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In the present work, the microwave heating (MH) route is used to prepare and sinter dysprosium-doped
ceria(DDC) nanopowder, Ce(;_,Dyx0,_y2 (x=0.05-0.25 at.%), and the results are compared with the same
composition obtained by conventional heating (CH). The results show that the as-synthesized powders
are pure oxides with high crystallinity. The average crystallite size of the MH-DDC samples is approxi-
mately 22 nm, while the CH-DDC sample size is approximately 29 nm. The sinterability of the MH samples
is greater than that of the CH samples. Microwave sintering produces high-density MH-DDC pellets with
fine and almost homogeneous grain-growth and a grain size of 400 nm, while the conventionally den-
sified pellets have non-uniform grains range in size from 1100 to 1400 nm. The electrical properties of
the sintered pellets were investigated by impedance spectroscopy. The ionic conductivity of the MH-
DDC15 pellet sintered by microwave at 1050 °C for 1 h was determined to be 05590 =7.42 x 1072Scm™!,
with an activation energy of E, =0.86 eV. The pellets that were conventionally sintered at 1300°C for 5h
were found to have ionic conductivity of o5590c=9.79 x 10~3 Scm™!, with E, =1.05eV. The correlations
between the grain, grain boundary relaxation and ion transport mechanism in nanocrystalline electrolyte
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materials are discussed.
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1. Introduction

Solid oxide fuel cells (SOFCs) are solid-state electrochemical
devices that convert the chemical energy in fuels directly into elec-
tricity with high conversion efficiency and low toxic gas emissions,
and they are highly flexible in terms of the fuels they use [1-3].
However, to be economically competitive, it is necessary to lower
their operating temperature (below 600°C) [4]. It has been rec-
ognized that decreasing the temperature of the cells depends on
high-quality electrolytes with higher oxide ionic conductivity [5].
The research on electrolytes has mainly focused on (i) the use of
thin electrolyte films and (ii) the development of highly conducting
solid electrolytes using different dopants and co-dopants [6-8]. To
realize these requirements, there is a need to (a) introduce new con-
cepts of materials development and processing (b) design systems
where a great control over the microstructure can be obtained.

In the last decade, nanocrystalline materials have been widely
accepted to have a high potential to meet above mentioned
requirements [9-14]. Nano-ionic ceramic oxides display electrical
properties that appear to be unique and may lead to applications
that are not normally attainable by conventional microcrystalline
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oxides [15]. The ionic conductivity of nanocrystalline materials has
been found to be significantly enhanced compared with that of
their microcrystalline equivalents [16-20]. Doped ceria electrolytes
have been known to exhibit higher ionic conductivity at relatively
lower temperatures compared to yttrium-stabilized zirconia (YSZ),
and they have been extensively studied as the most promising
electrolyte materials for intermediate temperature SOFCs [21-25].
The ionic conductivity of ceria-based systems has been reported
to be an order of magnitude greater than that of YSZ, especially
when its nanocrystalline nature is retained [26,27]. However, it
has been observed that nanocrystalline ceria can be densified at
a much lower temperature because of the high surface energy of
the nanoparticles [16,28-30].

In general, the preparation method has a great deal of
influence on the microstructure and stability of nanocrystalline
ceramic solid solutions. Several synthesis routes have been
developed to produce nanocrystalline CeO,-based powders, such
as the precipitation of ceria using ammonia [31], ammonium
carbonate [32], hydrazine hydrate [33], sol-gel [34], forced hydrol-
ysis of inorganic salts [35], combustion synthesis [36], and
hexamethylenetetramine-based homogeneous precipitation [37].
Very recently, microwave-assisted chemical synthesis routes have
emerged as highly controlled methods for the production of nano-
sized materials [38].

Recently, samarium- and gadolinium-doped ceria have
attracted increasing attention as electrolytes for low-temperature
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SOFCs [39-44]. It has been considered that the doped ceria
electrolytes exhibited high oxide ionic conductivity as a result
of the small association enthalpy between the dopant cation
and the associated oxygen vacancies in the fluorite lattice [45].
Accordingly, dysprosium-doped ceria (DDC) has a comparable
association enthalpy to that of samarium- or gadolinium-doped
ceria electrolytes [46]. Therefore, it is expected that DDC would
be a promising solid electrolyte material for applications in
low-temperature SOFCs. In the present work, we attempted to
prepare nano-crystalline DDC by glycine-nitrate combustion
routes. The combustion synthesis was carried out in two ways:
(i) conventional heating of the precursor solution at 300°C and
(ii) microwave heating at 400 W. The five different compositions
of Ce(1_x)Dyx0y_x» (x=0.05-0.25at.%) are prepared and charac-
terized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). The powders
are compacted into pellets and consolidated to a gas-tight density
by using a high-temperature muffle furnace and an indigenously
built microwave sintering assembly. The microstructures of
the sintered pellets are examined by SEM, and their electrical
conductivity was measured by AC impedance spectroscopy.

2. Experimental procedure
2.1. Powder synthesis

The nano-sized solid solutions of Ce;_4DyxO, 4 (DDC,
x=0.05-0.25at.%) were prepared by combustion synthesis
routes induced by microwave (MH) and conventional (CH)
mode of heating. Table 1 lists the various compositions and
their nomenclature used in the present work. Cerium nitrate
hexahydrate (Ce(NO3)s3-6H,0), dysprosium nitrate hexahydrate
(Dy(NO3)3-6H,0, 99.99% pure, Aldrich) and glycine nitrate (>99%
pure Merck, Mumbai) were used as starting materials. According
to stoichiometric analysis, on the basis of the atomic percentage
of Ceq_xDyxO;_y2, aqueous solutions of (Ce(NOs3)3-6H;0) and
(Dy(NO3)3-6H,0) were mixed initially in a quartz beaker. Glycine
nitrate was added to the mixed metal nitrate solution. In each case
the glycine nitrate/metal nitrate molar ratio was maintained at 1.

The aqueous redox solutions containing metal nitrate and
glycine nitrate were introduced into a multimode microwave oven
with a chamber size of 360 mm x 210 mm x 430 mm and operated
at 2.45 GHz. The maximum deliverable power output was 1.2 kW.
The samples were prepared at different values of microwave power.
As the sample began to boil in the oven, the froth ignited and caught
fire within 1 min. An off-white colored foamy ash powder was
formed after the combustion. The foam was then lightly ground in
a silica mortar with a porcelain pestle to obtain a fine powder. The
as-synthesized light yellow powder was used for further studies
and characterization. For the conventional heating induced com-
bustion synthesis, the procedure that was followed was similar to
what has been previously reported [47,48].

Table 1
List of various compositions and their nomenclature.

Composition Nomenclature for mode of heating used for

synthesis and sintering

Microwave Conventional
CeO, MH-DDCO CH-DDCO
Cep.95Dy0.0502_5 MH-DDCO05 CH-DDCO05
Cep.90Dy0.1002_5 MH-DDC10 CH-DDC10
Ceos5Dy0.1502s MH-DDC15 CH-DDC15
Ceog0 Dyo_zg 0,5 MH-DDC20 CH-DDC20
Ceo.75Dy0.250; 5 MH-DDC25 CH-DDC25

2.2. Characterization

Room temperature powder XRD was carried out on the as-
prepared MH and CH samples for phase identification and for the
crystallite size estimation, using a Bruker D8 Advance X-ray diffrac-
tometer with CuKa radiation at a scanning rate of 1°min~!. The
morphology of the samples was observed using a scanning electron
microscope (SEM, JEOL-6360) and transmission electron micro-
scope (TEM, Technai 20G?) operated at an accelerating voltage of
200 keV using carbon-coated Formvar grids. The sample was pre-
pared by dispersing the nanostructures in N,N-dimethylformamide
(DMF) using ultrasonication. The calcined powders were well
milled in an agate mortar. The powder was pressed uniaxially
under 250 MPa to form green pellets of a 10 mm diameter and an
approximately 1 mm thickness. The pressed pellets were sintered
by microwave and by the conventional method. The microwave
sintering assembly was designed in-house and was fabricated by
modifying a domestic microwave oven. For conventional sinter-
ing, a locally made, high-temperature muffle furnace was used. The
sintering conditions were optimized for temperature and time for
both heating methods. The best sintering results were obtained by
microwave at 1050°C for 1h and by the conventional apparatus
at 1400°C for 5h with a heating rate of 5° min~!. The sinterabil-
ity of the samples was quantitatively studied from the graphical
correlation of the sintering temperature and relative density. The
relative density was calculated as the ratio of the experimental to
theoretical density (d,q =dex/dy,) for all the compositions and all
synthesis conditions. The theoretical density dy, was calculated as
the ratio of the mass of the atoms in the unit cell to the volume of
the unit cell by the lattice parameter, and the sintered density dex
was determined using the Archimedes method.

The microstructures of the sintered specimens were observed by
SEM. The impendence spectra were investigated in the temperature
interval from 200 to 700 °C and in the frequency range from 5 Hz to
13 MHz by an HP-4191 impedance analyzer. Platinum electrodes
were sputtered onto either side of the sintered DDC pellets.

3. Results and discussion

The powder XRD of the as-prepared MH-DDC15 and CH-DDC15
samples (representative composition) are shown in Fig. 1. The XRD
patterns clearly indicate the formation of the cubic phase, with
homogeneous mixtures of Ce#* and Dy3" in the fluorite structure.
The broad nature of the XRD peaks (Fig. 1) indicates the fine size of
the crystallites of the developed DDC15 solid solution. The average
particle size was measured by using the Scherrer equation:
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Fig. 1. XRD patterns of as-prepared MH and CH-DDC15 powder.
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Fig. 2. XRD of as-synthesized MH-DDC samples for different composition.
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Fig. 3. Lattice parameter of doped ceria as a function of Dy content in MH-DDC
samples.

t is the average crystalline size, X is the wavelength of X-rays, 6
is the position of the reflection in XRD pattern in degrees, and
B is the integral breadth of reflection (in radians 20) located at
20 and often calculated by using a solid reference standard, i.e.,
B% = B — B2. The average particle size of the MH and CH pow-
ders were found to be approximately 22 and 29 nm, respectively.
The XRD patterns of the MH-DDC samples at different composi-
tions are illustrated in Fig. 2. Analysis of the XRD for the different
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Fig. 5. Particle-size distribution from SEM images of MH and CH samples.

compositions showed that the obtained powders were of a single
phase, independent of the dopant concentration in the range inves-
tigated. The calculation of the cell parameters on the basis of the
XRD results (Fig. 3) confirms their linear dependence on the atomic
percentage of x of Dy3* ions; this result suggests the formation of
a complete solid solution in the given compositional range. The
cubic ceria lattice was observed to expand with increasing Dy ion
concentration. Thus, doping with the larger-sized (r..4+ = 0.97A;

Tpy3+ = 1.027 A) Dy3* ions and increasing the dopant concentration
will continue to increase the cell parameters. The lattice parameter
of the doped ceria was in accordance with Vegard’s law. The same
trend is observed in the CH-DDC samples, as well.

The microstructures of the as-prepared MH-DDC15 and CH-
DDC15 samples are shown in Fig. 4A and B, respectively. The SEM
images of both samples exhibit an average grain size of less than
100 nm. The grain size distribution for both samples was deter-
mined by manual image analysis of approximately 200 particles.
As the particles of both samples were of a nearly round shape,
particle sizes could be determined by matching the digital pixel
scale with the diameter. The obtained data from the image analy-
sis were quantitatively studied by plotting a graph of particle size
versus the number of particles (Fig. 5). The average particle size
was determined from the arithmetic mean of the particles sizes and
its standard deviation. The particle-size distribution obtained from
SEM for the CH sample has an arithmetic mean particle size and
standard deviation of 27 and 33 nm, respectively. For the MH sam-
ple, the SEM indicates that the size distribution is both smaller and
narrower than for the CH sample, which has an arithmetic mean
particle size and standard deviation of 17 nm and 9 nm, respec-
tively. This allows the prediction that the size distribution is more
fine and uniform in the MH material than in the CH samples. The

Fig. 4. SEM micrographs of (A) MH-DDC15 and (B) CH-DDC15 samples.
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Fig. 6. TEM images of (A) MH-DDC15 and (B) CH-DDC15 samples.
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Fig. 7. Sinterability of MH-DDC15 and CH-DDC15 samples.

TEM images (Fig. 6A and B) confirm the nanoscale size distribution
of the crystallites of both samples. For the MH (Fig. 6A) sample,
the average particle size was observed to be approximately 17 nm,
while for the CH sample (Fig. 6B), it was approximately 27 nm. From
the TEM results, it can be determined that agglomeration and non-
uniformity in the particles size distribution are more prominent in
the CH samples than in the MH samples.

The sinterability of the MH-DDC15 and CH-DDC15 samples is
shown in Fig. 7, and all compositions of MH and CH samples are dis-
played in Fig. 8A and B for meaningful comparisons. The sintering
assembly used for microwave sintering is shown in Fig. 9. The green
pellet was placed on a cylindrical base made of quartz. The cylinder
was inserted in a SiC tube of nearly 3 cm diameter and 15 cm length.
To measure the temperature, a shielded S-type thermocouple was
used and was inserted into the tube from the upper side of the
oven, where a leakage-proof hole was made for the insertion of the
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Fig. 9. Schematic view of microwave sintering assembly.

thermocouple. The thermocouple was placed in contact with the
surface of the pellet. The MH samples were sintered at the 700, 800,
900 and 1000 W power levels of the microwave with an irradiation
time of 1h at each power. The corresponding temperatures were
measured to be 650, 830, 970 and 1050 °C, respectively. For con-
ventional sintering, green pellets of DDC were placed in heating
boat, which were introduced into a high-temperature muffle
furnace. The CH samples were sintered at temperatures from 600
to 1400 °C in the muffle furnace, for 5 h at each temperature.

The MH samples were sintered to almost 95% of the theoretical
density by microwave at very low temperature (1050°C) and in a
very short time of 1 h, in contrast to CH, which required 1300 °C for
5h to achieve compaction to 94% of the theoretical density (Fig. 7).
To understand the role of the mode of heating on the sinterability,
temperature versus relative density data of MH and CH samples
were fitted by regression analyses. The sinterability data of the MH-
DDC15 samples are found to be linear, described by the relation
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Fig. 8. Sinterability of MH-DDC and CH-DDC samples at different compositions.
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500 nm

Fig. 11. SEM images of sintered pellets (A) MH-DDC15 (at 1050°C) and (B) CH-DDC15 (at 1400°C).

R=0.042T+47.19; whereas the CH-DDC15 samples data are
described by the non-linear relation R= —2E—05T2 + 0.074T + 32.03.
This fitting clearly indicates that the sinterability of MH sample
exhibits a linear relation between the relative density and tem-
perature, whereas the CH sample exhibits a nonlinear relation.
From Fig. 8, it can be observed that almost all compositions show
the same sinterability trends. SEM images of green pellets of MH-
DDC15 and CH-DDC15 are shown in Fig. 10A and B, and highly
density compacted pellets are shown in Fig. 11A and B, respec-
tively. The grain size of the MH and CH pellets before sintering is
found (Fig. 10A and B) to be approximately 40 and 70 nm, respec-
tively; however, after sintering and attaining a gas-tight density,
the grain size is observed (Fig. 11A and B) to increase to approxi-
mately 400 nm for the microwave sintered (at 1050 °C) pellet and
1100 nm for the conventionally sintered (at 1400 °C) pellet, respec-
tively. The microwave sintered pellet achieved near-theoretical
density by raising its grain-size approximately 10 times above that
of the green pellet. The conventionally sintered pellet also becomes
highly consolidated by increasing its grain-size to approximately
15 times more than the green pellet. The microwave sintered pellet
was found to undergo linear and rapid densification with a slow rate
of grain growth, maintaining near-homogeneity. The conventional
route was observed to follow a nonlinear process of densification,
causing a grain growth non-uniform. Porade [49] has also studied
the microwave and conventional sintering of bulk ceramics and
observed a critical enhancement of the densification rate with con-
trolled grain-growth and homogeneity maintained in the grains.
The complex impedance plots of the MH-DDC15 and CH-DDC15
samples at 300 °C are shown in Fig. 12. Two separate semicircles are
observed within the measured frequency range. The first depressed
semicircle in the high frequency region corresponds to the grain

interior resistance, and the second depressed semicircle represents
the grain boundary. The grain boundary depressed semicircle is
larger than the grain interior depressed semicircle for both samples.
The same impedance plot trends are exhibited (Fig. 13) by the CH
samples in the high temperature range (400-700°C), but for MH
samples a single depressed semicircle was observed. The relaxation
frequency of the grain may be too high (>13 MHz) to be shown in
the spectra, so only the grain boundary response was observed in
the high temperature range.

To understand the role of relaxation frequencies in the grain and
grain boundary conductivity, the impedance loss spectra are stud-
ied at various temperatures for MH-DDC15 (Fig. 14). Two relaxation
peaks are observed at higher and lower frequencies (Fig. 14) for
the low-temperature range (300-420 °C). For the high-temperature
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Fig. 12. Complex impedance plot of MH-DDC15 and CH-DDC15 samples at 300 °C.
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Fig. 13. Complex impedance plot of MH-DDC15 and CH-DDC15 samples at 550°C.

range (420-600°C), a single relaxation peak was detected on the
lower-frequency side. The relaxation peaks at higher and lower fre-
quencies have been found to correspond to the grain interior and
grain boundary conduction, respectively [20,50]. The impedance
loss spectra confirmed the relaxation of charge carriers, along with
conduction in the grain interior and boundaries. The relaxation
peaks appeared to be shifted towards the higher frequency side
with increasing temperature. The relaxation frequency was the
macroscopic parameter that helped to predict the electrical pro-
cesses occurring in the material. The results are interpreted to
indicate that higher values of relaxation frequency correspond to
lower charge carrier relaxation times in their respective region. This
relationship initiates a faster charge relaxation process and indi-
cates that the relaxation of oxygen ions is faster in the grain than
at the grain boundary and that the relaxation rate increases with
increasing temperature. The comparative impedance loss spectra of
MH-DDC15 and CH-DDC15 at 340°C are displayed in Fig. 15. They
indicate that the relaxation frequency corresponding with the grain
and grain boundary of MH sample is greater than the correspond-
ing frequency for CH. This difference confirms that the relaxation
of oxygen ions is faster at the grain and grain boundary of the MH
samples than the CH ones. The size of the grains was found to be
for a controlling factor for the relaxation of the oxygen ion.

From the comparative impedance graphs (Figs. 12 and 13), it
can be observed that the grain boundary resistance was less in
MH sample than in CH. This difference is noteworthy, as the grain
boundary plays a vital role in determining the total ion conductivity
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Fig. 14. Impedance loss spectra of MH-DDC15 samples at different temperatures.
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Fig. 15. Impedance loss spectra of MH-DDC15 and CH-DDC15 samples at 340°C.
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Fig. 16. Arrhenius plot for total ionic conductivity of MH-DDC15 and CH-DDC15
samples.

in polycrystalline ceramics. The difference in the grain boundary
resistance observed for MH and CH was mainly attributed to the
difference in grain size. The decrease in grain boundary resis-
tance with increasing grain size for the MH sample indicates an
enhancement of the oxide-ionic conductivity via grain boundaries.
Bellino et al.[51] have also observed the decrease in grain boundary
resistance with grain size for nanostructured Y and Sm-doped ceria.

It has been reported by many investigators that the main con-
tribution of the conductivity of ceria-based oxides in air is oxide
ion conductivity; hence, the measured conductivity in air of the
given MH and CH materials are considered to be solely attributable
to the oxide ion conductivity. The measured conductivity of the
studied MH and CH samples and all compositions of MH are dis-
played in Figs. 16 and 17, respectively, in the Arrhenius plot. An
analysis of the data plotted in Fig. 16 reveal that the mobility of the
oxide ions was higher in the small-grained MH samples (<500 nm)
than in the larger-grained CH ones (>1000 nm). Thus, one may
assume that the reasons for this enhancement lie in homogeneous
grains of the microwave sintered MH samples; they give rise to
an ordered structure of the oxygen vacancies within the grain.
The ordering of the oxygen vacancies within the grain expands
the conduction pathway across the grain boundary. This explains
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Fig. 17. Arrhenius plot for total ionic conductivity of MH-DDC for different compo-
sition.
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the increase in conductivity of the MH samples in comparison to
the CH ones. The effects of the processing route on the sinterability
and its influence on the microstructure and conduction mechanism
at the atomic scale have been also shown by Mori et al. [52,53].
The maximum conductivities with minimum activation energies
are observed for MH-DDC15 sintered at 1050°C for 1 h, for which
05500c=7.42x1072Scm~!, E;=0.86 eV, and CH-DDC15 at 1300°C
for 5 h, for which o559.c =9.79 x 1073 Scm~1, E; = 1.05 eV. The ionic
conductivity obtained for the MH samples is much higher com-
pared with the earlier reported conductivity (4.2 x 10~3Scm™1) for
DDC10 by Bautista et al. [54].

4. Conclusion

The influence of the processing methodology on the sinter-
ability and conduction properties in the Dy-doped ceria (DDC)
system was systematically studied in the present work. The con-
ventional and microwave modes of heating were used to synthesize
and sinter DDC systems with different compositions. The as-
synthesized MH samples were observed to be spherical, with
nearly uniformly distributed nanoparticles and an average parti-
cle size of approximately 17 nm. The CH samples were found to
be highly agglomerated, with particles having an average size of
approximately 27 nm. Densely sintered bodies (more than 95% of
theoretical density) with almost homogeneously developed grains
with an average size of 400nm were obtained by microwave
sintering, while for conventional sintering samples, the average
grain size was observed to be approximately 1100 nm. The struc-
tural morphology and conductivity properties of the MH samples
were compared with those of the CH samples. The ionic con-
ductivity of the pellets sintered by microwave at 1050W for
1h was observed to be o550oc=7.42x10"2Scm™!, E;=0.86eV,
while for conventionally sintered pellet at 1300°C for 5h, it was
found to be 0550:c=9.79 x 10~3Scm~!, E;=1.05eV. The dielec-
tric relaxation of the grain and the grain boundary were found
to be dependent on their size and associated with the charge
conduction mechanism. This study underscores the potential of
microwave-assisted synthesis and sintering of nanocrystalline
dysprosium-doped ceria powders for applications as electrolytes
in IT-SOFCs.
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