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Abstract We have prepared pure electrolytes of Ce0.8G-
d0.2O1.9 (CGO) and Ce0.8Sm0.2O1.9 (CSO), useful for
SOFCs, by a sol–gel-related technique like the acryl-
amide method. This method consists of preparing a
solution from the single oxides followed by gelation.
Then, the combustion or decomposition of the organic
molecules is initiated, producing nanometric calcined
powders of the above-mentioned compounds. Thermal
treatments were optimized in order to obtain good
electrochemical properties of the electrolytes. We have
observed that the synthesis temperature to obtain the
pure phase is lower for the sol–gel samples than for the
pellets prepared by solid-state reaction, and the final
density is higher. The microstructure and composition of
the powders were characterized by TEM, SEM, and
EDX analysis. The electrical properties of the electro-
lytes were measured by impedance spectroscopy at dif-
ferent temperatures and oxygen partial pressures.
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Introduction

The diminishing reserves of petroleum oil and the rising
concerns about the environment and global warming
have focused attention on the possibility of making more
efficient use of H2, natural gas or higher hydrocarbons,
reserves of which are at present considerably under-
utilized. Using fuel cells as electrical sources, H2 and
methane may be commonly used as fuels and methane
can be converted to higher hydrocarbons by Fisher–
Tropsch catalysis. So, fuel cells are widely viewed as a
promising source of low-cost and low-emission power
generation.

There is great controversy over which fuel cells
should be used: polymer electrolyte fuel cells (PEFCs)
exhibit high power densities at low temperatures
(�75 �C), but they require hydrogen as the fuel, which is
very dangerous in terms of storage and handling. On the
other hand, there have been successes with solid oxide-
based fuel cells (SOFCs), which perform well at high
temperature using hydrocarbons directly as the fuel [1, 2,
3, 4]. Nevertheless, a further reduction in the operating
temperature of SOFCs and an enhancement in their
thermal and mechanical shock resistance would make
this technology a promising alternative to PEFCs.

In recent years a new type of SOFC based on doped
ceria electrolytes, Ni-based anodes, and perovskite-type
cathodes, that consists of only one gas chamber where
both the anode and the cathode are exposed to the same
mixture of fuel and air, has been reported by some
researchers [5, 6]. This type of fuel cell is more shock
resistant (both thermally and mechanically) than con-
ventional cells and can achieve sufficient ionic conduc-
tion at intermediate temperature (350–450 �C). This
one-chamber cell was first prepared from yttria-stabi-
lized zirconia (YSZ), which is commonly used as a solid
electrolyte in SOFCs. However, this YSZ-SOFC must
operate at the high temperature of �1,000 �C to achieve
sufficient ionic conduction in the solid electrolyte. In
addition, Ni-YSZ cermet anodes are ill suited for the
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direct conversion of hydrocarbons at high temperature
due to carbon deposition.

Ceria doped with different cations, notably gadolin-
ium-doped ceria (CGO) and samarium-doped ceria
(CSO) [7, 8, 9, 10], has much higher ionic conduction
than YSZ in an oxidizing atmosphere and may operate
at lower temperatures (350–700 �C), at which it becomes
a predominantly ionic conductor even in a reducing
atmosphere. In addition, a direct electrochemical oxi-
dation of hydrocarbons in the ceria-based electrolytes up
to 700 �C has recenty been observed, without any cat-
alyst in the anode [11, 12]. Cu-based anodes were utilized
for the direct oxidation of dry hydrocarbon fuels to
generate electrical power. This mechanism has the po-
tential to accelerate substantially the use of ceria-based
fuel cells in transportation and distributed-power
applications [13]. Moreover, SOFCs offer a clean pol-
lution-free technology for the electrochemical generation
of electricity with high efficiency [14].

A typical SOFC which utilizes YSZ as electrolyte
exhibits an oxide-ion conductivity at 1,000 �C of about
0.1 S cm)1. Lowering the operation temperature would
enhance the reliability, lifetime, and operating cost of the
cell. This means that a large number of technological and
economic benefits are gained such as the use of cheaper
interconnector materials, lower degradation problems,
and better compatibility of components in terms of ther-
mal expansion coefficient between materials [15]. But,
with conventional membranes of YSZ, the reduction in
temperature implies poor performance [16].Alternative to
the YSZ, electrolyte materials such as Ce1)xLnxO2)(x/2)
(Ln=Gd, Sm) [17] are reported to be one of the best
candidates for operational temperatures £ 700 �C.
In particular the Ce1)xLnxO2)(x/2) (Ln=Gd3+, Sm3+)
ageing test showed high ionic conductivity
(0.01<r<0.075 S cm)1) between 500 and 800 �C, good
chemical stability, negligible electronic conduction over
a broad range of oxygen partial pressures, and stable
oxide-ion conductivity at 700 �C, for a long time.

Another important aspect for cost and emission
reduction of fuel cells is the possibility of using hydro-
carbons as fuels. The conventional fuels used in SOFCs
are H2 and/or CO. One of the main technological prob-
lems in the hydrogen economy is related to the cost of
hydrogen and its storage and/or transportation. There-
fore, for the foreseeable future, fuel cells will be supplied
with natural gas, which is usually converted to a hydro-
gen-rich fuel through a steam reforming unit operation
(i.e., CH4+H2O fi CO+3H2). The reforming process
increases the complexity and the cost of the whole device
but increases the respect to the environment.

In this work, we propose a low-cost sol–gel method
based on gelation by acrylamide for the fabrication of
high-purity ceria-doped electrolytes with a nanometric
grain size microstructure, which leads to high-density and
very pure electrolytes for fuel cell applications with low-
cost and low-emission power generation. This method is a
quasi-universal medium for the synthesis of nanometric
oxide powders for electroceramic applications [18].

Experimental

Powder preparation

We have studied and compared the effect of two different ceramic
powder synthesis methods in the preparation of the gadolinium-
and samarium-doped ceria-based electrolytes. These methods were:
the acrylamide-related sol–gel procedures (AA) and the solid oxide
reaction (SS) at high temperature. The powders of CGO and CSO
obtained by the AA and solid-state reaction techniques were pre-
pared from single oxides (CeO2, Gd2O3, and Sm2O3, 99.9% purity,
Aldrich). Stoichiometric quantities of oxide were weighed and
dissolved in hot concentrated nitric acid. Then, EDTA was added
in order to complex the cations in solution capable of inhibiting
AA polymerization. A 1:1 cation-to-EDTA ratio is assumed. The
pH was adjusted between 3 and 10 by the addition of an aqueous
solution of NH3. A solution of acrylamide/water (50/50 v/v) was
prepared. The volume of this aqueous solution added in each case
was calculated taking the whole cation solution volume, deter-
mining the mass as if it were pure water, and then adding a 10% v/v
of AA with respect to the mass. The resulting solution was heated
and the reticulating agent (bisacrylamide or BisAA, 20% with re-
spect to AA) and the polymerization agent (H2O2) were introduced.
When the solution approached a temperature of 80–90 �C it
spontaneously gelled, rendering a consistent gel. The stirring rod
was then removed and the drying process initiated by further
heating. At first, the gel shrank progressively until the bottom was
completely dried. Then the bottom part automatically ignited as a
consequence of organic combustion and pyrolysis produced by the
presence of nitrates. The resulting xerogels were homogenized in an
agate mortar and fired in air in a muffle furnace. Finally, the
powders were pressed and sintered at different temperatures up to
1,600 �C.

AC impedance measurements

Powders were uniaxially pressed at 3 MPa for 1 min. The resultant
pellets were sintered at 1,500 �C for 10 h (heating and cooling ramp
rates were 5 K/min). The relative density calculated by geometry
for the sintered pellet was around 94% of the theoretical density.
The as-prepared pellets were coated with an organoplatinum paste
on each face, dried at 100 �C for 1 h, and fired at 1,000 �C for
15 min.

Electrical measurements were carried out on pellets, using
impedance spectroscopy in static air. The pellet was mounted in a
‘‘compression jig’’ with Pt wire electrodes, in a horizontal-tube
furnace. The sample was heated up to 1,000 �C at 5 K/min, and
impedance measurements were carried out in the temperature range
1,000–200 �C (to resolve bulk and grain boundary processes). En-
ough time for thermal equilibration and hence reproducible
experiments was considered in every step.

Impedance measurements were performed on a Solartron 1260
frequency response analyzer, with AC perturbation of 25 mV in the
range 1,000–500 �C and 100 mV for 500–200 �C. Measurements
were carried out in the 1 MHz to 1 Hz frequency domain. Typical
AC impedance measurements for CGO are shown in Fig. 5.

DC measurements were also performed as a function of the
oxygen partial pressure at 1,000 �C, using a potentiostat/galvano-
stat, Solartron 1287, with the DC four-point method.

Results and discussion

Microstructural characterization

We have prepared high-purity powders of Ce0.8G-
d0.2O1.9 (CGO) and Ce0.8Sm0.2O1.9 (CSO) by the AA
sol–gel method and by solid-state reaction as confirmed
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by X-ray diffraction powder analysis. Both techniques
give similar purity powders, but the optimal synthesis
temperature to obtain a high-purity phase is lower for
samples prepared by the AA method. Figure 1 shows the
X-ray diffraction pattern of CSO powders prepared by
the AA method, before (xerogel) and after calcination at
high temperature, and of powders prepared by solid-
state reaction. Pellets prepared by the SS method show
an unreacted ceria phase even at 1,600 �C. It is very
interesting to note that the combustion of the organic
polymer at low temperature (�400–500 �C) leads to the
formation of a xerogel powder, which is almost a single
CSO phase. The density of pellets prepared from the
xerogel obtained by the AA method increases drastically
with temperature, reaching 94% of the theoretical den-
sity at temperatures as high as 1,500 �C, while the
highest density of pellets prepared by the solid-state
procedure is �92% (see Fig. 2). Optical microscopy was
used to determine the grain size distribution in the AA
sintered pellets; the grain size diameter may attain a few
microns (10–20 lm) after heat treatment at high tem-
perature (1,600 �C) for 10 h. A SEM microphotograph
of the CGO grain structure for a pellet prepared by the
AA method at 1,600 �C is presented in Fig. 3. The
microstructure of powders was also examined by TEM
microscopy (see Fig. 4); the analysis of the powders
prepared by AA sol–gel techniques shows a porous
foamy microstructure. Applying Scherrer’s formula to
the xerogel one obtains a crystallite size of 30 nm. This
nanometric size of CGO and CSO particles is responsi-
ble for the enhanced sintering reactivity at lower tem-
peratures compared to the solid-state reacted samples.
The TEM micrograph of calcined powders of CGO and
CSO shows a narrow particle size distribution around
0.5 lm.

Electrical characterization

The impedance spectrum for CGO pellets (Fig. 5) shows
two well-resolved arcs, which may be ascribed to the
bulk (grain interiors) and grain boundary. Equivalent
circuits formed by a series association of (Ri–CPEi), Ri

being a resistance contribution and CPEi a pseudo
capacitance, were used to fit impedance data. The
analysis was performed with the program ZPLOT v2.2
from Scribner.

The conductivity r=L/(AÆR) was obtained taking
into account the thickness to area ratio L/A and resis-
tance R of the different contributions. The temperature

Fig. 1 X-ray diffraction
patterns of CSO electrolytes:
solid-state reaction of
commercial powders heated at
1,600 �C, acrylamide calcined
powders at 900 �C, and
acrylamide xerogel after
combustion

Fig. 2 Relative density plot as a function of temperature for CSO
prepared by the acrylamide and solid-state reaction methods at
different temperatures
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dependence of total conductivity (bulk and grain
boundary) was plotted using the Arrhenius equation:

r ¼ r0

T
� e�

EA
kT

where r0 is a constant that contains the jump attempt
frequency and distance, the concentration and mobility
of the ionic charge carriers, and a geometrical factor; EA

is the activation energy.
The Arrhenius plot for the total conductivity (Fig. 6)

shows two behaviors with different activation energies.
Below 700 �C the activation energy is about 1.0 eV,
however at higher temperature there is a slope change
and the activation energy decreases. This change is

probably due to the increasing interactions between the
charge carriers and the dopant Gd3+ [19].

From the equivalent circuit fitted, we can discrimi-
nate between the bulk and grain boundary resistances.
The corresponding Arrhenius plots of the bulk and grain
boundary are shown in Fig. 7; the activation energies
are 0.86 and 1.05 eV, respectively. These values are in
agreement with previous works [20, 21].

A DC four-terminal configuration was used to study
the isothermal conductivity at 1,000 �C at different
oxygen partial pressures. A constant flow of 5% H2/Ar
was introduced into the cell for 5 h, and measurements
were made during the reoxidation process (Fig. 8). The
total conductivity of the sample in reducing conditions is
described by the power law (Po2)

)1/n supposing that n-
type conductivity is predominant [22]:

rtotal ¼ rionic þ rn�type ¼ rionic þ m � pðO2Þ�1=n

where n takes values in the range 4 to 6.
At low Po2, the conductivity increases as a function

of p(O2)
)1/6 indicating n-type conductivity as the dom-

inant electronic mechanism due to partial reduction
of Ce4+ to Ce3+. We have also performed impedance
measurements on CSO, however the observed conduc-

Fig. 3 SEM microphotograph of a CGO pellet prepared from
powders obtained by the acrylamide sol–gel method after pressing
at ca. 800 MPa and sintering at 1,600 �C for 10 h

Fig. 4 TEM microphotograph of CGO powder calcined at
1,000 �C for 2 h

Fig. 5 Impedance spectra for Ce0.8Gd0.2O1.9 at 200 and 225 �C

Fig. 6 Arrhenius plot of total conductivity for Ce0.8Gd0.2O1.9, in
air, on cooling from 1,000 to 200 �C
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tivity was lower than the values reported in the litera-
ture. Different preparations changing the reaction con-
ditions were examined, but similar electrical results were
obtained for CSO. We associate this anomaly with
impurity traces from the solvent, that in the case of the
samarium compound remain in the final phase.

Conclusions

The acrylamide (AA) sol–gel technique is a useful
process for obtaining nanocrystalline powders of CGO

and CSO at lower sintering temperatures than with the
solid-state reaction method. By the AA sol–gel meth-
od, it is possible to obtain very-high-density electro-
lytes (�94% of theoretical density) of CGO when
compared with samples from the solid-state reaction.
This higher density is due to the resulting nanometric
grain size of the precursors after the combustion of
the organic polymer, this method being interesting in
view of cost-effective ceramic processing of SOFC.
Impedance spectroscopy analysis of CGO and CSO
obtained by the acrylamide sol–gel-related method
reveals a better conductivity for CGO than for CSO
samples. Probably, impurities from solvents and re-
agents play a most important negative role in CSO
samples.
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