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a b s t r a c t

In this work, well-dispersed nanopowder of Ce0.9Gd0.1O1.95 (gadolinia doped ceria, GDC) was synthesized
by a novel sol−gel thermolysis method using a combination of citrate acid and polyvinylpyrrolidone
(PVP). PVP performed as a surfactant and its amount was optimized in terms of GDC powder morphology.
The physical and chemical properties of the resultants were characterized by XRD, TG/DTA, FT–IR, SEM,
BET and PSA. From the XRD patterns, well-crystalline cubic fluorite structured GDC was obtained after
calcining the precursor at 600 ◦C. The SEM observation showed an average particle size of about 15 nm for
the optimal GDC powder and particle size analysis (PSA) gave a narrow distribution of particle size. The
sintering experiment showed a good sinterability and a relative density of 94% was achieved at 1300 ◦C.
The dense sample exhibited an ionic conductivity of 0.017 S cm−1 at 600 ◦C in air.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Due to high oxide ion conductivity below 800 ◦C, gadolinia
doped ceria (Ce1−xGdxO2−�) has been intensively studied as an
attractive electrolyte to substitute stabilized zirconia for interme-
diate temperature solid oxide fuel cells (IT-SOFCs) [1,2]. The GDC
powders have been synthesized by a number of approaches: solid-
state reaction [3], freeze-drying [4], acrylamide polymerization
[3,5], coprecipitation [3,6], solution combustion or thermal decom-
position [7–10], hydro-thermal [11], etc. Nanocrystalline GDC has
been achieved by some of the methods mentioned above; how-
ever, the reduction of agglomeration is still a common difficulty. It
is well known that in soft chemical synthesis, surfactant addition
has an important effect on the solution and microstructure of the
resultant. Aiming at obtaining nanopowders with low agglomera-
tions, some attempts had been made by adding special polymers,
i.e. polyvinyl alcohol [10,12], to the sol–gel synthesis of LiMn2O4
or GDC.

In this investigation, a novel method was developed adopting
the advantages of sol–gel process and surfactants: an appropriate
surfactant (PVP) was introduced into the citrate–metal ion com-
plex to achieve well-dispersed, homogeneous GDC nanopowder.
PVP performs not only as a fuel, but also impacts the gelation pro-
cess and the aggregation of particles during the gel thermolysis
due to its long chain structure. The effect of different surfactant
amounts on the morphology of the resultant powders was investi-
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gated. The precursor pyrolysis and phase formation as well as the
ionic conductivity of the sintered bulk were studied.

2. Experimental

GdO2 (99.99% purity), Ce(NO3)3·6H2O (99.99% purity), HNO3 (65%) and citric
acid (99% purity) were provided by Sinopharm Chemical Reagent Co., Ltd., (China)
as the starting materials used in the synthesis of Ce0.9Gd0.1O1.95. According to the
formula Ce0.9Gd0.1O1.95, stoichiometric amounts of GdO2 were dissolved in nitric
acid and Ce(NO3)3·6H2O was added subsequently to obtain a mixed nitrate aqueous
solution. A definite amount of citric acid (CA) with the ratio to overall metal ions
of 1.5:1 was added to the solution. Different amounts of PVP were then added as a
surfactant denoted as S1 (2 × 10−3 g ml−1), S2 (4 × 10−3 g ml−1), S3 (8 × 10−3 g ml−1),
and S4 (1.2 × 10−2 g ml−1), respectively. The precursor solution was heated using
water bath at a temperature of 75 ◦C and stirred continuously for several hours to
evaporate the water. The resulting transparent gel-like precursors were obtained,
and then dried at 110 ◦C for 12 h and 250 ◦C for 5 h. Finally, the obtained yellow ash
was heat-treated in a muffle furnace at different temperatures.

TG/DTA analysis was carried out with a heating rate of 5 ◦C min−1 in the air.
Fourier transform infrared spectroscopies (FT–IR) of the precursors were measured
by the KBr pellet method. The precursors were dried at 110 ◦C, 250 ◦C for 12 h and
calcined at 600 ◦C for 2 h, respectively. The resulting powder undergone calcining
in stagnant air was investigated by X-ray diffraction (XRD) on the phase evolution.
XRD data were collected using Bruker D8 Advance with Cu K� radiation at a step
of 0.02◦ s−1 in the range of 2� from 20◦ to 80◦ . After grinding for a few minutes
with a mortar, the synthesized powders were characterized on morphology using a
Hitachi S-4800 scanning electron microscopy (SEM). The BET specific surface area
was measured using nitrogen adsorption–desorption at 77 K. Further information of
powder sizes was obtained using a laser diffraction particle size analyzer (Malvern
Nano-ZS).

The resultant GDC powders were fabricated into foils by tape casting followed by
sintering at various temperatures. The densities of the sintered samples were mea-
sured by Archimedes Principle. Platinum electrodes were prepared using platinum
paste both sides of the sample sintered at 1450 ◦C. The impedance was measured
using a frequency response analyzer (Soltron 1260) over a frequency range from
0.1 Hz to 2 MHz at 550–750 ◦C in air. For comparison, the impedance of YSZ dense
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sample after 1400 ◦C sintering was measured in the same temperature range. The
ionic conductivity, �, was derived from the impedance data and the activation energy
(Ea) of the conductivity for GDC was determined by the Arrhenius law: �T = �o

exp(−Ea/kT), where �o is the pre-exponential factor and k is the Boltzmann constant.

3. Results and discussion

In order to study the chelating and pyrolysis processes, the pre-
cursors made from the solution with S2 addition were analyzed
by the TG/DTA and FT–IR measurements. Fig. 1 shows the TG/DTA
curves obtained at a heating rate of 5 ◦C min−1 in air from room tem-
perature to 600 ◦C for the GDC precursors. The weight loss below
170 ◦C is due to the dehydration of the precursors and the exother-
mal peak at 170 ◦C on the DTA curve is because of the nitrates
decomposition which also lead to a weight loss on TG curve and
large volume of exhausts observed in experiments. The sharp and
strong exothermic peak at 312 ◦C may be due to the oxidation of
the chelate complex along with formation of metal oxides and the
steep weight loss curve at this stage may be related to the burn-out
of the residual organic compounds. There is an endothermic peak
at about 552 ◦C which may be due to the formation of the main
phase. At temperatures above 350 ◦C, no significant weight loss on
TG curve was observed.

Fig. 2 shows the FT–IR spectra for the GDC precursors after
pyrolysis or calcinations. In the spectrum of the precursors after
drying, absorption band characteristics of nitrate ions (∼1380 cm−1

and 840 cm−1) are clearly observed. The symmetric (∼1080 cm−1)
and asymmetric (∼1040 cm−1) C–O stretching can be seen in
Fig. 2 as well as asymmetric stretching vibrations of COO− at
∼1590 cm−1 and the symmetric COO− stretching at ∼1420 cm−1.
The carbonyl absorptions are shifted to lower frequencies with
respect to pure citric acid and similar phenomena were reported in
other metal–citrate complexes by Liu et al. [13] and Matzapetakis et
al. [14]. This indicates a change in the vibrational status of the citrate
anion upon coordination to the metal ions. In the spectrum of the
precursor subjected to heat treatment at 250 ◦C, the NO3

− vibra-
tion (∼1380 cm−1) is still observed, but the intensity of the peak
decreases greatly. The broad absorption band in the 400–650 cm−1

interval could be ascribed to metal–oxygen band. Therefore the
FT–IR analysis result is in good agreement with TG/DTA results for
the thermal decomposition process of the precursors as discussed
above.

The XRD patterns for the resultant GDC powders after calcina-
tions at various temperatures are shown in Fig. 3. It can be seen that
single perovskite phase is formed after heat treatment at 600 ◦C for
2 h and the XRD patterns become sharper with increasing calcining
temperature indicating the gradual growth of the crystallite size of
the GDC powder. All samples show main reflections of cubic fluo-
rite structure of GDC corresponding to (1 1 1), (2 0 0), (2 2 0), (3 1 1),

Fig. 1. TG/DTA plots for the as-synthesized GDC precursors.

Fig. 2. FT–IR spectra of the precursors before and after various heat treatments.

(2 2 2) and (4 0 0) planes which are in good agreement with PDF:
01–075–0161. The elemental composition analysis of the resulted
GDC powders was determined by XRF (ZSX Primu II) and the result
(CeO2 90%, Gd2O3 9.88%) was fairly consistent with the expected
composition.

SEM morphologies of the GDC powders are presented in Fig. 4.
The samples were derived from different surfactant conditions
and heat-treated at 600 ◦C for 2 h. It is observed that sample S1
(Fig. 4a) has a mean powder size of approximately 60 nm that is the
largest size among all powders. Also, the particles tend to agglom-
erate rather than homogeneously distributed. When the surfactant
amount increases, the powder morphology varies significantly. For
GDC derived from solutions with S2 added, the powder is highly
homogeneous and well-dispersed as shown in Fig. 4b. The pow-
ders are in spherical shapes with a diameter of about 15 nm, which
is the smallest size of all powders. With the addition of S3 (Fig. 4c)
the powder size increases to 30–40 nm while the powder with S4
(Fig. 4d) has a larger size and slight agglomeration. This indicates
that the morphology of GDC powder could be carefully tailored
by controlling the surfactant in the synthesis process. It is shown
that the optimized shape of the GDC can be achieved by adding
surfactant S2.

The effect of the surfactant may be explained by the polymer-
izations and steric interactions [15]. All the reactants were chelated
and mixed uniformly in solution at atomic or molecular level. The
surfactant molecules were absorbed on the colloidal particles and
polymerized with the carboxyl of CA. The long chain structure
tended to extend the distance of colloids and avoid interpenetra-
tion, and further impacted the gelation process as well as the gel
thermolysis. Considering the effect varied with the amount of sur-
factant addition, the particle size and the aggregation of particles

Fig. 3. XRD patterns of the GDC powder calcined at different temperatures.
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Fig. 4. SEM photographs of the GDC powders derived from different surfactants: (a) S1, (b) S2, (c) S3 and (d) S4.

can be carefully controlled. The particle size grew after heat treat-
ments but retained high uniformity.

The corresponding BET specific area was measured to be
18.8 m2 g−1 and, assuming all particles are spherical, the average
particle size (dBET) can be calculated using

dBET = 6
(�Sv)

(1)

where � is the materials density and Sv is the surface area of the
sample, and the calculated dBET for the powder is 44 nm. The particle
size analysis (PSA) was carried out by the laser diffraction particle
size analyzer; the statistics data reveal a mono-modal particle size
distribution (Fig. 5), 75% of the powders are within the size range
of 80–90 nm. In literature reports [10], GDC particle size from PSA
was much larger than that from TEM, XRD or BET, which indicated
large numbers of agglomerations. The GDC particle size from PSA
in this work is close to that from BET and SEM and the particle
size distribution is quite narrow, which indicates low agglomer-

Fig. 5. Mono-modal particle size distribution of the GDC powders synthesized with
S2.

ation and well-dispersed powders. The different average particle
sizes obtained from SEM, BET and PSA were probably related to
the powder sample property or the characterization method itself.
Although no identical particle size can be obtained by the above-
mentioned measurements, we believe the particles are less than
100 nm, and with narrow distribution and low aggregation, which
is of more concern. Moreover, the advantage of this unique synthe-
sis method is reliable to scale up. Each time 100 g of the above GDC
powders were yield in the experiment.

The green tapes made from the powders by tape casting were
sintered in stagnant air at various temperatures. The relative densi-
ties of the sintered samples are plotted as a function of the sintering
temperature as shown in Fig. 6. After sintering at 1200 ◦C, the rel-
ative density reaches 90% indicating the sintering behavior already
occurred. The sample sintered at 1300 ◦C and 1450 ◦C obtain a rel-
ative density of 94% and 98.2%, respectively. The values are higher
than those of GDC powders prepared by solid-state reaction, freeze-

Fig. 6. Relative densities of the GDC samples sintered at different temperatures.
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Fig. 7. SEM microstructure of the GDC sintered at various temperatures: cross-section view for (a) 1200 ◦C, (b) 1300 ◦C, (d) 1450 ◦C and surface view for (c) 1450 ◦C.

drying (∼95% for 1600 ◦C) [16] and mechanochemical synthesis
(∼98% for 1550 ◦C) [17], and similar to those from coprecipitation,
acrylamide polymerization sol–gel (∼95% for 1450 ◦C) [3] or gel-
casting process (∼96% for 1450 ◦C) [18]. This indicates the high
sinterability of the well-dispersed GDC nanopowders.

The SEM micrographs in Fig. 7 demonstrate the densification of
GDC ceramics at around 1300 ◦C, and are in good agreement with
the relative density results in Fig. 6. A decrease in the porosity is
observed by SEM with the rising sintering temperature. After 6 h
sintering at 1450 ◦C, the sample appears almost completely dense
(Fig. 7d), which confirmed the high relative density measured. The
mean crystal grain size grew from about 1 �m for 1300 ◦C to about
5 �m for 1450 ◦C. Grain boundaries are also found poorly defined
between particles, which indicate a material interdiffusion among
the grains and a reduction in the extent of grain boundaries.

Fig. 8. Arrhenius plot of ionic conductivity of sintered GDC (synthesized in this
work) and YSZ ceramics.

The impedance spectra were measured from 500 ◦C to 750 ◦C for
the dense pellets of GDC and YSZ. The Arrhenius plots of the con-
ductivity for the two samples are shown in Fig. 8. The GDC sample
shows better conductivities than YSZ and the conductivity at 600 ◦C
is 0.017 S cm−1 for GDC while 0.003 S cm−1 for YSZ. The dense GDC
ceramic exhibits an ionic conductivity similar to those reported in
the literature [3,17]. The activation energy is 0.49 eV for the GDC
ceramic in this work, which is a little smaller than the reported
values.

4. Conclusions

Nanocrystalline Ce0.9Gd0.1O1.95 has been successfully synthe-
sized by an improved sol–gel method. It is found that the amount
of the surfactant (PVP) imposes a significant effect on the powder
morphology and the powder shape is optimized. The optimal sur-
factant addition S2 results the well-dispersed, homogeneous GDC
with powder sizes of 10–15 nm. The single fluorite structure forms
completely at a temperature of 600 ◦C. The sintered Ce0.9Gd0.1O1.95
sample exhibits an ionic conductivity of 0.017 S cm−1 in air at
600 ◦C, which can be, used as an electrolyte material for IT-SOFCs.
The combination of citrate and PVP is proved to be an effective
method in synthesis of low aggregation GDC nanopowder.
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