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Abstract

Dense Ce0.8Sm0.1Gd0.1O2�d electrolytes were fabricated by sintering of CeO2 solid solutions which were prepared from metal nitrates

and NaOH using self propagating room temperature synthesis (SPRT). Three different routes were employed to obtain CeO2 solid

solution powders: (I) hand mixing of reactants, (II) ball milling of reactants and (III) ball milling of Ce0.8Sm0.2O2�d and Ce0.8Gd0.2O2�d

solid solutions previously prepared by ball milling of corresponding nitrates and NaOH. Density measurements showed that ball

milling, which is more convenient than hand mixing, is an effective way to obtain almost full dense samples after presureless sintering at

1550 1C for 1 h. These samples had larger grain size and consequently higher conductivity than the samples obtained by hand mixing.

The highest conductivity of 2.704� 10�2 (O cm)�1was measured at 700 1C in a sample prepared by route II. It was found that reduced

grain size in samples obtained by hand mixing leads to a decrease in grain boundary conductivity and therefore decrease in the total

conductivity. The results showed that mixing of single doped ceria solid solutions improved densification and inhibited grain growth.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are power generation
devices that convert chemical energy of fuels such as H2,
CH4 or CO into electrical energy. The conversion normally
involves fuel oxidation on anode and oxygen reduction on
cathode [1]. In order to obtain an electron flow from the
anode to the cathode it is essential that the fuel and oxygen
are physically separated. This is accomplished by placing a
solid electrolyte between the electrodes which prevents
fuel-oxygen contact and at the same time allows transport
of oxygen ions from the cathode to the anode. The oxygen
transport is necessary for continuous oxygen supply to the
anode and therefore continuous operation of SOFCs. One
of the most successful electrolytes for application in
SOFCs is doped ceria (CeO2) which posses relatively high
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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oxygen ionic conductivity at intermediate temperatures
(500–700 1C) [2,3]. This temperature is considerably lower
than 900 1C which is the operation temperature of mainly
used SOFCs with yttria-stabilized zirconia (YSZ) electro-
lyte [4]. High oxygen ionic conductivity of ceria is ascribed
to relatively open cubic fluorite structure which can
accommodate wide range of concentrations of aliovalent
cations such as rare earth (Re) cations (Yb3þ , Nd3þ ,
Dy3þ , Gd3þ and Sm3þ) [5]. The substitution of Ce4þ

cations by Re3þ cations introduces vacancies in the oxygen
sublattice as charge compensation defects [6]. This allows
oxygen ions created on the cathode to hop through the
vacancies and reach the anode.
In general, the conductivity of an electrolyte strongly

depends on the size and concentration of dopant cation
[7,8]. Besides these parameters, which are considered as
intrinsic properties of material itself, there are parameters
which are dependent on preparation route and sintering
conditions. For example, density and grain size, which are
ll rights reserved.
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also reported to control conductivity [9,10], are affected
not only by sintering temperature and time but also by
particle size of starting powder. While the positive effect of
density on conductivity is well documented, the clear
relationship between grain size and conductivity has not
been established. Lenka at al. [11] have found that reduced
grain size improves conductivity at lower temperatures
(o650 1C), whereas conductivity at higher temperature
actually decreases with reduction in grain size.

In order to achieve high density at temperature as low as
possible it is essential to synthesize nanosized powders with
high specific surface and therefore high driving force for
sintering. Although there are a plenty of methods that have
been used to obtain fine powders, self propagating room
temperature synthesis (SPRT) is one of the most cost and
time effective methods. It is based on the reaction between
metal (Me) nitrates and sodium hydroxide (NaOH) as
presented by following equation [12]:

2{(1�x)Ce(NO3)3 � 6H2O}þ{xMe(NO3)3 � 6H2O}
þ6NaOHþ (1/2�d)O2-
2Ce1�xMexO2�dþ6NaNO3þ15H2O (1)

The advantage of SPRT method is the possibility of
synthesizing nanopowders at room temperature without
the need for subsequent calcinations of the obtained
powder. Unlike SPRT method, there are synthesis methods
such as sol–gel [13,14] or combustion syntheses [15,16]
which require subsequent calcination of obtained powders
in order to remove the organic components. The calcina-
tion step increases production cost and prolongs the time
of synthesis. Furthermore, SPRT synthesis normally
involves hand mixing of starting materials in an alumina
mortar which is quite inconvenient when it comes to larger
amounts of powder [17,18].

The intention of this study is to fabricate samarium
(Sm)/gadolinium (Gd) co-doped ceria powder using simple
ball milling instead of hand mixing. Sm and Gd dopants
were chosen as there are a number of studies showing the
positive effect of these dopants on electrical conductivity of
ceria. Another novelty of this work is related to an
improvement of driving force for sintering. It will be
shown that almost full dense Sm and Gd co-doped ceria
can be fabricated by pressureless sintering of homogenous
mixture of Sm doped ceria and Gd doped ceria powders at
1550 1C.
2. Material and methods

2.1. Powder preparation

Starting reactants used in this study were cerium nitrate
hexahydrate (Ce(NO3)3 � 6H2O), samarium nitrate hexahy-
drate (Sm(NO3)3 � 6H2O), gadolinium nitrate hexahydrate
(Gd(NO3)3 � 6H2O) and NaOH from Alfa Aesar GmbH,
Germany. Amounts of nitrates and NaOH were calculated
according to the nominal compositions of solid solutions:
Ce0.8Sm0.1Gd0.1O2�d, Ce0.8Sm0.2O2�d and Ce0.8Gd0.2
O2�d. The first batch (I), with composition Ce0.8
Sm0.1Gd0.1O2�d, was made by hand mixing of the reac-
tants in alumina mortar for�5 min. After an exposure to
air for 3 h, the reaction product mixture was rinsed in a
centrifuge-Megafuge 1.0, Heraeus, at 3500 rpm to remove
NaNO3. This procedure was repeated three times with
distilled water and twice with ethanol. The powder was
dried at 90 oC. The second batch (II) with composition
Ce0.8Sm0.1Gd0.1O2�d, was prepared in the same way except
that 1-h long milling was done in plastic jar with alumina
balls. The preliminary experiments showed that milling
time of 5 min was too short to provide homogenization of
starting reactants. For this reason the milling time was
extended to 1 h. Water was used as milling media. The
third batch (III) was an equimolar mixture of single doped
ceria solutions: Ce0.8Sm0.2O2�d and Ce0.8Gd0.2O2�d.The
single doped ceria solutions were prepared similarly to
batch II, starting from cerium nitrate, NaOH and corre-
sponding nitrate as a source of dopant. Sm(NO3)3 � 6H2O
was used to prepare Sm doped ceria, whereas
Gd(NO3)3 � 6H2O was used to prepare Gd doped ceria.
After rinsing and drying, the two single doped ceria
powders were mixed by ball milling for 1 h in order to
obtain overall composition of Ce0.8Sm0.1Gd0.1O2�d. The
mixture was dried in order to remove milling media
(water). It is important to point out the difference between
batches II and III. Although the overall compositions of
both batches are the same, the distribution of Sm and Gd
dopants in powder particles is different. Unlike batch II
which consists of particles with uniform composition
containing both Sm and Gd dopant, batch III is a mixture
of particles containing only Sm and particles containing
only Gd. In order to make sample notation easier, both
obtained powders and sintered samples will be designated
with I, II, III which refers to the route that was used to
synthesize powder. Quite often an extended notation will
be also used: I (hand mixing of co-doped ceria), II (ball-
milling of co-doped ceria) and III (ball milling of single
doped ceria powders).

2.2. Compaction and sintering

Green pellets were prepared by mechanical, uniaxial
pressing of obtained powders under 60 MPa. Sintering was
performed at 1550 1C for 1 h in air. The heating rate was
51/min.

2.3. Sample characterization

Density of sintered samples was measured by Archi-
medes method. The relative density was given as a ratio
between the measured density and theoretical density
which was calculated applying a rule of mixture. The
specific surface area of powders was measured by
Brunauer–Emmett–Teller (BET) method using N2 absorp-
tion at �196 1C. The phase composition of powders as
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well as sintered samples was determined by XRD. The
powder particle morphology and microstructure of sin-
tered samples were examined under scanning electron
microscopy (SEM). Interception method was used to
measure grain size of sintered samples. The chemical
composition of grains was determined by energy dispersive
X-ray spectroscopy (EDS). Electrical conductivity was
measured by impedance spectroscopy method. Platinum
paste was applied on both flat sides of the sintered pellets
and heated up to 700 1C. The measurements were carried
out in temperature range from 250 to 700 1C in air using
HP 4194A equipment under 42 Hz–1 MHz frequency. The
impedance data were fitted by software Z-View2 (version
2.6 demo).
3. Results and discussion

3.1. XRD analysis of powders

X-ray patterns of powders obtained using the three
different routes are presented in Fig. 1. As can be seen,
the obtained powders are single phase ceria with fluorite
crystal structure. Considerable broadening of X-ray lines
implies nanometric crystallite size. It is important to stress
that the intensity of diffraction lines of samples obtained
by milling (II and III) is higher than that for samples
obtained by hand mixing (I) which indicates that milling
provides energy sufficiently high to improve diffusion and
therefore promote powder crystallization. The highest
degree of crystallinity was observed for powder III as
a result of an additional 1-h long milling of single-doped
ceria powders. The calculation of the crystallite size
was performed on the basis of the full width at half
maximum intensity (FWHM) of the peak at �28.51
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Fig. 1. X-ray diffraction patterns of powders obtained by hand mixing of

co-doped ceria (I), ball-milling of co-doped ceria (II) and ball milling of

single doped ceria powders (III).
applying Williamson–Hall method [19]. The values for
crystallite size are given in Table 1, which shows that the
crystallite size lies in the range 3–6 nm. The smallest value
was measured for hand-mixed powder (I) which, again,
indicates that milling promotes crystallite growth.

3.2. Specific surface area of powders

The specific surface area was calculated by BET equa-
tion based on adsorption and desorption isotherms which
are presented in Fig. 2. According to the IUPAC classifi-
cation [20], the isotherms belong to type-IV with a
hysteresis loop which is associated with mesoporous
materials. The calculated values for specific surface area
are given in Table 1. As expected, hand-mixed powder (I)
has the highest specific surface area as a result of the
smallest crystallite size (Table 1).

3.3. SEM analysis of powders

Although the SEM analysis of powders was conducted,
it was quite difficult to determine the actual particle size
from the obtained micrographs due to intensive powder
agglomeration. The agglomerates were not broken even
after intensive ultrasonic treatment. As Fig. 3 evidences,
the morphology of the agglomerates depends on the
synthesis route. While the agglomerates in powder
obtained by hand mixing are large and fairly porous
(Fig. 3a) the agglomerates in powders obtained by ball
milling (Fig. 3b and c) are more compacted. The more
compacted agglomerate structure can be explained by the
solubility of reaction product such as NaNO3 in water,
which was used as a milling media. Unlike hand-mixed
samples (no water) in which newly created NaNO3 stays
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Fig. 2. Nitrogen adsorption and desorption isotherms of powders

obtained by: hand mixing of co-doped ceria (I), ball milling of co-doped

ceria (II) and ball milling of single doped ceria powders (III). Solid

symbols – adsorption, open symbols – desorption.



Table 1

Crystallite size and specific surface area of powders obtained by: hand

mixing of co-doped ceria (I), ball milling of co-doped ceria (II) and ball

milling of single doped ceria powders (III).

Sample Crystallite

size (nm)

Specific surface

area (m2/g)

I 3.36 144

II 4.36 113

III 5.15 105

Fig. 3. SEM micrographs of powder samples obtained by: (a) hand

mixing of co-doped ceria (I), (b) ball milling of co-doped ceria (II) and (c)

ball milling of single doped ceria powders (III).
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evenly dispersed between ceria particles, in ball-milled
samples, NaNO3 partially dissolves in water, leaves the
space between ceria particles and allows their agglomera-
tion. After drying, the dissolved NaNO3 normally forms
NaNO3 rich layer on the top of the powder cake. High
porosity as well as specific surface area of agglomerates in
hand-mixed sample can be ascribed to rinsing of fine
NaNO3 particles evenly dispersed between ceria particles.

3.4. XRD analysis and density of sintered samples

Fig. 4 shows X-ray patterns of samples sintered at
1550 1C for 1 h. As can be seen, all samples are solid
solutions of ceria without any trace of secondary phase.

Densities of powder compacts sintered at 1550 1C for 1 h
are given in Table 2. It is quite unexpected that the lowest
density was measured in sample I which was made of
powder with the smallest particle size and therefore with
the highest driving force for sintering. It is believed that the
low sintering density of sample I is a result of an uneven
stress distribution within the green compact. The presence
of relatively large, porous, agglomerates in the starting
powder obtained by hand mixing simply does not allow an
even compaction of the powder resulting in inhomoge-
neous density of the green samples as well as the sintered
samples. Fig. 5 shows high density area surrounded by
porous area. Normally, these dense areas contain fairly
large cracks which might be formed owing to the presence
of tensile stress in the dense areas. The stress is created due
to larger shrinkage of dense areas than that of the
surrounding, porous, areas. It can be inferred from the
above results that the decrease in particle size of powder
does not necessarily lead to improved densification.

Another important finding is related to the density of
samples obtained by sintering of powders prepared by ball
milling (II and III). As Table 2 shows, the density of
sample III, which is obtained by sintering of mixture of
single doped ceria powders, is higher than that of sample
II, which is obtained by sintering of co-doped ceria. It
appears that the different composition of powder particles
in sample III can enhance mass transport during sintering
and thus improve density to above 99%TD. As mentioned,
powder III is a mixture of particles containing Sm and
particles containing Gd, whereas powder II consists of
particles containing both Sm and Gd dopant. Although
the chemical composition of particles in powders II and III
is not the same, EDS analysis reveals that the chemical
composition of grains in sintered samples II and III is the



20

331
400222

311
220

200

111

III

II

In
te

ns
ity

 (a
.u

)

I

30 40 50 60 70 80
2Θ (degree)

Fig. 4. X-ray patterns of samples sintered at 1550 1C for 1 h. The samples

were obtained by sintering of powder prepared by hand mixing of

co-doped ceria (I), ball milling of co-doped ceria (II) and ball milling of

single doped ceria powders (III).

Table 2

Density and grain size of samples obtained by sintering of powders

prepared by: hand mixing of co-doped ceria (I), ball milling of co-doped

ceria (II) and ball milling of single doped ceria powders (III).

Sample Density (%TD) Grain size (mm)

I 95.3 1.270.1

II 98.5 2.170.2

III 99.2 1.970.2

Fig. 5. Dense region surrounded by porous area in sample I (hand mixing

of co-doped ceria) sintered at 1550 1C for 1 h.
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same (Fig. 6). This indicates that Sm and Gd diffuse
between Sm doped ceria and Gd doped ceria particles
during sintering of sample III. The result of this diffusion
is a uniform distribution of dopants over the volume of
sintered sample III. Finally, it would be very important to
stress that such high density of samples II and III was
achieved without cold isostatic pressing (CIP) which is
normally used to further improve green density of
mechanically pressed pellets. A direct benefit of elimina-
tion of CIP is the fabrication cost reduction.
3.5. SEM analysis of sintered samples

Microstructures of sintered samples are presented in
Fig. 7. Fig. 7b and c shows that samples II and III are
quite similar regarding porosity and grain size. The figures
reveal that both samples have low porosity (high density)
and similar grain size. Results of careful measurement of
grain size are listed in Table 2. The results evidence that the
grain size of sample III is slightly smaller than that of
sample II, which was measured to be about 2.1 mm.
Furthermore, Fig. 7a reveals that the porosity of sample
I is higher than that of samples II and III, whereas the
grain size of sample I is considerably smaller (1.2 mm) than
that of samples II and III. Although the mechanical
properties of ceria electrolyte are not the object of this
study it is believed that samples II and III might have
better mechanical properties than sample I despite coarser
microstructure. It is well known that strength, which is
considered as the most important mechanical property, is
affected by both grain size and porosity [21]. The effect of
grain size is especially pronounced in an anisotropic
material in which an increase in grain size is normally
followed by a decrease in strength due to residual stresses.
However, bearing in mind that ceria is isotropic material
(due to cubic crystal structure) it is quite possible that
strength is controlled by porosity rather than by grain size.
Therefore, samples II and III which have higher density
than sample I are expected to have higher strength despite
the fact that grain size is larger. In addition, when it comes
to comparison of samples II and III it is evident that
sample III will have higher strength since density is higher
and grain size is somewhat smaller than that in sample II.
Careful observation of microstructures of samples II and
III reveals that the largest grain in sample III was below
5 mm, whereas grains with diameter of more than 7 mm
were observed in sample II.
It can be summarized that samples obtained by sintering

of powder prepared by ball milling (II and III) have higher
density but larger grain size than samples obtained by
sintering of powder prepared by hand mixing (I). When it
comes to samples obtained by sintering of powder pre-
pared by ball milling (II and III) it appears that sintering
of mixture of single doped ceria powders (III) gives
samples with higher density and smaller grain size than
sintering of normally used, co-doped, ceria powder (II).
Now, when high density is achieved, it would be of

interest to study ionic conductivity of these samples.
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3.6. Conductivity

The impedance spectra measured at 300 and 600 1C are
presented in Fig. 8. The horizontal axis refers to the real
resistance, whereas the vertical axis refers to the imaginary
resistance. The spectra were interpreted using the equiva-
lent electrical circuits. The impedance spectra measured at
300 1C were well simulated by the equivalent circuit
consisting of a series of one resistance (R), two parallel
circuits of resistance and capacitance (C) and Warburg
impedance (W) (Fig. 8a). The incomplete semicircle in the
high frequency range is normally attributed to the migra-
tion of oxygen ions in the bulk, i.e., bulk resistivity. Very
often it is simulated by parallel connected resistance (R1)
and capacitor (C1). However, in this study, a good match
between the measured spectra and the spectra of proposed
circuit was obtained by adding another resistance (R2). It
was found that careful variation of R2 changes the shape
of the high frequency semicircle and therefore bulk
resistivity which may be roughly determined from the right
intercept of the semicircle and horizontal axis (real resis-
tance). Although it is quite difficult to determine the
phenomenon to which R2 element corresponds it is
believed that R2 is related to the pore presence. This
reasoning was supported by the impedance spectra given in
Fig. 8a showing that the high frequency semicircle of
sample I (sample with the highest porosity) is slightly wider
than those of samples II and III indicating that the bulk
resistance of sample I is also slightly higher than that of
samples II and III. Unlike the high frequency semicircle
which appears only partially in the limited frequency range
of equipment (r1 MHz), the middle range frequency
semicircle is complete. In this case the parallel connected
resistance (R3) and capacitor (C2) are used to model the
experimental data. The middle range frequency semicircle
corresponds to the migration of oxygen ions across the
grain boundary and very often is used to determine both
the grain bulk resistance and the grain boundary resis-
tance. The left intercept of grain boundary semicircle and
the horizontal axis represents the bulk resistivity, whereas
the distance between the left and the right intercept
represents the grain boundary resistivity. As Fig. 8a
indicates the grain boundary resistivity of sample I is
considerably higher than those of samples II and III. The
increased grain boundary resistivity is considered to be the
result of small grain size and thus increased fraction of
grain boundaries. Therefore the total resistivity from the
bulk and grain boundary is the highest for sample I.
Finally, the origin of the low frequency semicircle was

simulated by Warburg impedance (W1), which corre-
sponds to the sample/electrode interfacial impedance. This
impedance is associated with formation of oxygen ions at
the interface through reaction: O2þ4e

�-2O2�.
The impedance spectra measured at 600 1C are presented

in Fig. 8b. At such high temperature the semicircles are
shifted to the frequencies higher than 1 MHz, which are
out of the range of equipment. Therefore the total
resistivity from the bulk and grain boundary is measured
based on the intercept of electrode semicircle and the
horizontal axis. As expected, the total resistivity of sample
I is higher than that of samples II and III. Again, the
smaller grain size and higher porosity of sample I are
considered to be the reason for higher total resistance of
sample I at 600 1C. Furthermore, Dusastre et al. [22]
proposed another way to verify that the semicircles which
appear in the impedance spectra are associated with the
grain bulk and grain boundary resistance. This evaluation
is based on the capacitance (C0) which can be obtained for
each semicircle using following equation:

C0 ¼
1

2pfR0
ð2Þ

Whereeis the frequency at the semicircle maximum and R’
is the resistance (ZRe) at the semicircle maximum. They
have found that the values of C0 for grain boundary
response were typically from 7 to 25 nF, whereas the
capacitance values for grain bulk were from 30 to 60 pF.
In this study, the values of C0 for the middle range



Fig. 7. SEM micrographs of polished and etched surface of samples

sintered at 1550 1C for 1 h. The samples were obtained by sintering of

powders prepared by (a) hand mixing of co-doped ceria (I), (b) ball

milling of co-doped ceria (II) and (c) ball milling of single-doped ceria

powders (III). The surface of samples contains impurities which fell of the

wall of the tube furnace during thermal etching.
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frequency semicircle for samples I, II and III (Fig. 8a) are
calculated to be 0.3, 1.3 and 1.9 nF, respectively. The
calculated values of C0 are very close to the expected values
for grain boundary response which confirms that the
middle range frequency semicircle in the impedance spectra
measured at 300 1C is associated with the grain boundary
resistance.

The measured values of total resistivity were used to
calculate the total conductivity in temperature range 250–
700 1C.

Fig. 9. presents the change of total conductivity with
temperature in the form of Arrhenius plots. The graphs
were plotted based on Nernst–Einstein equation [23]

ln sT ¼ lnso�
Ea

RT
ð3Þ

where s is the total conductivity, T is the temperature, so is
the constant associated with the frequency factor of
migration of oxide ions, Ea is the activation energy of
migration of oxide ions and R is the gas constant. The
figure shows that the coarse-grained samples II and III
have higher conductivity than the fine-grained sample I.
However, it is quite difficult to distinguish the effect of
grain size on conductivity from the effect of porosity.
Bearing in mind that the density of sample I is lower
than that of samples II and III it is expected that the
porosity present in sample I decreases its conductivity.
This is also supported by the study conducted by Jo et al.
[9], which showed that porosity can considerably reduce
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the conductivity of fine-grained ceria. When it comes to the
dense samples II and III it can be seen that the conductiv-
ity of sample II is somewhat higher than that of sample III,
which has slightly smaller average grain size than sample
II. It appears that in this system, an increase in grain size
leads to an increase in the total conductivity due to
reduction in grain boundary fraction and consequent
increase in the grain boundary conductivity. The activation
energy of migration of oxide ions, Ea, was calculated based
on the slope of linear fit of conductivity values given in
Fig. 9. The results show that the highest Ea of 87.9 kJ/mol
was calculated for sample I, whereas the lowest Ea of
86.1 kJ/mol was calculated for sample II. Very small
difference in activation energy of different samples sug-
gests that pre-exponential factor so (Eq. 3), which is
associated with the frequency factor of migration of oxide
ions, might be responsible for the lower conductivity of
sample I. According to Eq. 3, the decrease in pre-
exponential factor so results in the decrease in ionic
conductivity. It is quite expected that the frequency factor
of migration of oxide ions in porous sample I is smaller
than that of dense samples II and III. The considerable
porosity present in sample I simply reduces the actual cross
section area available for the oxide ion migration.

4. Conclusions

Ball milling is an effective way to fabricate dense samples of
co-doped ceria, (Ce0.8Sm0.1Gd0.1O2�d) using SPRT method.
The samples obtained by ball milling had higher density, larger
grains size and higher conductivity than samples obtained by
hand mixing. Even higher density can be achieved by sintering
the mixture of single-doped ceria powders (Ce0.8Sm0.2O2�d

and Ce0.8Gd0.2O2�d). It appears that uneven distribution of
dopants improves densification and slightly inhibits grain
growth. It was found that in system such this, the electrical
conductivity increases with an increase in grain size.
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