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The dielectric relaxation behavior of the fluorite structured nanocrystalline Ce,gGd, Pry0,_5
compound was studied in the temperature range of 200—550 °C. Two different types of relaxation
processes were observed corresponding to (1) defect pairs such as (Pr(,,— V)" and (Gd¢,—Vp)® and
(2) the trimers such as (Pri,—Vg—Gd(,). The correlation between ionic conduction and the
dielectric properties of the nanocrystalline material is discussed. Very low values of the migration
energy and association energy of the oxygen vacancies are observed, which are 0.42 and 0.03 eV,
respectively. The obtained value of association energy agrees well with the theoretical prediction on
doubly doped ceria. © 2009 American Institute of Physics. [DOI: 10.1063/1.3083556]

In recent days, the nanostructured ceria based solid
electrolytes have attracted great interest for application in
intermediate temperature solid oxide fuel cell. The use of
nanocrystalline electrolyte materials has been expected to
overcome various drawbacks associated with microcrystal-
line electrolyte materials such as reduction in Ce** to Ce*? at
higher temperatures1 and segregation of impurities such as Si
or Ca at the grain boundaries.” Various nanocrystalline ma-
terials of doped and undoped ceria have been synthesized by
different methods and studied®™" but their dynamic proper-
ties at intermediate temperatures are not yet clear. On the
other hand, it has been theoretically predicted that the cerium
oxide, doped with double dopants such as Nd/Sm and Pr/Gd
whose average atomic numbers lie between 61 and 62, may
show high value of ionic conductivity with very low associa-
tion energy due to a good balance between the elastic and
electronic interaction between oxygen vacancies and triva-
lent ions.!" In the present work, the dielectric relaxation
properties of nanostructured Ce(3Gd, Prj0,_s material are
studied in the intermediate temperature range to understand
the ionic transport mechanism in nanoscale.

The nanocrystalline Ce(, ¢Gd, ;Pry ;O,_s material with an
average grain size of 14 nm was prepared by citrate auto
ignition method.'? The powder was pressed into a pellet of
10 mm diameter and 1.3 mm thickness. The silver paste was
applied on both sides of the pellet for the purpose of elec-
trodes. The dielectric constant &', loss tangent (tan &), and
electric modulus M” were obtained from the electrochemical
impedance analysis performed in the ambient conditions in
the temperature range of 200—550 °C and in the frequency
range of 1 Hz to 10 MHz.

Figure 1 illustrates the high resolution transmission elec-
tron microscopy (HRTEM) picture of a Cey¢Gd, Pry;0,_5
particle from a group of agglomerated particles. It is evident
from the micrograph that the microstructure of the nanocrys-
talline Ce( 3Gd, ;Prj 0,_s material consists of arbitrarily ori-
ented well defined single crystalline nanoparticles. The par-
ticle size of the material is found to vary between 8 and
18 nm.
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From the ac conductivity analysis it is observed that in
the temperature range of 200—550 °C, the ionic conduction
at both grain interior and grain boundaries contributes to the
total conductivity of the material. The total ionic conductiv-
ity is found to be dominated by grain interior conductivity at
the temperatures of up to 360 °C, whereas at high tempera-
tures the grain boundary conductivity is more than the grain
interior conductivity. The activation energy of the material is
found to be 1.5 eV below 360 °C and 0.62 eV in the higher
temperature region.

The variation in dielectric constant &’ with frequency,
for the nanocrystalline material, at three different tempera-
tures is shown in Fig. 2. The dielectric constant &’ exhibits
strong dispersion in the lower frequency region and shows a
sharp upturn due to polarization of charge carriers at the
electrode-electrolyte interface, as shown in the inset of Fig.
2. In the logarithmic scale, the dielectric constant &’ exhibits
a step in the low frequency region, as it was observed in
ZrO,-Y,05 ceramic solution.'® This step could be attributed
to the grain boundary relaxation, which leads to the forma-
tion of plateau in dielectric constant &’ in the low frequency
region. With a temperature increase up to 360 °C, the pla-
teau shifts toward lower frequencies and above 360 °C, the

FIG. 1. High resolution TEM micrograph of the nanocrystalline
Ce( sGd, | Pry;0,_; material calcined at 800 °C. Size of the particle shown
here is around 14 nm.

®© 2009 American Institute of Physics
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FIG. 2. The variation in log ¢’ with frequency at different temperatures. The
arrow mark indicates the plateau of grain boundary relaxation. Inset is the
variation in &’ with frequency at 300 °C.

plateau shifts toward the high frequency region. This behav-
ior of dielectric constant &’ in the nanocrystalline material
matches well with the ionic conduction mechanism in the
temperature range below and above 360 °C as explained
above. Hence it implies that the characteristic dielectric re-
laxation of lattice at the grain boundaries is associated with
the migration of charge carriers at grain boundaries in the
nanostructured Ce¢Gd, Pry;0,_s material. The values of
&, (the high frequency limit of &’) are found to be 43.52,
41.03, 33.41, and 16.03, respectively, at 380, 400, 460, and
500 °C. The decrease in dielectric constant is found to be
associated with the increase in ionic conductivity at higher
temperatures.

Figure 3 shows the frequency spectrum of dielectric loss
tangent (tan &) of the material at 300 °C. The dielectric loss
tangent exhibits the presence of two relaxation peaks, which
are indicated by arrow marks in the Fig. 3. The high fre-
quency peak could be attributed to the defect pairs formed
due to the association of oxygen vacancy with one of the
trivalent dopant cations (either Pr*3 or Gd*).'" In general,
when the CeO, is doped with trivalent cations, one oxygen
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FIG. 3. The frequency spectrum of dielectric loss tangent (tan 8) at 300 °C.
Inset is the Arrhenius plot of log(T tan 8.0 vs 1/ 7.
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vacancy is introduced for every two trivalent ions for the
charge neutrality. The trivalent cations replacing Ce™ in the
cubic fluorite structure, possess an effective charge of —1.
The mobile oxygen vacancy (V) being positively charged
associates with one of the two dopants to make a defect pair,
leaving the other one as unassociated defect. Since two types
of trivalent cations, i.e., Pr*> and Gd*3, are replacing Ce*?,
two different types of defect pairs such as (Pre.—Vp)™ and
(Gd¢,—Vo)' are expected to be present in the material.
Even though these defect pairs are charged, they act like
electric dipoles and give rise to dielectric relaxation. The
low frequency peak could be ascribed to any of the possible
associate neutral trimers'* such as (Prg,—Vg-Gd(,),
(Pr&e—Vo—Prg,), or (Gdi,—V5—Gdg,). The neutral trimer
giving rise to the dielectric relaxation peak must be a bended
one because the linear trimer cannot show any effective di-
pole moment and hence there will be no relaxation peak. For
the conduction of oxygen ions in this double rare-earth
doped ceria nanostructured system, the following equilib-
rium reactions can be assumed:

(Pr&e— Vo = Pri,) © (P, — V) + Pre, © VS + 2Prls.,

(1)

(Gde.— V6~ Gdc,) & (Gde — Vo) + Gdi & V5
+2Gd(,, (2)

(Prée— Vo — Gdg,) © (Pre, — V) + Gd(, & Vi + Pris,
+Gd(,s 3)

& (Gd(, - V) +Pri. & VG + Pri + Gdg, . (4)

In the conduction process, the oxygen vacancies dissoci-
ate from the pairs and assist the migration of oxygen ions
(O%). The binding energy (in other words the association
energy) “E,~ of the oxygen vacancies can be obtained from
the Arrhenius plot of log(T tan &,,,) versus 1/T (Ref. 14),
which is shown as an inset of Fig. 3. Also, the migration
energy (E,,) associated with the jump of oxygen vacancies
can be obtained from the Arrhenius plot of log(f,, s) versus
1/T. The association energy (E,) and the migration energy
(E,,) of oxygen vacancies in this nanostructured material are
found to be 0.03 and 0.45 eV, respectively.

In the case of nanocrystalline ceria doped with Nd and
Sm, Yamamura ef al.'>'° suggested that the plateau or step-
like behavior in the variation in dielectric constant &’ with
frequency can be ascribed to the Debye-type relaxation due
to the defect associates. But in the present case, the material
shows a single plateau (shown by an arrow mark in the Fig.
2), and the relaxation frequencies estimated from the plateau
do not match with those of loss tangent (tan ), as those were
matching in case of Nd doped ceria.'> Moreover, the plateau
in dielectric constant &’ is observed in the entire temperature
range, whereas the relaxation peaks in loss tangent (tan &)
vanish at temperatures above 340 °C. Therefore the plateau
observed in frequency dependent plot of &', in the case of
nanostructured Ce gGd, ;Pry ;O,_s material, could not be as-
cribed to the relaxation of defect associate. It must be due to
dielectric relaxation of grain boundary as already mentioned.

It is observed that both the dielectric constant ¢’ and loss
tangent (tan ) exhibit strong polarization effect at lower fre-
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FIG. 4. The frequency spectra of electric modulus M” at different tempera-
tures. The inset shows the Arrhenius plot of log(f},) vs 1/T.

quencies. In order to suppress the polarization effect, the
dielectric property is explained through electric modulus M”.
Figure 4 shows the frequency spectra of imaginary part of
electric modulus M" at three different temperatures. At lower
frequencies the M" values approach to zero, which indicates
that the electrode polarization does not make any significant
contribution to the modulus data. At lower temperatures, the
modulus spectra exhibit the presence of a relaxation peak.
The peak could be attributed to the charge reorientation re-
laxation of (Pr&,— Vo)™ and (Gdg,—Vp)® defect associates in
the present system, as observed in microcrystalline La doped
ceria by Sarkar and Nicholson."” Since oxygen vacancy (Vg)
is present in the cubic Ce,g3Gd, Prjy0,_s material, it can
occupy any of the eight equivalent sites, giving rise to a
reorientation relaxation process. As the temperature in-
creases, the peak frequency (fy») shifts toward the higher
values, showing relaxation nature of the peak. The activation
energy for reorientation of oxygen vacancies is obtained
from the Arrhenius plot of log fy» versus 1/T (shown as
inset of Fig. 4) and is found to be 0.42 eV. The motion of Vg
in this reorientation process is bound motion, i.e., the oxygen
vacancy Vg, remains bound to one of the Pr(, or Gd(,, ion and
jumps between the nearest neighboring position of these ions
in the cubic structure.'” The jump in bound state motion is
similar to that of a free V{ in the system. Therefore the
activation energy for the bound motion is considered as the
migration energy of free V{ in the long range motion."” The
migration energy (i.e., 0.42 eV) obtained from the modulus
spectra matches well with the value obtained from loss tan-
gent (tan 8). The peak corresponding to the relaxation reori-
entation of defect pairs is found to vanish completely at tem-
peratures above 360 °C. So it indicates the existence of
local motion of oxygen vacancies in the nanostructured
Ce( 3Gd, Prg 0,_s material at lower temperatures, and at
temperatures above 360 °C, the oxygen vacancies are com-
pletely free for long range migration. Generally it is expected
that the concentration of free oxygen vacancy is higher at
grain boundaries in high temperature region. Since the oxy-
gen vacancies are found to be completely free above 360 °C,
these results in the increase in grain boundary contribution to
the total conductivity and the reduction in total activation
energy of the material. Therefore the grain boundary conduc-
tivity dominates the whole conduction process at the tem-
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peratures above 360 °C as mentioned earlier.

The values of migration energy (E,,=0.42 eV) and as-
sociation energy (E,=0.03 eV) of oxygen vacancies in the
nanostructured CegGd, ;Pry;0,_s material are found to be
very low compared to the experimentally observed values in
various microcrystalline electrolyte materials."®!? Also, the
association energy (E,) of oxygen vacancies in this material
is almost close to the lowest theoretical value, 0.02 eV for
Pm*® doped ceria.'’ The reason for low value of association
energy could be due to the optimum balance between the
elastic and electronic interactions of oxygen vacancies with
the trivalent dopants Gd(,, and Pr¢,.. Hence the experimental
result on nanocrystalline Ce,gGd,Pry;0,_s material is
found to agree well with the recent theoretical prediction”
that the double doped ceria with possible combination Pr/Gd,
whose average atomic numbers lie between 61 and 62, may
show very low association energy between the oxygen va-
cancies and trivalent dopant ions.

In summary, the dielectric relaxation of lattice at the
grain boundaries is found to be associated with the motion of
charge carriers at the grain boundaries. Two types of dielec-
tric relaxation processes corresponding to defects pairs and
trimers are observed, which are associated with the motion of
oxygen vacancies in the nanocrystalline Ce3Gd, Pry0,_5
material at lower temperatures. The observed low value of
association energy leads to the increase in grain boundary
conductivity, as well as reduction in total activation energy at
the temperatures above 360 °C. The migration energy and
the association energy of oxygen vacancies in this material
are found to be very low compared to those in various mi-
crocrystalline materials. Also, the observed value of associa-
tion energy is found to agree well with the theoretical con-
cept on association energy in the ceria doped with two
trivalent cations.
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