on the structural and electrical
properties of nanoceria prepared by wet chemical
methods.

EXPERIMENTAL

A series of rare earth co-doped cerium oxide
nanomaterials Ce;_Sm, (M;Oy_; (M =B, Sb and
Bi, x=0.2 and y =0, 0.1) were prepared using
coprecipitation. A stoichiometric amount of high
purity (99.9%) nitrates were separately dissolved in
20 ml of distilled water and mixed in a beaker. The
homogenous solution of the mixture was obtained by
continuously stirring using a magnetic stirrer for
2 h. The pH of the solution was regulated to 9 with
the dropwise addition of ammonia. The mixture was
filtered and washed, and the precipitate was dried
in a hot air oven. The powders are then calcined at
400°C for 2h. A small weight percentage of
polyvinyl alcohol (PVA) was added as a binder to

the calcined powder. Then the calcined powder was
pressed into a pellet of 12-mm diameter and around
2-3 mm thickness under a pressure 100 kg/cm?.
The 20SDC, 10S10SbDC, and 10S10BiDC pellets
were sintered at temperatures 1200°C for 4 h,
800°C for 4 h, and 850°C for 4 h, respectively. The
structural measurements of the samples were per-
formed using a Bruker AXS D8 Advance X-ray
powder diffractometer with an incident Cu-Ku radi-
ation of 1.5406 A. Field emission scanning electron
microscopy (FESEM) of sintered samples was car-
ried out using a Model JSM - 6390LV electron
microscope. Transmission electron microscopy
(TEM) of the sintered samples was done using a
Jeol/JEM 2100 electron microscope with a LaB6
source operating at 200 kV. The microscopic images
are obtained at different resolutions along with the
SAED pattern. Raman spectroscopy measurement
was carried out using a Raman spectrometer
(EZRaman, Enwave Optronics). The excitation
Wavelength used for the sample was 785 nm and
measured in the range 100-3000 cm . The electri-
cal properties of solid electrolytes were measured
using electrochemical impedance spectroscopy Sola-
tron 1260A.

RESULTS AND DISCUSSION
XRD Analysis

Figure 1 shows the X-ray diffraction (XRD) pat-
tern of the doped samples. The room temperature
XRD pattern shows that all the three doped samples
exhibit a cubic fluorite structure with Fm 3 m space
group. The absence of secondary phases is con-
firmed through Rietveld refinement using Fullprof
suite software. The lattice parameter of pure ceria is
noted to be 5.411 A from the ICDD file (34-0394). A
broadening of the peak is indicated for the doping of
trivalent elements due to the larger ionic radius of
the dopant cation compared to that of the host
cation (Ce**). It is noted that the larger B13+ (1.21 A)
substituted in the place of Ce** (0.97 A) and the
lattice expands according to Vegard’s law. But the
doping of Sb®* indicated contraction in the lattice
due to the smaller ionic radius of Sh>* (0.76 A)
compared to that of Ce** (0.97 A). As a result, the
lattice contracted and did not dilate because of Sb3+
doping.'?7*® The results of Rietveld refinement are
tabulated in Table I.

Microstructural Analysis

Microstructural features within the structures
are identified using Fig. 2. 20SDC samples exhibit a
dense structure with uniform particles, and conse-
quently better packing. A high-density value is
obtained for 20SDC sintered at 1200°C for 4 h. On
the other hand, 10S10BiDC pellets sintered at
850°C for 4 h show a closely packed structure with
non-uniform particles and a small amount of SiO,
impurities. These impurities accumulate at the
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Fig. 1. Reitveld refinement of (a) Ce §Sm >0,_; 20SDC), (b) Ce §Sm 1Sb 10,_5 (10S10SbDC) and (c) Ce §Sm 1Bi 10,_; (10S10BiDC) samples.

Table I. illustrates lattice parameters, crystallite size, volume, goodness-of-fit (Chi?) obtained after Rietveld

refinement

Sample names Composition Lattice parameter A) Crystallite size Volume V((A)3) Chi?
20SDC Ceg gSmg 2025 5.430 11.676 161.676 1.59
10S10SbDC Ceg.gSmg 1Sbg 1025 5.276 21.991 146.848 2.61
10S10BiDC Ceo.8Smg 1Big 109.5 5.436 14.768 160.651 1.38

grain boundaries and form an amorphous siliceous
layer. The closely packed structure is attributed to
better ionic conductivity. Micrograph images of
10S10SbDC pellets sintered at 800°C for 4 h indi-
cate the presence of mesopores and micropores. The
densification process is slowed due to the appear-
ance of pores resulting in less compact particle
packing.

Density is an important parameter that determi-
nes the ionic conductivity of the pellets. Pore size
distribution and particle size of the sintered pellet
plays a significant role in obtaining high density.
The theoretical density was calculated using the

geometrical mass and dimension of the sintered
pellet (Table II). The Archimedes principle mea-
sured the bulk density of sintered pellets.

(1)

where pg and pty, denote bulk density and theoret-
ical density, respectively.

PT=25 %100
PTh

Transmission Electron Microscopy Analysis

The TEM images of the three sintered pellets are
shown in Fig. 3. The TEM images show agglomer-
ated sheets and clusters of individual crystallites.
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Fig. 2. SEM images of (a) 20SDC, (b) 10S10SbDC and (c) 10S10BiDC sintered pellets.

Table II. demonstrate the bulk density and theoretical density of the sintered pellets

Composition Theoretical density (g/cm?®)
Ceo.g5mg 2055 7.16
Ceo.gSmyg 1Sbo.102.5 7.65
Ce.s5mg 1Big 1025 7.38

Bulk density (g/cm?®) Relative density (%)

6.80 95.02
6.14 80.31
6.88 93.21

The XRD pattern of the three doped samples is
indexed to the cubic fluorite structure. SAED pat-
terns of the sintered pellets confirm the results
obtained by XRD. SAED patterns have high- reso-
lution lattice fringes, which indicate the particles
are clean, visually free of impurities, and single
crystalline structure. The single crystalline struc-
ture confirmed from the lattice fringes marked
accordin1g7 to the reflections obtained in the SAED
pattern. -19

Raman Spectroscopy Analysis

Raman Sgectroscopy is a useful technique to
study the O~ vacancies in solid electrolytes based
on CeQOs,. It is reported from the previous work that
the Raman mode positioned at 465 cm™! corre-
sponds to the pure and stoichiometric CeO, with
fluorite structure.?’ Apart from that mode, there is
an additional mode appearing at 550 cm ! and
600 cm ! in Fig. 4 confirmed retention of oxygen
vacancies in the ceria lattice in 20SDC and
10S10BiDC sintered pellets.?! The presence of

oxygen (0?7) vacancies is indicated by the presence
of a peak at 550 cm™' and 600 cm™'. This defect
band is formed due to the generation of an oxygen
vacancy as the dopant cation is substituted in CeO5
to neutralize the charge compensation effect. The
weak intensity peak noted at 550 cm™' and
600 cm ! indicate the lower concentration of O%~
vacancies in the 10S10SbDC sintered pellet.

Electrochemical Impedance Spectroscopy
Analysis

In the electrochemical impedance spectroscopy
(EIS) analysis, the Nyquist plot contains three arcs,
high frequency, middle frequency, and low fre-
quency tails, which arise from bulk, grain, and
boundaries and electrode processes.25 In most of
the Nyquist plot, the arcs cannot all be displayed
due to the constrained frequency range of the
instrument and applied temperatures. The electri-
cal studies of the sintered pellets are carried out,
and the properties are measured using electrochem-
ical impedance spectroscopy. Figure 5 shows the
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Fig. 3. TEM images of (a) 20SDC, (c) 10S10SbDC and (e) 10S10BiDC, and SAED pattern of (b) 20SDC, (d) 10S10SbDC and (f) 10S10BiDC

sintered pellets.
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Fig. 4. Raman Spectra of (a) 10S10SbDC, (b) 20SDC and (c)
10S10BiDC sintered pellets.

Nyquist plot of three sintered pellets. The Nyquist
plots are fitted using EC lab software. The fitted
circuit of 20SDC,10S10SbDC, and 10S10BiDC are
shown in the inset of the corresponding plots. As the
temperature rises, the change in impedance and
related parameters are noted for the three sintered
pellets. Above 400°C and 500°C, two well-defined
semicircles are visible, one at high and other at low
frequency for 20SDC and 10S10BiSDC. In the case
of 20SDC and 10S10BiDCsamples, the high-fre-
quency semicircle is considered as a parallel con-
nection of the bulk resistance (R,) of crystallite
grains, and the geometric capacitance (C}) of the
sample. The low frequency semicircles contribute to
the grain boundary resistance (Rg,) in parallel

connection with the intergranular -capacitance
(Cgp). Circuit fitting values of capacitance (C, and
Cg1) are in picofarads and nanofarads, which indi-
cates grain interior and grain boundary conduction
taking place for 20SDC and 10S10BiDC. The value
of resistance elements (R}, and R,) are in kiloohms
and found to be decreasing with the increase of
temperature in 20SDC and 10S10BiDC samples.
The total value of Ry, + R, is obtained at higher
temperatures with the real component of impedance
in the specified frequency range.?®?* The circuit
fitted value of capacitance is in picofarads for
10S10SbDC, hence prominent grain interior con-
duction occurs at 500°C.

It is interesting to note that the impedance of the
samples decreases with the increase in tempera-
ture, which indicates a thermally activated conduc-
tion mechanism. In the 20SDC and 10S10BiDC
pellets displays an impedance plot corresponding to
grain and grain boundary contribution. On the
other hand, at certain temperatures, it is not
possible to resolve the impedance data into grain
and grain boundary contribution of the materials.
This occurs due to the similar relaxation time
corresponding to grain and grain boundaries. The
main reason for this is the increase in mobility of
charge carriers in the conduction mechanism by a
low barrier effect.?> Nyquist plot of 10S10SbDC
shows a single deformed semicircle. From the plots,
the result of bulk and grain conductivity cannot be
easily identified. So, the total resistance is computed
from the low-frequency intercept of the grain
boundary effects. The overall conductivity can be
evaluated using the equation
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Fig. 5. The complex impedance plot of (a) 20SDC, (b) 10S10SbDC and (c) 10S10BiDC sintered pellets.

l
In which [/ and A represent the sample thickness
and the sample electrode area, respectively.

Figure 6 shows the disparity of AC conductivity
with applied frequency at different temperatures in
the range 400-750°C for the sintered pellets. As the
temperature increases, there is a shift in the cross-
over point of the low-frequency dependent plateau
and the high-frequency AC dispersive region noted
in the sintered pellets. This is because with an
increase in temperature, the kinetic energy of the
ions also increases, and hence their vibrational
frequency increases. According to the jump relax-
ation model, there is an increase in the hopping
frequency of the carrier species with an increase in
temperature. The total ionic conductivity (o)
reported in 20SDC is high, with an ionic radius
that is almost the same as that of Ce*" due to the
minimum association enthalpy between the dopant
ion and oxygen vacancy. In the 20SDC sample, it is
observed that after 450°C, the high frequency
dispersion end shows a tilting nature. At interme-
diate temperature, only a small plateau region is

o

visible in the lower frequency side.?®?” As the
temperature increases, a static conduction region
prevails in 20SDC samples, which indicates the
thermally activated hopping of oxide ions. In
10S10BiDC samples, the high frequency dispersion
tail vanishes after 500°C and the static conduction
region marked in the sample. These changes imply
that there is an increase in the migration of oxide
ions with an increase in temperature. At higher
temperatures (750°C) a prominent dispersion region
exists in the 10S10SbDC sample. These results
reveal that the thermally activated hopping of oxide
ions in 10S10SbDC samples is much less than that
of 20SDC and 10S10BiDC.*®

Figure 7 displays the total conductivity (In ¢7) as
a function of inverse temperature (1000/7). The
ionic conductivity is computed using Arrhenius
relation with typical correlation coefficients for a
linear least-square fit between 98.95 and 99.25.%°
The plot displays an almost linear variation of
conductivity in the temperature range 400-750°C.
The change in the ionic conductivity of the sintered
pellet is reflected by the activation energy of the
conduction. At low temperatures, the activation
energy of the doped ceria system is the sum of
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10S10BiDC sintered pellets in the temperature range 300-475°C.

association energy (E,) and the migration energy
(E.).” Association enthalpy arises due to electro-
static attraction between the dopant cations and the
oxygen vacancies [M{, —7U,]l. The association
enthalpy decreases the number of oxygens available

Fig. 8. Arrhenius plot of (a) 20SDC, (b) 10S10SbDC and (c)
10S10BiDC sintered pellets in the temperature range 500-750°C.

for conduction. E5 also depends on the effective
charge, the size of dopant, and polarizability. As the
temperature increases, these associated defect pairs
dissociate, and the oxygen vacancies become free. At
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Table III. Activation energy, association energy and conductivity of the three sintered pellets

Activation en-

ergy E, (eV)

Low High Association energy Conductivity (Sem™!) at 750°C-
Sample Compositions temp temp (AE,/eVs) 1 MHz frequency
20SDC Ceg.gSmg 202 _; 0.92 0.77 0.15 2.66 x 1073
10S10SbDC Ceo_gsmo.lsbo_logfg 0.66 0.23 0.43 3.77 x 1075
10S10BiDC Ceo.gsmo,lBio_loz_d 1.1 0.95 0.13 3.18 x 1073

higher temperatures, therefore, migration enthalpy
is the total activation energy of the system (Fig. 8).
Doped fluorite oxides exhibit difference in ionic
conductivity can be explained based on the activa-
tion energy for conduction. The pair binding energy
contributes to the significant part of the activation
energy, which depends on dopant size. The pair
binding displays a minimum when ryg; = rdopant.30
The total ionic conductivity (o) reported for 20SDC
is high, with an ionic radius that is almost the same
the radius of Ce**(0.97 A) due to the minimum
association _ enthalpy between dopant ion
Sm>*(1.079 A) and oxygen vacancy. Table III shows
the conductivity, association energy, and activation
energy of the three co-doped samples. From Table -
III, the value of association energy changes for
various dopants agrees with the activation energy of
samarium-doped cerium oxide. Apart from the ionic
radius of the dopants, association enthalpy plays a
significant role in determining the ionic conductiv-
ity of doped ceria. At higher temperatures, the
migration of an oxygen ion relies on the bonding/
rebounding between the oxygen ion and cation and
their associated enthalpies. The low value of ionic
conductivity is reported for 10S10SbDC at 750°C
because more energy is used for the formation of
defect associates. The higher association energy is
due to the segregation of small-sized cations (Sb*)
at the grain boundaries. They form a positive space
charge potential due to the electrons trap in the site
of associates. As a result, long-range conductivity is
not possible in 10S10SbDC pellets due to the
decreased number of electrons at the boundaries,
which hinders the flow of oxide ions. '°

CONCLUSION

The present work emphasizes that association
enthalpy and ionic radius have a remarkable impact
on the conductivity and activation energy of the
trivalent cation doped cerium oxides. Coprecipita-
tion is found to be a simple and efficient method for
synthesizing nanosized trivalent cation-doped cer-
ium oxides. But the presence of a thin siliceous layer
hinders the movement of oxygen ions through grain
boundary resulting in lower grain boundary con-
ductivity. The calcined powder exhibits a cubic
fluorite structure. Morphological features of the

sintered pellets are confirmed through FESEM and
TEM analysis. Raman spectroscopy analysis con-
firmed the presence of O~ vacancies in the trivalent
cation doped cerium oxides. The thermally activated
conduction process is confirmed from the impedance
data. The formation of positive space charge poten-
tial due to the decreased number of electrons at the
grain boundaries inhibited oxide ion conductivity in
the 10S10SbDC sample. The total conductivity of
the sintered pellet varies with sintering tempera-
ture in the order of 10S10BiDC > 20SDC > 10
S10SbDC at different measured temperatures. In
light of comparison, 10S10BiDC has better ionic
conductivity and higher density at low sintering
temperatures. It is interesting to note that lower
sintering temperatures resulted in better ionic
conductivity, which is beneficial for their applica-
tions as solid electrolytes for intermediate temper-
ature SOFC.
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