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Abstract

Cey.9Gdy 101 95 powders were synthesized by spray drying and successive calcinations. The phase purity, BET surface area, and particle
morphology of as-sprayed and calcined powders were characterized. After calcination above 300 °C, the powders were single phase and showed a
BET surface area of 68 m%/g when calcined at 300 °C. The conductivity, in air, of sintered pellets was measured by electrochemical impedance
spectroscopy (EIS) and it was found to be comparable with literature values. The activation energy for the total conductivity was around 0.83 eV.
The powder calcined at lower temperature showed better sinterability and higher total conductivity due to an increased bulk conductivity.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Doped CeO, possesses many attractive properties which
makes it a very promising material for a wide range of
applications, such as counter electrodes in opto-electronic
devices [1], in high temperature corrosion resistance [2], as
automotive three-way catalysts [3], as ultraviolet absorbers
[4], oxygen sensors [5] and in solid oxide fuel cells (SOFCs)
[6]. In SOFC, for example, Cey oGdg ;01 95 (CGO) is used both
in electrolytes and electrodes [6]. Due to its high ionic
conductivity at temperatures below 700 °C CGO is an
attractive candidate for electrolytes in intermediate-tempera-
ture solid oxide fuel cells (IT-SOFCs), especially at
temperatures below 600 °C [7]. CGO exhibits high catalytic
activity for methane conversion and therefore is an alternative
anode material in SOFC for direct methane conversion to avoid
carbon deposition in Ni/YSZ anodes [8]. Furthermore, the high
oxygen ion conductivity and oxygen reduction activity of CGO
make it an attractive candidate for use in composite cathodes in
SOFC. The catalytic activity of CGO powders used in the
SOEFC electrodes depends on the surface area of the powders
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and is higher for powders with higher specific surface area. In
order to produce high surface area CGO powders at relatively
low cost, a continuous processing technique with high yield is
required.

Ceramic spray drying is a versatile and cheap powder
processing method which consists of spraying a water-based
suspension of the materials to agglomerate into a stream of
heated air [9]. Recently spray drying was used to directly
synthesize multi-element ceramic powder from a solution
because the resulted powders contain very homogenous
chemical compositions with high specific surface area
[10,11]. Compared with other chemical synthesis methods,
spray drying proved to be a method of high productivity and it is
used in variety of industries.

In this work, 10 at.% gadolinium-doped ceria (CGO10)
powders with high surface area were synthesized by spray drying
and successive calcinations. The phase composition, morphol-
ogy, size distribution and specific surface area of powders were
characterized. The electrical conductivity of sintered CGO10
pellets was examined by electrochemical impedance spectro-
scopy (EIS) from 300 °C to 700 °C. The effect of calcination
temperature on the powder properties was compared as well.

2. Experimental

A 60 wt% CGO10 aqueous nitrate solution containing Ce**
and Gd** cations in the mole ratio of 9:1 was prepared by
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dissolving calibrated Ce(NO3);-6H,0O (99.9%, Alfa Aesar,
Germany) and Gd(NO3);-6H,0 (99.9%, Alfa Aesar, Germany)
in Millipore™ water. The precursor solution was spray dried in a
laboratory spray drier (B-290, BUCHI, Switzerland). The
solution was pumped at a flow rate of 60 ml/h with the air flow
set at 660 I/h, through a 0.5 mm diameter nozzle. The inlet and
the outlet temperatures were set at 220 °C and 145 °C,
respectively.

The as-sprayed powders were calcined in a covered
alumina crucible in the range of 200-800 °C with a dwell
time of 2 h. The powders calcined at 300 °C and 600 °C were
further dry ground using an agate mortar and then pressed
into pellets, followed by cold isostatic pressing (CIP) at
200 MPa. The pressed pellets were sintered in air between
1200 °C and 1500 °C for 4 h and then cut into appropriate
dimensions for conductivity measurements (ca. 0.2 cm
thickness, ca. 1 cm in diameter). The density of the sintered
pellets was measured by the Archimedes method. The
theoretical density of CGO10 was used (7.225 g/cm?)
according to the standard data from JCPDS-00-075-0161.
Before measuring the conductivity, Pt-paste was applied as
electrodes and the samples were heat treated at 1100 °C for
1/2h. EIS was used to evaluate the total electrical
conductivity and the specific conductivity from grain
interiors (gi) and grain boundaries (gb). The measurements
were performed in air between 300 °C and 700 °C using an
impedance analyzer (Hioki 3532-50, Nagano, Japan) in the
frequency range between 1 Hz and 1 MHz.

Thermogravimetric (TG) analysis on as-spray dried CGO10
powder was performed in air at a heating rate of 5 °C/min (STA
409, Netzsch, Germany). The phase composition after heat
treatment was determined by powder X-ray diffraction (XRD)
using a STOE Theta—Theta diffractometer. X-ray diffracto-
grams were collected at 20° < 26 < 90° using Cu K, radiation.
The average grain size d,,, was calculated from the XRD
diffractograms using Scherrer’s Eq. (1):
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where «, A, B, and 6 are the shape factor (taken as 0.9), the wave
length of the Cu K, radiation (1.54056 ;\), the full width at half
maximum (FWHM) of the reflections (corrected for instrument
broadening), and the Bragg angle of the specific reflection,
respectively. Particle and surface morphology was investigated
by scanning electron microscopy (Zeiss Supra35, FEGSEM).
Specific surface area (BET) and pore size distribution of the
powders were measured with nitrogen adsorption/desorportion
(Autosorbl, Quantachrome Instruments, Fl, USA) while par-
ticle size distribution of the powders was measured by a laser
diffraction particle analyzer (LS100Q, Beckman Coulter Inc.,
USA). Mei theory was used for calculating the particle size
distribution with the real and imaginary part of refractive
indices set at 2.2 and 0.1, respectively. Prior to the particle
size measurements, the powder was suspended in ethanol and
the agglomerates were broken down using an ultrasound treat-
ment.
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Fig. 1. TG curve of the as-sprayed CGO10 precursor. The data were taken in
flowing air at a heating rate of 5 °C/min.

3. Results and discussion
3.1. Powder synthesis and characterization

The precursor solution for synthesis of CGO10 consisted of
Ce*, Gd**, (NO3) ™, and water. After spray drying, most of the
water was removed and a powder-like precursor was formed.
The as-sprayed powder contains Ce-, Gd-nitrates and a small
amount of residual water. During calcination, the residual water
was removed completely, and nitrates decomposed and
converted to oxides.

Fig. 1 shows the TG result for as-sprayed powder. There
were two major weight loss events present in the curve. The first
one started at 80 °C and continued until 110 °C and is
associated with the evaporation of residual water from the
powder. The second weight loss started at 230 °C and continued
until 450 °C. This weight loss is associated with the
decomposition of the nitrates. Therefore, a CGO10 phase is
expected to form between these temperatures. Fig. 2 shows the
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Fig. 2. XRD patterns of (A) as-sprayed CGO10 precursor. (B) After calcination
at 300 °C (SD300). (C) After calcination at 600 °C (SD600). (D) After sinter the
SD600 powder at 1500 °C.
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diffractograms of as-spray dried powder, powders calcined at
300 °C and 600 °C, and the pellets sintered at 1500 °C. As-
sprayed powder shows peaks for mainly Ce- and Gd-nitrates. At
300 °C the diffraction pattern shows a single phase powder with
a CGO10 composition. This is consistent with the TG curve
presented in Fig. 1 where majority of the nitrate decomposition
occurred below 300 °C. As the calcination temperature
increased, the XRD peaks became slightly narrower and the
average crystallite size, calculated with Eq. (1), increased from
9.8 nm after calcination at 300 °C to 13.3 nm after calcination
at 600 °C.

The SEM micrograph in Fig. 3 shows crystallites 2050 nm
in size on the agglomerate surface of CGO calcined at 600 °C.
From scrutiny of the SEM micrographs of the as-prepared
powders supports the results obtained from XRD. The
agglomerates observed in the SEM image were usually 10—
50 pm in diameter but were easily broken into smaller pieces
when mechanical force was applied. The agglomerates are
believed to be formed by clustering of small particles assisted
by the flowing air during spray drying. Some of these
agglomerates break up during calcination at 200 °C due to
the water evaporation. According to the TG and XRD results
(Figs. 1 and 2) above 300 °C, the nitrates decompose and
CGOI10 phase starts to form. The agglomerate size increased
with increasing calcination temperature.

Fig. 4 shows the adsorption—desorption isotherm for the
powder calcined at 300 °C (from here on abbreviated as
SD300). Similar isotherms were acquired for the other powders
but are not included in this report. The isotherm of all the
prepared powders have type IV sorption isotherms [12] with the
characteristic hysteresis loop associated with the occurrence of
pore condensation typical for mesoporous materials. The
hysteresis loop is of H2 character [13] which is often an
indication of disordered pores and the distribution of pore size
and shape is not well defined. The BET surface area of SD300
was 68.3 m%/g. The average pore size was 12.1 nm. Fig. 5
shows the particle size distribution of the SD300 and SD600
with a median particle size of 2.8 wm and 7 pum, respectively.

There are various processing techniques available for the
preparation of CGO powders, such as homogenous precipitation

Fig. 3. SEM image showing small particles on the surface of a large agglom-
erate of CGO calcined at 600 °C. The particles sizes are in the same region as
reported from XRD.
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Fig. 4. Nitrogen adsorption/desorption isotherm for SD300 powder.

[14,15], co-precipitation [16,17], combustion synthesis [18],
sol-gel [19] and citrate route [20]. These methods provide
powders with a wide variety of specific surface area. For
example, powders produced by the homogenous precipitation
method were reported to have a specific surface area of 120 m*/g
[15]. Other preparation techniques such as combustion synthesis
[18], sol—gel [19], soft chemistry routes [21], result in powders
with BET surface area below 50 m2/g. In fact, most of the
commercial suppliers such as Rhodia, produce powders with a
BET surface area of not more than 40 m?/g. Synthesis of CGO by
co-precipitation method has been scaled up for mass production
with a resulting specific surface area of 31.5 m*/g [22].

However, by using spray drying, as reported in this work, it
is possible to fabricate CGO powders that consists of
mesoporous particles with a BET surface area of above
50 m*/g (68.3 m*/g for SD300) and with particle diameters
between 0.5 pwm and 3 pm in size. These mesoporous particles
are easily agglomerated with a mean particle size of 5 pm.
Therefore, spray drying is an attractive method for continuous
production of high specific surface area CGO10.
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Fig. 5. Particle size distribution of SD300 and SD600 powder measured by
laser diffraction.
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Fig. 6. Densification behavior of SD300 and SD600 powders.

3.2. Sintering and electrical properties

The powders calcined at 300 °C (SD300) and 600 °C
(SD600) were selected for sintering and characterization of
their electrical properties. Fig. 6 shows the relative density of
pellets before and after sintering at 1200 °C and 1500 °C. The
SD600 powder had lower green density than the SD300 sample.
SD600 samples had lower density than that of SD300 samples
at all the sintering temperatures studied here. This could be

Fig. 7. SEM images of CGO10 pellets sintered at 1500 °C. (A) SD300 as
starting powder. (B) SD600 as starting powder.
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Fig. 8. Arrhenius plots of (A) the total conductivity, (B) the grain interior
conductivity, and (C) the grain bulk conductivity of SD300 and SD600 powders
sintered in air at 1500 °C.

0.0012

attributed to the higher agglomerate size in the SD600 powder
(see Fig. 5). Furthermore, SD600 had a wider particle size
distribution compared to that of SD300, with the distribution
shifted towards larger particle size. This should result in a
density gradient within the sample resulting in poor sintering.
Fig. 7 shows a SEM image of the CGO10 pellets sintered at
1500 °C. The samples were polished and thermally etched at
1400 °C prior to SEM investigation. As can be seen in Fig. 7,
the SD300 and SD600 samples sintered at 1500 °C had similar
grain size distribution from 1 pum to 3 pm, but the SD600
sample contained more pores with the same size range.

EIS was performed on the sintered pellets to investigate the
electrical conductivity of the sintered samples. Fig. 8 shows the
measured electrical conductivity of the grain interiors (gi),
grain boundaries (gb) and the total conductivity of the SD300
and SD600 samples sintered at 1500 °C. The SD300 sample
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had slightly higher conductivity than the SD600 sample at all
measured temperatures. However, that is completely due to the
higher grain interior conductivity, which is caused by the higher
porosity of SD600 sample after sintering (see Fig. 6). The grain
boundary conductivity of the two samples was virtually
identical, as would be expected from samples fabricated from
the same precursor solution. At 600 °C, the total conductivity of
SD300 and SD600 samples reaches 8 mS/cm and 6 mS/cm,
respectively. This is similar to what has been reported in the
literature for CGO10 [7]. This implies that CGO10 powders
produced by spray drying precursor solutions are comparable to
commercially available CGO powders.

The apparent activation energy of the sintered CGO samples
was calculated using Eq. (2):

ol = O'oe_f_; 2)

where o, T, oy, E,, and k are the conductivity, absolute
temperature, pre-exponential factor, activation energy, and
Boltzmann’s constant, respectively. The apparent activation
energy for SD300 and SD600 was calculated from Eq. (2)
and found to be 0.83 eV which is in agreement with the
literature [7] confirming the quality of the fabricated powders.

4. Conclusions

The spray drying route has been successfully used to
synthesize high surface area CGO10 powders directly from a
precursor solution. The as-sprayed powder was virtually a
mixture of the various precursor nitrates, and after calcination
at 300 °C, the pure CGO10 phase appears. The calcined
CGO10 powders contained micron-size and mesoporous
particles. The powder calcined at 300 °C shows better
sinterability. The activation energy for oxygen ion migration
was found to be around 0.83 eV.
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