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Abstract

A modified combustion process, namely a mixed fuel process making use of a mixture of two fuels, such as
citric acid and glycine has been developed to prepare nanocrystalline ceria powders. The effect of the mixed
fuel and the different fuel to oxidant ratios on the decomposition characteristics of the gels were investi-
gated by simultaneous thermal analysis experiments. It was established from various characterization
techniques that the ceria powder prepared through the mixed fuel process has got the optimum powder
characteristics, namely, a surface area of 33.33 m2/g and a crystallite size of 14 nm compared to the
powders produced through the combustion process using a single fuel like glycine or citric acid. Such
powders when sintered at 1250�C resulted in pellets with densities in the range of 94–96% of theoretical
density. In this paper, we have carried out systematic studies on the sintering of ceria powders prepared by
different approaches. The sintered ceramic from mixed fuel batch, exhibited and retained relative density
more than 95% up to 1250�C and this data clearly underscores the ability of this process in developing ceria
ceramics with increased stability against reduction.

Introduction

Ceria (CeO2) is a well-known refractory material
with fluorite structure, which can accommodate
both intrinsic and extrinsic oxygen vacancies and
thus could act as an oxide ion conducting material.
The intrinsic vacancies are formed by the presence
of Ce3+ ions in the fluorite lattice due to the
reduction equilibrium of Ce3+/Ce4+, whereas
extrinsic vacancies arise by substitution of aliova-
lent ions in the lattice. These materials were stud-
ied extensively for their wide range of applications
in fuel cells, sensors and in catalytic converters
(Varhegyi et al., 1995; Inaba & Tagawa, 1996;
Mogensen et al., 2000; Jurado, 2001; Kharton

et al., 2001; Stefanik & Tuller, 2001; Cabrera
et al., 2002; Li et al., 2002; Yabe & Sato, 2003;
Zhang et al., 2003). The special ability of ceria to
reversibly exchange oxygen is a key feature in most
of its applications. As shown in Eq. (1), ceria can
act as an oxygen storage material and can absorb
or release oxygen in response to the oxygen partial
pressure.

CeO2 $ CeO2�x + x/2 O2 (g) ð1Þ

Various techniques are available to produce
homogeneous and highly reactive nanocrystalline
ceria powder at lower temperatures than the con-
ventional methods. Wet chemical routes, such as
hydrothermal synthesis (Zhou et al., 1993; Hirano
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& Kato, 1996; Wu et al., 2002), mimic alkoxide
method (Li et al., 2001), sol–gel technique (Chu
et al., 1993), co-precipitation method (Chen &
Chen, 1993; Chen & Chang, 2005), spray hydro-
lysis (Li et al., 2002; Xu et al., 2002), thermal
hydrolysis (Hirano et al., 2000), microemulsion
method (Masui et al., 1997; Zhang et al., 2001;
Wu et al., 2002), electrochemical synthesis (Zhou
et al., 1995), polyol method (Ho et al., 2005),
alcohothermal (Zheng et al., 2005), microwave
assisted synthesis (Yang et al., 2005; Fu et al.,
2005), and solution combustion routes (Nakane
et al., 1997; Purohit et al., 2001; Mokkelbost
et al., 2004; Basu et al., 2004), are known for the
synthesis of nanocrystalline ceria powders. How-
ever, most of these methods dealt only with the
synthesis and characterization, and only a few
further studied the sinterability of the powders.
Among the available wet chemical processes,
combustion synthesis has recently emerged as a
highly promising powder preparation technique.
This method makes use of the exothermicity of the
redox reaction between oxidants such as metal
nitrates and fuels such as citric acid, glycine, urea
etc. Among the various combustion processes
available, glycine-nitrate process (GNP) and cit-
rate-nitrate process (CNP) are the most popular
ones. CNP is a much simpler, cheaper and safer
process than GNP and has recently been estab-
lished as a novel technique to prepare ceramic
oxides with diverse properties (Basu et al., 2004
and the references therein). Among the different
advantages, low processing cost, high-energy effi-
ciency and high production rates are noteworthy
of this process.
We (Basu et al., 2004) have recently reported

the synthesis of nanocrystalline ceria powder by
CNP. By this process, although the sintering
temperature could be lowered compared to the
conventional methods, but still was substantially
higher to get dense ceramics. We have modified
the CNP further by a Mixed Fuel Process (MFP),
which is capable of producing sinter active ceria
powders that can be densified at much lower
temperatures than the CNP reported by us earlier
(Basu et al., 2004). The mixture of fuels used,
namely citric acid and glycine together act as the
dual role of effective complexing agents and fuels
for favoring combustion. Though combustion
process utilizing a single fuel are well established
for the synthesis of ceria powder (Purohit et al.,

2001; Mokkelbost et al., 2004) the same using a
mixture of fuels and low cost chemicals such as
ceric ammonium nitrate, citric acid and glycine is
a rather new approach to prepare highly sinter
active, nanocrystalline cerium oxide economically.
Aruna and Rajam (Aruna & Rajam, 2004) used a
mixed fuel approach to prepare Al2O3–ZrO2

nanocomposite with a mixture of urea and glycine.
Earlier, we have used this approach to develop
sinteractive La(Ca)CrO3 ceramics for SOFC
applications (Kumar et al., 2004). However, the
aim of this paper is to establish the novelty of this
economically viable and safe process in preparing
sinter active nanocrystalline ceria powders and to
correlate the characteristics of the powders
prepared under different conditions with their
sinterability. First time, we have carried out a
systematic study on the sinterability of nanocrys-
talline ceria powders prepared by different
approaches to understand the effect of crystallite
size on the stability against reduction of pure ceria
powder.

Experimental procedure

Powder synthesis

All the chemicals used were of analytical
reagent grade. Ceric ammonium nitrate
[(NH4)2[Ce(NO3)6), 99% Merck Ltd. Mumbai,
India] was dissolved in distilled water to form
0.2 molar stock solutions. For the synthesis of
different batches calculated volume of ceric
ammonium nitrate, citric acid monohydrate
(C6H8O7ÆH2O, (99.5%MerckLtd.,Mumbai, India)
and glycine (99%purity, E.Merck,Mumbai, India)
were added to the nitrate solution according to the
compositions shown in Table 1. CIT/NIT refers to
citrate to nitrate and GLY/NIT refers to Glycine to
nitrate. The resulting translucent solution was
heated on a hot plate with constant stirring which
resulted in a viscous liquid, here after termed as
precursor. On further heating, the precursor turned
into a yellow-colored gel, which finally ignited with
glowing flints and evolution of large volume of
gases. This auto-ignition of the precursor finally
resulted in the formation of voluminous yellowish
white ash powders. The ash powder obtained after
combustion was calcined at 300�C for 6 h resulting
in light yellowish white foamy powder.
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Characterization of the precursor gel and the
powder samples

The thermal decomposition studies and X-ray
powder diffraction (XRD) studies on the synthe-
sized gel and powder were performed as reported
earlier by us (Basu et al., 2004). Particle size
analysis of the calcined powders was carried out
using a Sedigraph 5100 Micromeritics particle size
analyzer. For particle size analysis, 300�C calcined
powders were well dispersed in 0.5 wt.% Calgon
solution. No surfactant was added to aid in the
dispersion of the particles. Surface area analysis of
the calcined powders was also carried out on a
Micromeritics Gemini II 2370 surface area ana-
lyzer. The specific surface area (SSA) was con-
verted into particle size assuming that the particles
are closed spheres with smooth surface and uni-
form size (Purohit et al., 2001).
Particle size and morphology of the synthesized

powders were further monitored with the help of a
transmission electron microscope (TEM), JEOL
(JEM-200X). The combustion-synthesized pow-
ders were cold pressed into 10 mm diameter pellets
at a compaction pressure of around 20 MPa.
Sintering was performed in air at 1200�C, 1250�C,
1300�C and 1350�C for 6 h. The density of the
sintered samples i.e., the resultant sintered densi-
ties (drs) was determined using the Archimede�s
principle using kerosene as an intrusion medium.
From the calculated theoretical density (dth) and
the resultant sintered density (drs), the relative
density was calculated as drd = drs/dth. Micro-
structural studies on the powder and sintered
samples were carried out on a Leo 430i scanning
electron microscope. For sintered bodies, the
sample surface was polished to 1 lm finish with
diamond paste and then thermally etched in air at

a temperature 50�C lower than the sintering tem-
perature.

Results and discussion

Physical characteristics

All the gel compositions were hygroscopic and
sticky in nature and exhibited different color. The
preparative conditions used for different batches
and their physical characteristics are shown in
Table 1.

Thermal decomposition characteristics of the gel
samples

Figures 1 and 2 show the thermal analysis plots
obtained for the yellow colored dried gel samples.
The DTA plots of each composition exhibited an
intense exothermic peak at around 225�C–300�C
(Figure 1). The samples where no citric acid has
been added, the DTA peak shifted to the left
indicating a decrease in the decomposition tem-
perature. Most of the samples exhibited two exo-
thermic peaks in the DTA around 250�C–265�C
and 450�C–600�C, the former indicating the
decomposition temperature while the latter corre-
sponding to the burning of the residual organic
matter and subsequent crystallization of CeO2.
The sharp change in weight between 200�C and
260�C in the TGA plots (Figure 2) is a strong
evidence of the single step decomposition nature of
the gel. The thermal characteristics associated with
the decomposition of the gel samples are tabulated
in Table 2. The composition Ce0g exhibited the
lowest enthalpy change and the Ce2g exhibited the
highest enthalpy change. But, when a combination

Table 1. Physical characteristics of the gel samples and their nature of decomposition

Samples
ID

CIT/NIT GLY/NIT Color of the gel Nature of decomposition Color of the ash
powder

Texture of ash powder

Ce0g 0.3 0 Light yellow Moderate decomposition Off-white Fine and porous
Ce1g 0.0 0.05 Light orange Very slow decomposition with fire Yellow Coarse and fluffy
Ce2g 0.0 0.1 White and

transparent
Slow decomposition with both

fire and flame
Yellow Coarse and fluffy

Ce3g 0.3 0.05 Yellow Rapid decomposition with
controlled burning

Off-white Fine, fluffy and porous

Ce4g 0.3 0.1 Yellow Very fast decomposition with
controlled burning

Off-white Fine, fluffy and porous
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of the two fuels was used, the combustion reaction
became less vigorous and controllable with DH
coming down to )571.01 J/g. In the mixed fuel
batches (Ce3 and Ce4), note however, the
increased DH with rise in glycine content from
GLY/NIT = 0.05–0.1 at a fixed CIT/NIT ratio of
0.3. The exothermicity of a combustion process is
governed by the ratio of the oxidant to the fuel

used for combustion. In our experiments, we have
used a mixture of fuels containing citric acid and
glycine together acting as a fuel for combustion.
Citric acid with a heat of combustion of 10.2 kJ/g
is a polyhydroxy carboxylic acid with three car-
boxylic acid groups and one hydroxyl group and
hence could be a very good complexing agent, in
addition to acting as a fuel for combustion (Hwang
et al., 2004). Glycine with a higher heat of com-
bustion of 13.0 kJ/g, also has a zwitterionic char-
acter with one carboxylic group at one end and an
amino group at the other end, both of which can
take part in complexation (Hwang et al., 2004).
Thus, the poly functional citric acid could be a
better complexing agent while glycine could be
a better fuel for combustion reactions. Hence, a
combination of the two fuels is expected to pro-
duce ceramic oxides with better homogeneity,
phase purity and superior powder characteristics.
Based on the concept of propellant chemistry,

the ratio of the oxidizing valency of the metal
nitrates (O) to the reducing valency of the fuel (R)
should be unity to get the maximum exothermicity
during a combustion reaction. We have calculated
the (O/R) ratio of oxidant to fuel for the system
under investigation. The oxidizing and reducing
valencies were calculated by considering the va-
lencies of elements as +4 for Ce, +4 for C, +1 for
H, )2 for O, and 0 for N. Thus the oxidizing va-
lency for (NH4)2[Ce(NO3)6 is )24 and the reducing
valencies for citric acid and glycine are +18 and
+9, respectively.
According to the propellant chemistry, the ide-

alized reactions that would occur during the com-
bustion synthesis of ceria using ceric ammonium
nitrate, citric acid and glycine are given below:

(NH4)2[Ce(NO3)6]þ 8/3NH2CH2COOH!
CeO2 þ 16/3CO2 þ 16/3N2 þ 32/3H2O

ð2Þ

Figure 1. DTA plots of ceria gels prepared by varying the
fuel to nitrate ratio.

Figure 2. TGA plots of ceria gels with different fuel to
oxidant ratio.

Table 2. Thermal characteristics of the CeO2 precursor materials

Samples Fuel/Nitrate
(F/N) ratio

(O/R) (%) weight loss Decomposition
temperature (TP) (�C)

Enthalpy DH (J/g)

Ce0g 0.30 0.74 95.15 260.5 )146.0
Ce1g 0.05 8.88 71.11 247.9 )214.9
Ce2g 0.10 4.44 79.37 226.2 )662.05
Ce3g 0.35 0.68 70.06 253.3 )442.53
Ce4g 0.40 0.63 74.70 260.2 )571.01
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(NH4)2[Ce(NO3)6] + 4/3C6H8O7 !
CeO2 + 8CO2 + 4N2 + 28/3H2O

ð3Þ

Adding (2) and (3) gives,

(NH4)2[Ce(NO3)6]þ 2/3C6H8O7þ
4/3NH2CH2COOH! CeO2 þ 20/3CO2þ

14/3N2 þ 10H2O

ð4Þ

According to Eq. (4) the optimum ratios of CIT/
NIT and GLY/NIT, where the O/R will be unity
to prepare CeO2 from ceric ammonium nitrate
should be 0.11 and 0.22, respectively. However, it
is worth noting that we have conducted the mixed
fuel process with a higher CIT/NIT ratio of 0.3
and a lower GLY/NIT ratio of 0.1 in order to
slow down the vigor of the combustion reaction
since the use of glycine alone has been shown to
result in combustion reactions with uncontrolla-
ble flame and heat leading to local sintering of
particles and formation of hard agglomerates.
Previously, we have optimized the CNP with a
CIT/NIT ratio of 0.3 to prepare nanocrystalline
ceria powder samples (Basu et al., 2004). Purohit
et al., on the other hand, carried out the glycine-
nitrate combustion synthesis of CeO2 powders
with a lower, stoichiometric and higher GLY/
NIT ratios and concluded that at lower ratio,
auto-ignition ceases to occur whereas reaction
becomes violent in case of stoichiometric and
higher ratios due to the occurrence of very
high flame temperature. The optimum fuel ratio
we have used is turned out to be a fuel rich
composition.
When only citric acid was used as the fuel, the

(O/R) is equal to 0.74. Use of a small amount of
glycine on the other hand increased the (O/R)
value to 8.88 (Table 2). When the mixed fuel was
introduced, the (O/R) value again, is lower than 1
(fuel rich). It is interesting to note the lower
enthalpy change exhibited by the Ce0 batch with a
higher (O/R) ratio of 0.74. The Ce4 batch with a
lower (O/R) ratio of 0.634 on the other hand
exhibited a substantially higher enthalpy of
around )571.01 J/g, emphasizing the effect of
glycine as a better fuel than citric acid for com-
bustion process. Ce1 and Ce2 are fuel deficient
compositions and Ce0, Ce3 and Ce4 are fuel rich
compositions.

Characterization of the powder samples

The weight changes associated with the as-burnt
ash samples are shown in Figure 3. The amount of
un-burnt material present was minima in the Ce0
sample compared to others. Maximum amount of
un-burnt material was retained in the ash powder
produced with only glycine. The X-ray diffraction
patterns of the as-synthesized and 300�C calcined
powder samples are shown in Figures 4 and 5,
respectively, where typical diffraction peaks of
ceria are evident (JCPDS File 34-394). In situ
formation of crystalline CeO2 phase was confirmed
from the diffraction pattern of the as-formed
material (Figure 4). The XRD peaks of the as-
synthesized powders are quite broad and of less
intense compared to that of the 300�C calcined
powder (Figure 5) reflecting the nanocrystalline
nature of the as-synthesized powder. The XRD
peaks became sharper and the line broadening
decreased with increase in calcination temperature
for all the ceria compositions. The crystallite size
of both uncalcined and 300�C calcined ceria
powders as calculated using Scherrer�s formula are
presented in Table 2. An increase in crystallite size
as a function of fuel content was evident from such
measurements. A comparison of the X-ray line
broadening data (Figure 6) from different powders
show a peak shift towards lower angles and peak
broadening with decrease in crystalline size. Fig-
ure 7 shows the dependence of the calculated unit
cell parameter ,a� to the observed crystallite size of
the as-prepared and 300�C calcined powder sam-
ples. An increase in the lattice parameter was
observed with a decrease in the crystallite size. An

Figure 3. TGA plots of as-prepared ceria ash samples.
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expansion of the ceria lattice with a decrease in
particle size was reported earlier also by Zhang et
al., where the lattice expansion has been assigned
to the presence of Ce3+ and or oxygen vacancies.
In our case also, the high reactivity of the nano-
particles would have caused the reduction of Ce4+

(0.97 Å) ion and consequent formation of Ce3+

ion with a higher ionic radii (1.14 Å). Moreover,
the different colors exhibited by the uncalcined
ceria powders from different batches could also be
related to the variation of the crystallite size. The
off-white color of the ash powders of Ce0, Ce3 and
Ce4 are due to their larger crystallite sizes. On the
other hand, the ash powders of Ce1 and Ce2
samples having smaller crystallite sizes of less than
10 nm were yellow in color. Yu et al. (2000) also
reported a change in color of the ceria nanopow-
ders. Studies on the catalytic and gas sensing
activity of such powders are under progress.
Particle size distribution of the 300�C calcined

powder is shown in Figure 8(a) and (b), respec-
tively. The particle size and their distribution were
found to depend very much on the nature of
ignition of the gel. When the CIT/NIT ratio was
increased from 0.0 to 0.3, the average size of the

particles exhibited a reduction in size from 0.50 to
0.24 lm. When glycine was introduced along with
citric acid, the derived powders exhibited nearly
identical size distribution with an average particle
size of around 0.24–0.37 lm. From the data pre-
sented in Table 3, it is clear that the powders
derived from Ce1 and Ce2 batches exhibited
higher particle agglomeration whereas those pre-
pared by mixed fuel process exhibited weaker
particle agglomeration (Table 3). Independent of
the fuel to nitrate i.e., (F/N) ratios used, all the
samples exhibited a broader size distribution
(Figure 8b). Moreover, it is also evident that
Ce1 and Ce2 batches have maximum amount of
particles in the 0.1–1.0 lm size range whereas
others contain much finer particles. The gels of
Ce3 and Ce4 where citric acid was also present

Figure 4. XRD patterns of the uncalcined powders indi-
cating the in situ formation of ceria.

Figure 5. XRDpatterns of the 300�C calcined ceria samples.

Figure 6. Effect of fuel on the line broadening of (220)
reflection.

Figure 7. Data showing the effect of particle size on the
lattice parameter.
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along with glycine, gives out a higher number of
evolved gases, thereby dissipating the evolved heat
and minimizing the local sintering making the
powders less agglomerated. On the other hand, the
burning of gels Ce1 and Ce2 resulted in the for-
mation of hard agglomerates with larger particle
size.
The specific surface area of the 300�C calcined

powders along with corresponding average crys-
tallite and particle sizes of all the compositions
are shown in Table 3. A variation in the specific

surface area of ceria powders as a function of the
fuel to nitrate molar ratio was noticed. Approxi-
mately a three-fold increase in surface area was
obtained by changing the fuel from mere citric acid
in Ce0 to a mixture of fuels in Ce4. This increase
indicates a strong influence of the fuel content used
in the combustion mixture on the powder charac-
teristics.
A large particle size calculated from surface area

compared to the crystallite size measured by XRD
illustrates the extent of agglomeration among the
particles. The ratio of DBET to DXRD designated as
the extent of agglomeration (Table 3) is lowest for
the powder derived from Ce4 batch and highest for
the powder derived from Ce0 batch. Conse-
quently, the ceria powder derived from Ce0 batch
exhibited the lowest surface area and that derived
from Ce4 batch exhibited the highest surface area.

Microstructural studies on powder samples

Figure 9 shows the SEM micrograph of the 300�C
calcined CeO2 powder derived from Ce4 batch.
The powder is composed of agglomerated particles
with an average particle size of the order of
300–400 nm size. Figure 10(a–c) shows typical
TEM micrographs of the 300�C calcined ceria
samples. The 300�C calcined powder from Ce0
batch indicated the presence of large and
agglomerated grains, whereas that from Ce1 batch
showed the presence of fine crystallites of
10–15 nm size range. The powder derived from
Ce4 composition (Figure 10c) on the other hand is
comprised of a chain like arrangement of crystal-
lites in the 20–30 nm size range.

Densification studies on the ceria powder compacts

The sintered densities were determined using Ar-
chimede�s principle and the corresponding (%)

Figure 8. (a) and (b) Particle size distribution of the 300�C
calcined ceria samples.

Table 3. Physico-chemical characteristics of the 300�C calcined powder samples

Samples Color DXRD

(nm)
SBET (m2/gm) DBET (nm) Extent of

agglomeration
(DBET/DXRD) (nm)

D50 (lm) Green
density (g/cm3)

drs 1250�C
(g/cm3)

Ce0 Light yellow 12.39 11.00 75.60 6.10 0.24 2.680 6.334
Ce1 Yellow 9.13 25.40 32.74 3.61 0.50 3.138 6.105
Ce2 Dark yellow 7.89 29.60 28.09 3.56 0.45 3.078 6.220
Ce3 Off-white 21.73 16.67 50.00 2.3 0.36 2.698 6.317
Ce4 Light yellow 14.48 33.33 24.95 1.72 0.37 2.547 6.928
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densification at different temperatures is plotted in
Figure 11. The green density and the sintered
density of the ceria powder were found to be a
function of the fuel content in the precursor gel.
The green density of the ceria powder compacts
derived from Ce1 and Ce2 was 44% of its theo-
retical density whereas others produced only
35–37% of theoretical density. The higher green
density of Ce1 and Ce2 may be due to the presence
of particles in a narrow distribution range of
0.1–1.0 lm in the powder leading to better
compaction. At 1150�C for 6 h, sintering of the
powders derived from Ce0, Ce3 and Ce4 exhibited
almost 92.5–94.5% of relative density. It was
difficult to densify the powders derived from Ce0
batch may be due to the highly agglomerated
powders. Ce0 exhibited maximum density at
1150�C, which then started to decrease with
increase in the sintering temperature. Maximum
density of 96.03% was attained for the Ce4 pow-
der compacts at 1250�C, whereas Ce1 and Ce2
showed very poor densification at 1250�C. The
weakly and less agglomerated starting powders
with a high surface area are responsible for
obtaining a better densification of the Ce4 powder.
Figure 12 indicates the effect of crystallite size

on the relative (%) densification of the ceria
powders produced in different batches. At lower
sintering temperatures i.e., Ts £ 1200�C, the
powders with crystallite size >14 nm exhibited a
constant (%) relative densification, implying no
tendency of reduction. As the temperature was
raised further, powders having crystallite size
>14 nm or <14 nm exhibited a reduction in the
relative densification, probably due to the reduc-

tion of CeO2 to Ce2O3. Thus, the powders derived
from MFP with a crystallite size of around 14 nm
were found to be optimum to obtain sintered
densities of 96% or above. As per Herring�s Scal-
ing law, grain boundary diffusion is enhanced with
decreasing particle size. Hence, the enhancedFigure 9. SEMpicture of a representativeCe4 batch powder.

Figure 10. TEM pictures of the 300�C calcined ceria pow-
ders derived from (a) Ce0, (b) Ce1 and (c) Ce4 batches.
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densification observed here could be due to the
finer particles produced by the mixed fuel process.
Figure 13 indicates the variation of the (%)

densification with the fuel content in the mixture.
Powders derived from Ce0 batch with no glycine,
exhibited a reduction in the (%) densification with
temperature, as is evident from Figure 13. It is
worth noting the better stability of the powders
derived from Ce4 batch, i.e., (the MFP) where the
sintered ceramic exhibited and retained RD more
than 94% up to 1250�C and the tendency of
reduction started only at 1300�C. The above data
is very much suggestive of the ability of MFP in
developing ceria ceramics with increased capability
in restricting the CeO2 reduction.
The sintering data shown in Figure 11 indicate

that all the ceria powder compacts exhibited a
decrease in density beyond the maximum sintering

temperature. For example, the sintered density of
Ce0 starts to decrease at 1150�C, while that of Ce3
starts to decrease at 1250�C and Ce4 at 1300�C
only. This decrease in density at higher tempera-
ture is believed to be due to the reduction of CeO2

to Ce2O3. According to Rahaman & Zhou (1995)
and Zhou & Rahaman (1997), the above redox
reaction is accompanied by the formation of an
oxygen vacancy for each pair of Ce4+ ions being
reduced, i.e.,

CeO2 ! Ce2O3 þ 1/2O2 ð5Þ

Ox
o ! V

O
þ 2e0 þ 1/2O2 ð6Þ

Thus, they also observed a reduction in the
density of ultrafine ceria powders above a sintering
temperature of around 1200�C (Zhou & Rahaman
1993, 1997). The samples, sintered above the
maximum sintering temperature, exhibited a dis-
coloration thereby confirming the reduction of
ceria at high temperatures. The color of the sin-
tered pellets at 1250�C varied in the order
grey-yellow-yellow-darkgrey-off white for Ce0-
Ce1-Ce2-Ce3-Ce4 thereby confirming the tendency
of reduction. The actual mechanism of sintering of
the ceria powders prepared by the combustion
process is not clear at this point.
The SEM microstructures of the sintered pellet

of Ce0C and Ce4 at 1150�C are shown in Fig-
ure 14. The microstructure of the 1150�C sintered
Ce0 ceria powder compact is comprised of large

Figure 11. Variation of relative density with sintering
temperature of CeO2 powder compacts.

Figure 12. Effect of crystallite size on the densification
behavior of ceria samples.

Figure 13. Effect of G/N ratio on the densification behavior
of ceria powders.
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intergranular pores with a high porosity, where as
that derived from Ce4 batch is dense containing
smaller and less number of pores. Figure 15 indi-
cates a comparison of the microstructures of Ce0,
Ce3 and Ce4 powder compacts sintered at 1200�C.
Ce0 powder compact exhibited a microstructure
with maximum porosity consisting of large inter
and intra-granular pores. The ceramics derived
from Ce3 and Ce4 batches on the other hand
exhibited a dense microstructure with a bimodal
grain size distribution. We believe that this differ-
ence in the grain size distribution is due to the
different degree of agglomeration of particles and
presence of particles with a wider range of size
distribution in the starting powder. Such wider
particle distribution of particles is believed to
affect the initial compaction behavior and kinetics
of sintering substantially.

Conclusion

In this paper, we report the synthesis, character-
ization and properties of nanocrystalline CeO2

powders prepared by a modified auto ignition
technique named as a mixed fuel process (MFP)
using a mixture of citric acid and glycine as fuels
and nitrate as an oxidizer where phase pure ceria

Figure 14. Microstructures of 1150�C sintered (a) Ce0 and
(b) Ce4 powder compacts.

Figure 15. A comparison of the microstructures of ceria
samples sintered at 1200�C (a) Ce0, (b) Ce3 and (c) Ce4.
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has been formed in situ during the combustion. It
can be established that the ceria powder prepared
through the mixed fuel process has got the opti-
mum powder properties such as surface area
33.33 m2/g, crystallite size 14 nm, and average
agglomerate size of �375 nm, compared to the
powders produced through the combustion pro-
cess using a single fuel like glycine or citric acid.
Consequently, the highest sintered density was
obtained for the powders derived from the mixed
fuel batch. In case of the mixed fuel composition,
the sintered density reached a maximum of 96% of
theoretical at 1250�C and then started decreasing.
In this paper, we have also carried out a systematic
study on the sintering of ceria powders prepared
by different approaches and evaluated the stability
of the powders against chemical reduction during
sintering.
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