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A variant of the sol-gel technique known as cation complexation is used to prepare a nanocrystalline
Gdo1Cep90195 (GDC) solid solution. A range of techniques including thermal analysis (TGA/DTA), X~
ray diffraction, specific surface area determination (BET) and electron microscopy (SEM and TEM) are
employed to characterise the GDC powders. GDC calcined at 500 °C is found to have an average crystallite
size of 11 nm. Specific surface areas are found to be 29.7 m? g~ for the as-calcined powder and 57.5m2 g~!

after ball milling at 400 rpm. Dense ceramic pellets are prepared from unmilled and ball-milled GDC
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600°C).

powders employing different thermal treatments. Their electrical properties are studied by impedance
spectroscopy. Those samples sintered at 1300 °C for 30 h (starting from ball-milled powders) exhibit the
highest density (96% of theoretical density) and the highest total ionic conductivity (1.91 x 10-2Scm~! at

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ceria and rare earth-doped ceria powders have a number of
important applications in catalysts, abrasives, solid oxide fuel cell
(SOFC) systems and gas sensors. Alkaline earth and rare earth oxides
have high solubilities in cerium oxide and readily form substitu-
tional solid solutions. The introduction of aliovalent cations gives
rise to oxygen vacancies as charge compensating defects thereby
enhancing the ionic conductivity of these materials. The ionic con-
ductivity of Gadolinia-doped ceria solid solution is one of the
highest among this class of solid electrolytes. For this reason, it
is one of the ceria-based solid solutions proposed for intermediate
temperature application of SOFCs [1,2]. Ceria (CeO, ) has the fluorite
type crystal structure with space group Fm3m. Aliovalent dopants,
such as the rare earth oxides (Y,03, Gd;03, Sm,03, Nd, 03, etc.),
form solid solutions with ceria and introduce vacancies in the anion
sub-lattice as charge compensating defects. The defect reactions
can be written in Kroeger-Vink notation as:

Gdy05°S92Gd ¢ + 30 + Vor* (1)
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Oxygen ion vacancies (Vg**) are responsible for the ionic con-
ductivity observed in doped ceria [1]. Because of their high ionic
conductivity at elevated temperature (above 600 °C), these mate-
rials have potential for applications in gas sensors, ceramic oxygen
generators, catalytic membranes and electrolytes for SOFCs. How-
ever, the magnitude of the electrical conductivity and the stability
of Ce** under reducing atmospheres are greatly dependent on the
type and concentration of the dopants.

These ceria-based solid solutions can be synthesised by a
variety of techniques such as conventional powder mixing,
co-precipitation, and hydrothermal recrystallization. In general,
chemical techniques have the advantage over conventional tech-
niques that the precursor possesses high reactivity which allows a
reduction in the calcination temperature and/or calcination time
[3-6].

A wide variety of processes are available for the synthesis of
ceramic powders. Among the various synthetic approaches, solid
state synthesis requires a high calcination temperature (above
1000°C) for the formation of a homogeneous phase. It has been
normal practice to repeatedly calcine and grind the powder mixture
in order to achieve the desired homogeneity. Therefore, the risk of
contamination from the grinding media is greater in this process.
In general, however, wet chemical processes are capable of pro-
ducing high purity, homogeneous and ultrafine powders at lower
temperature. The synthesis of ceria powder by various wet chemi-
cal routes, such as the co-precipitation, hydrothermal solution and
the combustion routes has been reported. In the combustion route
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a self-sustaining exothermic redox reaction between a fuel (such
as a polycarboxylic acid) and an oxidant (nitrate salts of metals) is
allowed to take place. The fuel also acts as a complexing agent in
the aqueous solution of nitrate salts. On heating the solution a gel
is formed as an intermediate before the combustion reaction starts.
Hence, the process is also known as gel combustion. The gas evolu-
tion in the combustion process helps in limiting the inter-particle
contact and thus results in ultrafine powders. The synthesis of ultra-
fine powder is of particular importance in order to obtain a dense
sintered product at a sintering temperature that is lower than that
at which change of the valence state of cerium (Ce**—Ce3*) starts
[7].

Earlier work using polymeric precursor techniques for the
preparation of ceria solid electrolytes have shown that it was nec-
essary to employ high temperatures (>1500 °C) and long sintering
times (>5 h), or to introduce a milling step after calcination, to attain
a high densification. In these previous studies, the polymeric pre-
cursor was prepared by the Pechini method using tartaric acid and
ethylene glycol, or citric acid and ethylene glycol, for the polymer-
ization [8]. Alternatively, an organic precursor can be prepared by
using ethylene glycol as a complexing agent without the polyester-
ification reaction [9,10].

Previous studies indicated that small amounts of Fe, 03 (0.5 at.%)
or Co;03 (2mol%) are extremely effective in promoting densifi-
cation of GDC samples at relative low temperatures (<1300°C)
without any negative effects on electrical properties [11,12]. A
combination of suitable powder processing and a low sintering
temperature with addition of Co was used to decrease the ion block-
ing effects at the grain boundaries [13].

In this work, a variant of the sol-gel technique known as cation
complexation, as proposed by Muccillo et al. [10] was used for
the preparation of the ceria-gadolinia solid solution. This method
has the advantage of low cost and relative simplicity. More-
over, this technique generates less carbon residues than other
similar techniques of synthesis, and it has proved to be quite
effective for the preparation of highly sinterable ceramic pow-
ders. Detailed structural and physical characterisation employing
X-ray diffraction (XRD) and scanning and high resolution trans-
mission electron microscopy (SEM and HRTEM) was carried out
to evaluate the final nanopowders. Moreover, the electrical prop-
erties in sintered samples starting from powders with different
processing treatments were studied by impedance spectroscopy
(1S).

2. Experimental

Gdg1Cep 90195 (GDC) was synthesised from nitrate precursors
by complexing the metal cations with the citrate ion. Cerium and
gadolinium nitrate hexahydrates (99.99%—Aldrich) were employed
as precursors. Each nitrate was dissolved in deionised (d.i.) water
individually and then these solutions were mixed. Anhydrous cit-
ric acid (99.5%—Riedel-deHaén) was dissolved in d.i. water and this
was added to the cation solution. The molar ratio of total oxide (TO)
to citric acid (CA) was 1:2. After homogenization of this solution,
the temperature was raised to 80°C, and the solution maintained
under stirring to remove excess water and to convert it to a transpar-
ent gel. While raising the temperature, the solution became more
viscous with evolution of foam, and finally it gelled without any
visible precipitation or turbidity. During the dwell at 80°C there
was an increase in viscosity and simultaneous elimination of water
and NO,. The initial thermal decomposition of the precursor was
carried out at 250°C for 1h. The resulting ash-like material was
then pyrolyzed at 500, 600 and 800 °C for 1 h at each temperature.
Fig. 1 presents a flow diagram of the citrate complexation method
employed in this work.

Ce(NO3)3.6HgO Gd(NO;)36H20

| |
| dissolved in H,O | | dissolved in H,O |

I mixing and stirring at r.t. ‘

|
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Fig. 1. Flowchart illustrating the synthetic route to nanocrystalline GDC powders
via the citrate complexation technique.

Thermal analysis (TGA/DTA) of the gel precursors of GDC was
carried out in flowing air at a heating rate of 5°C min~! up to 800 °C
using a Pt crucible in a TA Instruments SDT 2960. Further TGA/DSC
runs with analysis of off-gases by mass spectrometry (MS) were
carried out in flowing O, with a similar set-up, using a Netzsch STA
499 C Jupiter instrument.

The residual carbon content of samples calcined at different
temperatures for 1h was determined by elemental analysis using
a Carlo Erba CHNS analyser.

Specific surface area (SSA) measurements were carried out using
Brunauer, Emmett and Teller (BET) analysis by nitrogen adsorption
(ASAP 2010, Micromeritics).

Calcined powders were studied by XRD using a Philips PW
1710 diffractometer (Cu Ka radiation). Data in an angular region of
20 =20-100° were collected in a step-scanning mode (0.02° steps
with a step-counting time of 12 s). High-grade silicon powder was
used as a standard to allow for the instrument broadening correc-
tion.

SEM images were obtained using a Philips XL30 E-SEM instru-
ment with a field emission gun. Transmission electron microscopy
(TEM) images and selected area electron diffraction (SAED) pat-
terns of the calcined powders were obtained using a JEOL 2010 TEM
instrument. Samples were prepared by dipping a sample grid (cop-
per grids of holey carbon film) into an ultrasonic dispersion of GDC
powder in hexane and leaving these to dry overnight.

Part of the calcined powder was dry ground in a 45 cm? inner
volume Nylon® container using a Fritsch Pulverissette 7 planetary
ball mill operated at 400 rpm. Zirconia balls with a diameter of
10 mm were used as the grinding medium with a ball to pow-
der weight ratio of 10:1. The grinding was interrupted at regular
intervals (every 10 min) during the whole process to dislodge the
powder from the walls of the containers.
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Fig. 2. TGA and DTA plots for the metal nitrate precursors of GDC.

The GDC powder was uniaxially pressed in a 10 mm diameter
cylindrical die at 200 MPa. The resulting green pellets were placed
in a Pt crucible and sintered in air employing different sintering
programs (varying both temperature and time) with a slow heating
rate (2°Cmin~1) in all cases.

Pt electrodes were deposited on both sides of the dense sintered
GDC samples by painting with inorganic-free Pt ink (Engelhardt)
and firing at 1000 °C for 1 h. Two probe IS measurements (Solartron
1260) were carried out in dry air in a temperature range between
200 and 800°C and over a frequency range of 1Hz to 10 MHz.

3. Results and discussion
3.1. Powder characterization

Fig. 2 shows the TGA/DTA plot (carried out in air) for the GDC gel
precursor. The DTA curve exhibits two exothermic peaks, starting
at 112 and 234 °C, respectively. The first one can be ascribed to H,O
release. The second exothermic peak can be related to the burn
out of organic materials, by liberation of NOy, CO, CO,, and to the
crystallization of the GDC solid solution [9]. In order to confirm
these assignments, it was necessary to employ O, as a carrier gas
and perform the TGA/DSC experiment with analysis of off-gas using
MS. A similar TGA/DTA plot was obtained. The MS data confirmed
that H, O is the main product released in the first exothermic peak
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Fig. 3. XRD patterns of the GDC gel precursor calcined at for 1h at (a) 100°C, (b)
150°C, (c) 200°C and (d) 250°C.
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Fig. 4. XRD patterns of nanocrystalline GDC powders calcined for 1 h at (a) 250°C,
(b)500°C, (c)600°C and (d) 800 °C. The lower plot shows an expansion of the region
including the main peak.

with only traces of NOy, while NOy, CO and CO, are the main gases
liberated during the second peak.

From the TGA curve it is possible to identify two steps. The total
weight loss up to 350°C was 71%, whereas after combustion (from
350°Cup to 800 °C), the total weight loss was about 10% of the mass
at 350°C.

X-ray diffraction patterns obtained for the gel precursor cal-
cined at 100, 150, 200 and 250°C are shown in Fig. 3. These show
that the metal complex precursor was amorphous after calcina-
tion at 100 and 150°C, whereas, after its partial decomposition at
200°C, it is crystalline, some of the main diffraction peaks of GDC
being resolved. At 250°C, all of the characteristic GDC peaks were
observed. However, these peaks are relative broad, indicating that
the crystallite size was very small.

Table 1
Structural parameters and standard Rietveld agreement factors for nanocrystalline
GDC powders calcined at different temperatures. (Fm3m space group).

250°C 500°C 600°C 800°C

a(A) 5.41916(8) 5.41911 (4) 5.41809 (2) 5.41728(1)
o () 90 90 90 90

V(A3) 159.146(4) 159.141(2) 159.052(1) 158.981(1)
Ry 448 471 471 5.59

Rup 6.41 6.99 6.89 8.17

Re 5.44 5.85 5.73 543

P 1.39 1.43 1.45 227




R.O. Fuentes, R.T. Baker / Journal of Power Sources 186 (2009) 268-277 271

Table 2
Average crystallite size (Dxgp ), specific surface area (A) and calculated primary par-
ticle size of GDC powders calcined at different temperatures for 1 h.

Teaie./°C Dyxgp/nm Alm2 g1 dggr/nm d/D ratio
250 52(1) 49 (1) 17.0 33

500 11.0(4) 29.7(6) 28 26

600 17.6 (5) 249 (3) 334 19

800 43.7(2) 14.6 (1) 56.9 13
Table 3

Carbon content in GDC calcined at different temperatures (Tcyc.) for 1h.

Teale.[°C Carbon content/%
250 0.56

500 0.21

600 0.13

800 0.07

Table 4

Average crystallite size (Dxgrp), specific surface area (A) and calculated primary
particle size of GDC powders calcined at 500°C for 1h with different processing
conditions.

Process Dxgp/nm Alm? g1 dpgr/nm d/D ratio
Wet ball-milled in 10.9(5) 41.8(6) 19.9 1.8
hexane at 200 rpm for

8h

Dry ball-milled at 10.7(4) 57.5(3) 14.4 1.4

400rpm for 1h

The extent of peak broadening decreased with increasing cal-
cination temperature, as is shown in Fig. 4. This figure shows the
diffractograms of Gdy 1 Ceg901.95 powder calcined at different tem-
peratures for 1 h. Even after calcination at the highest temperature,
800°C, the peaks remained relatively broad, indicating that the
crystallites were still very small.

A qualitative analysis of the XRD data indicated that all samples
exhibited a cubic phase (fluorite type crystal structure. space group
Fm3m), as expected. The structural study was performed using
the Rietveld analysis program, FullProf Suite [14]. The Fm3m space
group was assumed with (Gd3*, Ce**) cations and 0%~ anions in 4a
and 8c positions, respectively. The lattice parameter a was refined.
The peak shape was assumed to be a pseudo-Voigt function. The
background of each profile was adjusted by a six-parameter poly-
nomial function in (26)", n=0-5. In Table 1, the Rietveld analysis
results and the standard agreement factors for powders calcined at
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Fig. 5. Average crystallite size obtained from XRD data and SSA of nanocrystalline
GDC powders as a function of calcination temperature (for 1 h).

Magn Det
600x . SE 09J

V' Spot Magn Det WD |———— 1m
0.0kV 3.0 20000x SE 10.0

Fig. 6. SEM images of nanocrystalline GDC powders calcined at 500 °C for 1 h. (aand
b) As-calcined and (c and d) milled at 400 rpm for 1 h.
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Fig.7. (a) SAED pattern and (b-d) typical low magnification TEM images of nanocrystalline GDC powder calcined at 500 °C for 1 h. The SAED pattern is labelled with interplanar

spacings (in A) and the corresponding Miller indices of the fluorite structure.

250,500,600 and 800 °C are shown. No substantial differences were
seen in cell parameter as a function of calcination temperature.

The crystallite size, D, of the calcined powders was estimated
using the Scherrer equation, D=0.94/8 cos § where A is the wave-
length of the X-rays (1.5418 A), @ is the scattering angle of the main
reflection (11 1) and 8 is the full width at half-maximum (FWHM)
intensity of the corrected peak. The value of the measured FWHM
of the silicon standard sample was determined to be 0.110°. The
average crystallite sizes are given in Table 2.

Values of the residual carbon content of the GDC powder sam-
ples calcined at different temperatures are listed in Table 3. These
are relatively low when compared to values obtained for GDC syn-
thesised by combustion methods.

Specific surface area and primary particle size were calculated
from the BET data of GDC powders calcined at 500°C for 1h and
these are given in Table 4 and in Fig. 5. After milling, the powders
exhibited significantly higher specific surface area than powders
without any mechanical processing. Milled powders were thus
expected to exhibit high sinterability.

The SEM images in Fig. 6a and b shows that the as-calcined GDC
material were composed of thin sheets in an egg shell-like struc-
ture. After milling (Fig. 6¢ and d), a fluffy powder of obviously small
particle size was obtained.

Fig. 7 presents an SAED pattern for the as-calcined GDC pow-
der (500°C, 1h). This is completely consistent with the fluorite
structure, which was also found in the XRD results. The TEM
images in Fig. 7b—d show in more detail the sheet-like structures
which were seen at lower magnifications in the SEM images of
the powder. It is clear that the sheets consisted of a thin layer of
nanoparticles. In the high resolution (HR) TEM images of Fig. 8, the
morphology and internal crystal structure of individual nanoparti-
cles is seen. The diameters of a large number (90) of nanoparticles
were measured from the HRTEM images. Particle sizes were found
to occupy a narrow size range. A histogram showing the distri-
bution of nanoparticle size is presented in Fig. 9. Mean particle
size was 7.55nm (with standard deviation of 3.42nm) and the
mean mass-corrected particle size (weighted for particle mass)
was 11.2 nm. The latter value is directly comparable to the value
estimated from the XRD data using the Scherrer equation and
shows excellent agreement. Individual nanoparticles viewed in the
HRTEM images appeared to be single crystals, to exhibit high crys-
tallinity and to have essentially non-defective structures, despite
their very small dimensions and relatively low synthesis tempera-
ture. Such nanocrystals of GDC are shown in Fig. 8 in four different
crystallographic orientations. Digital Diffraction Patterns (DDPs)
were calculated by performing a mathematical Fourier transfer on
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Fig. 8. HRTEM images of GDC calcined at 500°C for 1 h showing nanocrystals aligned in the (a-c) [110],(d)[100], (e) [21 1] and (f) [41 1] zone axes. DDPs are inset and the
diffraction spots are indexed to the fluorite structure.

selected regions of the image and these are inset in the figure. These dent and the secondary structure of the material is considerably

are indexed to the fluorite structure viewed in the [110], [100], more open and less agglomerated than in the unmilled material.
[211]and[41 1] zone axes. The effect of ball milling the as-calcined The higher magnification images show that the morphology and
GDC powder at 400 rpm for 1 his seen in the TEM images of Fig. 10. crystal structure of the individual nanoparticles is no different from

At low magnifications, the sheet-like structures are much less evi- those seen in the powder before milling.
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Fig. 9. Histogram showing primary particle size distribution. Particle sizes were
measured from the HRTEM images of the GDC sample calcined at 500°C for 1 h.

3.2. Sinterability

Sintering temperatures, sintering times, relative densities and
mechanical processing details of the starting powders are listed in
Table 5 for the densified samples. Samples without any mechani-
cal processing exhibited low relative densities (86.1-93.9% of the

Table 5

Powder processing conditions, sintering temperature (T, ) and time (T, ) and rel-
ative densities of GDC ceramic samples. Shaded rows refer to samples for which
electrical properties are presented.

Sample  Processing conditions Tsine\°C  tsine\h  Relative density\%
GDC-A 500°C—1h 1300 8 86.1
GDC-B 500°C—1h 1400 8 89.9
GDC-C 500°C—1h 1450 8 93.9
GDC-D 250°C—1h 1450 8 86.9
GDC-F 600°C—1h 1450 8 93.6
GDC-G 800°C—1h 1450 8 93.1
GDC-H 500°C—1h, 400 rpm 1300 30 96.2
GDC-I 500°C—1h, 200rpm, binder 1300 30 91.7
GDC-J 500°C—1h, 200rpm, binder 1450 8 94.1

theoretical density, 7.21 gcm—3), including those samples to which
a binder had been added (91.7-94.1%). Densified samples prepared
by milling the starting powders at 400rpm and sintering at low
temperature (1300°C for 30 h) showed relative density of 96.2%.
However, when sintered at high temperature - at 1450°C - these
samples exhibited cracking.

The shrinkage behaviour of green GDC pellets prepared from
two different powders is shown in the dilatometry plots in Fig. 11.
The difference between the two curves is very clear. It can be seen
that the pellet prepared from the ball-milled powder (400 rpm, 1 h)

Fig. 10. TEM images of nanocrystalline GDC powder calcined at 500 °C for 1 h and ball-milled at 400 rpm for 1 h: (a and b) low magnification, (c) intermediate magnification
and (d) HRTEM image showing a nanocrystal aligned in the [1 1 0] zone axis. The corresponding DDP is inset and the diffraction spots are indexed to the fluorite structure.
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Fig. 11. Linear dilatometry curves of relative length change (Lo — L/L) against tem-
perature for compacted Gdo 1 Ceo 90195 powders calcined at 500 °C for 1 h (a) without
milling and (b) milled at 400 rpm for 1 h.

started to shrink at a lower temperature than the sample prepared
from the unmilled powder. It is important to note that the densities
of these green pellets were 54% and 63% of theoretical density for
the unmilled and ball-milled preparations, respectively. The final
relative density values are shown in Table 5 (GDC-C and GDC-H).

The single crystal phase was confirmed by XRD for sintered sam-
ples. As an example, the XRD pattern of a dense Gdg1Cepg0195
pellet sintered at the highest temperature, 1450 °C, for 8 h, is given
in Fig. 12. This can be indexed to the fluorite structure and shows no
impurity peaks. Therefore the single fluorite phase had been pre-
served. The XRD pattern also indicates an increase in grain size and
in crystallinity.

Average grain sizes were determined from SEM micrographs of
cross-sectional fracture surfaces of the sintered pellets (Fig. 13).
These were about 0.4-0.7 pm, after sintering at 1300 °C for 30 h,and
0.9-1.2 pm after sintering at 1450 °C for 8 h. The average grain size
was thus seen to increase with increasing sintering temperature.

3.3. Electrical properties

Fig. 14 shows a typical impedance spectrum (an Nyquist plot)
of GDC, in this case, recorded at 200 °C and corresponding to a sin-
tered pellet of GDC-A. The contributions of the bulk, grain boundary
and electrode processes can be clearly identified in the figure at
high, intermediate and low characteristic frequencies, respectively.
The impedance spectra were fitted to the conventional equivalent
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Fig. 12. XRD pattern of GDC sintered at 1450 °C for 8 h (GDC-C).
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Fig. 13. SEM images of cross-sectional fracture surfaces of GDC samples sintered:
(a) at 1450°C for 8 h (GDC-C) and (b) at 1300°C for 30 h (GDC-H).

circuit shown in the figure. This consists of three R-CPE (Resistor-
Constant Phase Element) sub-circuits connected in series and gives
rise to three arcs in the Nyquist plot. This equivalent circuit was
used only to obtain the best fit to the experimental data and to
determine adequately the electrolyte resistance. It was not used
to explain the kinetics of the redox reactions at the electrodes. As

8.0

Rb Rgb Relet
eol T HLH1L
ain
bulk boi:zdmy electrode /

0.0 2.0 4.0 6.0 8.0
z10% /0

Fig. 14. Nyquist plot recorded at 200°C of GDC pellet sintered at 1300°C for 8 h
(GDC-A). The solid line shows the total fit and the labels indicate the decimal loga-
rithm of frequency (Hz).
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Fig. 15. Arrhenius-type plot of total conductivity of ceramic GDC samples sintered
with different sintering programs: GDC-A (®), GDC-C (a) and GDC-H (Q).

measurement temperature is increased, the characteristic frequen-
cies of the bulk, grain boundary and electrode processes increase
and may fall outside the frequency range of the instrument. For this
reason, in the impedance spectra of GDC, the arc corresponding to
the bulk contribution was seen to disappear at measurement tem-
peratures above 350 °C. At higher temperatures, around 500 °C, the
grain boundary arc also disappeared.

Arrhenius-type plots of total conductivity derived from these
impedance spectra are presented in Fig. 15 for samples sintered
either at 1300°C for 8 h (GDC-A), at 1450°C for 8 h (GDC-C) or at
1300°C for 30 h (GDC-H). For all three samples, the plots consist
of two sections of different gradient with an inflection occur-
ring at around 500°C. This indicates that there were significant
differences in conduction mechanism at low (200-500°C) and
at high (500-800°C) temperatures. The activation energy (E,) of
the total conductivity (o) was derived from the impedance data
using the Arrhenius law: o = oo /Texp(—Ea/kT) where oy is the pre-
exponential factor and k is the Boltzmann constant. In Table 6, the
activation energies for total conductivity of Gdg;Ceg 90195 ceram-
ics sintered following different treatments are listed. The change
in gradient, and so in activation energy, observed at around 500°C
can be explained by changes in the behaviour of the defects in the
GDC material. The low temperature behaviour is affected by the
association of defects to form (Gdg, — Vo**) complexes. As the tem-
perature rises above 500 °C, these complexes become dissociated,
and the activation energy of total conduction falls to lower values
[1,15].

In Table 6 and Fig. 15 it can be seen that samples with the highest
densities exhibited the highest total conductivity values. Moreover,
the activation energy values for the two denser samples (GDC-H
and GDC-C) are similar. A slight difference is observed for the GDC-
A sample which has a lower density and a slightly higher activation
energy, for temperatures <500 °C, than for the denser samples. This

Table 6

Activation energies (E,) for total conductivity of GDC ceramics sintered with differ-
ent treatments. Total conductivity values at 600°C (og00-c) Were extrapolated from
the Arrhenius plots.

Sample E. (<500°C)/eV E. (>500°C)/eV o600-c/Scm~!

GDC-A 0.80(4) 0.53(2) 1.091(4) x 10-2
GDC-C 0.78(3) 0.56(1) 1.793(3) x 102
GDC-H 0.78(4) 0.57(1) 1.918(3) x 102
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Fig. 16. Arrhenius-type plot of (a) bulk conductivity and (b) grain-boundary con-
ductivity of ceramic GDC samples sintered with different sintering programs: GDC-C
(a)and GDC-H (O).

is in good agreement with previous work reported in the literature
[16,17].

Total conductivity values at 600 °C were extrapolated from the
Arrhenius plot (Fig. 12) and are shown in Table 6. Total conductiv-
ity is seen to increase with increasing sample density, being lowest
for GDC-A, significantly higher for GDC-C and slightly higher again
for GDC-H. These values of total conductivity are in good agree-
ment with those reported in the literature, which range from 1.0 to
2.5x1072Scm~!. The highest value, reported by Steele [1], was
obtained for a commercial powder sintered at a relatively high
temperature (1400 °C). Other methods used to obtain dense GDC
samples with good electrical properties, such as gel-casting [5], a
low-temperature solution route [15] and mechanochemical syn-
thesis [16], gave rise to values of total conductivity at 600°C of
2.3,14and 1.0 x 10-2Scm™!, respectively. In the current work, the
highest total conductivity at this temperature was for the sample
prepared from milled powders (GDC-H), at 1.91 x 10-2Scm~1.

Arrhenius-type plots of bulk and grain boundary conductivity of
GDC-C and GDC-H are shown in Fig. 16a and b, respectively. Inter-
estingly, the bulk conductivity for both samples is essentially the
same, exhibiting similar activation energies (0.76 eV). This indicates
that no significant change in composition or phase of the bulk mate-
rial was caused by prolonged thermal treatment, and that the two
sintering methods resulted in chemically identical bulk material.

The grain boundary conductivity (Fig. 16b), however, does show
changes. Firstly, the grain boundary conductivity of the material
sintered at the higher temperature (GDC-C) is considerably lower
than for the material sintered at the lower temperature (GDC-H).
A slight difference is also observed in the activation energy of the
grain boundary conductivity: the GDC-C sample exhibits a value of
about 0.93 eV, while the value for GDC-H is 0.90eV.

These changes in grain boundary conductivity are likely to be
caused by the accumulation of impurities, such as Si, at the grain
boundaries during materials preparation. Interestingly, the differ-
ence in behaviour between GDC-C and GDC-H could be caused by
homogenization of the impurity distribution in GDC-H during the
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milling step, making it less likely for impurities to be accumulated
at the grain boundaries during the subsequent thermal treatment.
Another important factor is the high temperature employed to sin-
ter the GDC-C sample (unmilled powder), which would be expected
to accelerate segregation of Si to the grain boundaries.

The ability of SiO, impurities to cause a decrease in grain
boundary conductivity has been recognised in ceria-based ceram-
ics. According to Steele [1], the grain boundary effect for clean
GDC cannot be detected above 500 °C. However, it dominates the
total conductivity up to 1000 °C for impure GDC samples. Therefore,
studies on the total conductivity would be affected by these grain
boundary phenomena [18].

4. Conclusions

An effective, inexpensive method for preparing nanometric GDC
is presented. The gel precursor was shown to calcine via a two-step
mechanism to form powder material consisting of thin layers in
an egg shell-like secondary structure. The XRD and TEM results
showed that the synthesised powder possessed the expected crys-
tal structure, was single-phase and had good crystallinity. Average
particle size was estimated from the peak broadening in the XRD
patterns and was measured directly in TEM. These two methods
were in excellent agreement, giving a value of 11 nm for the pow-
der calcined at 500°C for 1 h. In HRTEM, particle size was seen to
occupy a narrow size range and the crystal structure of the par-
ticles was seen to be essentially non-defective. Samples prepared
from the milled nanopowders possessed excellent sinterability at
relatively low temperature (1300°C) and the resulting ceramics
exhibited the highest densities. The electrical conductivity of pel-
lets sintered from the GDC powder was measured using impedance
spectroscopy. The total ionic conductivity of GDC samples with the
highest density was comparable with the best values reported in
literature using a soft-chemical method. At 600 °C, the highest total
conductivity was 1.91 x 10-2Scm~! for the sample prepared from
milled powders.
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