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Abstract

Nano-sized CSO (CeggoSmg00;,-s) and CSCO (Cep79Smg20Cugo;O0,_s) were synthesized by the PVA assisted combustion method, and then
characterized by the structure of PVA—cation complexes and nano-powders, as well as mechanical and electrical performance after sintering. The
results indicate that the PVA—cation complexes (PVA—(Ce**,Sm**) and PVA—(Ce*,Sm?*,Cu?*)) were formed by coordinating metal cations to
hydroxyl groups, as well as the COO~! group derived from the oxidation of PVA with NO;~!. Low temperatures (around 200 °C) caused intense
combustion reactions, resulting in the direct crystallization of cubic fluorite nano-CSO (10-20 nm) and nano-CSCO (10-15nm) crystals with
homogeneous element distribution. This slight compositional modification of CSO by co-doping with 1 mol% CuO resulted in a significantly
lowered densification temperature, as well as enhanced mechanical and electrical property. The strength improvement can be ascribed to the dense
and fine-grained microstructure without normal grain coarsening, resulting in a transgranular-dominant fracture mode during strength testing.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past decades, CeO,-based materials doped with rare
earth elements (Gd>*, Sm3*, Y3*, Nd>* and La’*) have been
widely studied as promoter for heterogeneous catalytic reaction
and electrolyte for solid oxide fuel cells (SOFCs).'> Among
them, Sm-doped CeO;, is being developed as a viable alternative
to yttria-stabilized zirconia (YSZ) as solid electrolyte for inter-
mediate and low temperature SOFC applications, owing to high
oxygen-ionic conductivity, good chemical compatibility with
electrodes and low operating temperature.! Moreover, the Sm3*
doping has the smallest association enthalpy between dopant
cations and oxygen vacancies in the cubic fluorite lattice. It is
well verified that high electrical conductivity can be achieved
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for 20mol% Sm-doped ceria, i.e., CepgSmgr0s_s (CSO).>3
However, it is still difficult for CSO electrolytes to be sintered
to high densities below 1500 °C for the conventional synthe-
sis method, i.e., the solid state reaction of CeO, and Sm203.2
High sintering temperatures are disadvantageous for fabrication
of SOFCs because ceria-based electrolytes and electrodes can-
not be co-fired at temperatures higher than 1300 °C, especially
for cathode-supported SOFCs.> Also, high temperature sintering
leads to the partial reduction from Ce** to Ce3* in the ceria-
based materials above 1200 °C, especially at low oxygen partial
pressures.

In order to prepare a dense CeO»-based electrolyte at reduced
densification temperature, several effective methods have been
developed such as addition of low melting-point sintering
aids*> and adoption of high sintering activity nano-sized pow-
ders synthesized by various wet chemical techniques such
as sol—gel,® citrate—nitrate process,” hydrothermal synthesis,>
co-precipitation,® etc. The products derived from these wet-
chemical methods usually show better performance due to their
higher homogeneity in composition. However, the traditional
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wet-chemical synthesis is complicated and time-consuming,
such as in the sol-gel process.

Recently, interest has actively focused on polymer
assisted combustion synthesis, which can produce high-
quality nano-sized powders with high specific surface area,
homogeneous microstructure and fewer impurities at very
low temperatures.®! More especially, this technique shows
several advantages in the synthesis of multi-component com-
pound powders, allowing dopant incorporation into the lattice
during instant combustion and avoiding deviations from sto-
ichiometry. As a low-cost organic fuel, polyvinyl alcohol
(PVA) with isolated hydroxyl functional groups can not only
adsorb but also complex with metal cations. In aqueous
solution, PVA can induce the homogeneous incorporation
of metal cations into its polymer network structure and
prevent their flocculation or precipitation. In recent years,
PVA has been successfully used in the synthesis of high-
quality nano-sized powders such as pure oxides including
C03O4,11 Nd203,12 and multi-compositional oxides includ-
ing cordierite (2Mg0-2A1,03-55i0,),13 CaAl,04, Y4A1,Oo,
YPO4, 415 CasAlg016S,'0 LiMnyO4,'7 CepgGdy205_5'% and
Cr-stabilized ZrOQ.19 However, little research has been reported
on the synthesis of CSO-based electrolyte powders by this sim-
ple PVA assisted combustion process. Nano-crystalline CSO
powder was firstly prepared with PVA as fuel and reductant.?”
Nevertheless, in order to achieve high densities, it is still
necessary to sinter this CSO at relatively high temperatures
(1300°C).

Doping with CuO is effective in lowering the sintering
temperature of (1) Gd-doped BaCeOsz (by ~150°C) with
higher conductivity in both air and hydrogen atmospheres,?!
(2) 10mol% Gd-doped CeO, without much loss of
electrical conductivity,”> and (3) Y-doped BaZrO3.>* In
previous work,?* a Cu-doped gadolinium-ceria electrolyte,
Cep.79Gdg20Cup0102_s (CGCO) with fluorite structure, was
synthesized by combustion reaction method with PVA, produc-
ing fine nano-crystals of CGCO ranging from 30 to 50 nm. This
was sintered at a temperature as low as 1100 °C, exhibiting a
dense fine-grained microstructure and possessing remarkably
improved electrical conductivity of 0.026 S cm~! at 600 °C and
ambient three-point flexural strength of 148 £ 2.4 MPa. The sin-
tering temperature is very close to the processing temperature of
cathode components which offers the possibility of co-sintering
for fabrication of cathode-supported SOFCs.

In the current work, a high sintering activity nano-sized
Cep.795mp 20Cug.0102—5 (CSCO) powder was synthesized by
the PVA assisted combustion method and doped with 1 mol%
CuO. The un-doped CSO powder was synthesized by the
same method for comparison. The transformation behaviour
of cation—-PVA complexes into ceramic powders, crystalline
structure and morphology have been characterized by TG-DSC
(Thermo-Gravimetric and Differential Scanning Calorimetry),
FT-IR (Fourier Transform Infrared Spectrometry), XRD (X-
ray Diffraction), FESEM (Field Emission Scanning Electronic
Microscopy) and HRTEM (High-Resolution Transmission Elec-
tron Microscopy). In addition, the densification during sintering,
the mechanical properties and fracture mechanisms, and con-

ductivity are preliminarily compared for possible application as
SOFC electrolyte.

2. Experimental
2.1. Synthesis of nano-sized CSO and CSCO powders

Both nano-sized CSO and CSCO powders were synthesized
by the PVA combustion method. Firstly, the mixed solution
with a concentration of 0.5 M cations was obtained by dissolv-
ing Ce(NO3)3-6H20 (>99.0%; Sinopharm Chemical Reagent
Co., Ltd.), Cu(NO3)3-3H,0 (>99+% for analysis; Acros Organ-
ics) and SmyO3 (3N, 99.9%; Sinopharm Chemical Reagent
Co., Ltd.) with correct stoichiometric proportions in distilled
water and dilute nitric acid, respectively. Subsequently, the
5.00 wt.% aqueous PVA solution (typical MW 89,000-98,000,
99+% hydrolyzed; Aldrich Chemical Company) was added to
the mixed metal cation nitrate solution with the molar ratio (PVA
monomer to total cation) of 2:1. Afterwards, the mixed solution
was homogenized at 90 °C for 12 h to vaporize excessive water,
and then transferred into a 1000 ml ceramic basin on a hot plate.
After a while, the combustion reaction took place dramatically
in an instant, accompanied by a slight sound of explosion. After-
wards, the as-synthesized powders were calcined at 600 °C for
2h.

2.2. Attrition milling, dry-pressing and sintering

The as-calcined CSO and CSCO powders were attrition-
milled respectively in distilled water for 2 h at an attrition speed
of 500 rpm min~", then shell frozen sufficiently at temperatures
lower than —18 °C, and retrieved subsequently using a vacuum
freeze dryer for three days. With PVA-1750 solution (5.00 wt.%)
as organic binder, small CSO and CSCO pellets (¢ 20 mm) were
uniaxially pressed using a hydraulic press machine at a pressure
of 490 MPa.

After drying at 80 °C for 24 h, the CSCO disc samples were
sintered in air for 5h at 900-1100 °C, while the CSO samples
were sintered in air for 5 h at 1200-1400 °C at intervals of 50 °C.
For all samples, two temperature-dependent heating rates of
2°Cmin~! and 3 °C min~! were applied for temperatures lower
and higher, respectively, than 500 °C. A holding time of 1 h was
performed at 500 °C in order to remove organic binder added.

2.3. Characterization

Both CSO and CSCO samples, each including dried gel
and synthesized powder, were analyzed by TG-DSC (SDT
Q600, The M&P Lab, USA) from room temperature to 900 °C
and 1000 °C at a constant heating rate of 5°Cmin~!. FT-IR
spectroscopy (Spectrum 2000, PerkinElmer, USA) was carried
out to investigate the structure of the PVA—(Ce>*,Sm>*) and
PVA—(Ce**,Sm>*,Cu?*) using the potassium bromide (KBr)
pellet technique.

Both CSO and CSCO samples, each including dried gel,
synthesized powder and calcined powder, were directly charac-
terized using XRD (Cu Ka radiation; Philips X’ Pert MPD Pro
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diffractometer, Philips, The Netherlands). Scans ranged from
10° <26 < 80° with a step size of 0.25° and a time per step of
20s.

HR-TEM (JEM-2010, JEOL, Japan) was employed to char-
acterize CSO and CSCO nano-crystals for the as-synthesized
and calcined powders. SEM (SU70 FE-SEM, Hitachi High-
Technologies Europe GmbH, Krefeld, Germany) and EDS
(INCA300, Oxford Instrument, England) micro-region compo-
sitional analysis were carried out on CSO and CSCO samples.

The bulk densities of the CSO and CSCO sintered bodies were
measured in distilled water using a conventional method accord-
ing to the Archimedes’ principle. The relative density of a sample
was calculated using the relation % density = (dm/d) x 100,
where, dp, is the bulk density measured by the Archimedes
replacement method and dy, is the theoretical density given by
the following two equations for CSO and CSCO solid solutions:

dincso = w5 ((1 = Mce + xMsm+ (2= 5 ) Mo) (1)

NACZ3

4
dincsco = 3 (1 = (x — y)Mce + xMsm
Naa

+ My + (2= 3) Mo) @)

where x is Sm content (x=0.2), y is copper content (y=0.01),
a is the lattice constant at room temperature (for CSO
a=0.54279 nm and for CSCO a=0.54253 nm), Ny is the Avo-
gadro number (6.022 x 10%3), and M refers to the atomic wei ght.

Biaxial flexural strength (BFS) tests were performed
according to standard procedures.>>?® Seven disc specimens
(diameters: 15—17 mm; thicknesses: 0.7-0.85 mm) for one set
were prepared. A load frame (Lloyd LR50K, UK) with a
crosshead speed of 0.1 mmmin~! and a preload of 2N was
utilised along with a test jig with a support radius of 4.1 mm.
In order to understand the fracture mechanisms, SEM observa-
tions were performed on the surfaces, as well as the fracture
surfaces of CSO (1400 °C) and CSCO (950 °C) generated as a
result of the flexural strength test.

Vickers hardness tests were performed using a diamond
indentation technique.?® All the samples were polished by 240-
mesh, then 400-mesh metallographic sandpapers, followed by
CeO; polishing paste (1 wm). The resultant indents (z =10 per
composition, across 3 different samples) were measured under a
200-300 N load for 10 s. Thermal expansion co-efficient (TEC)
was measured between room temperature (26 °C) and 1000 °C
in a horizontal dilatometer (DIL 402C, Netzsch, Germany). A
constant heating rate of 10 °C min~! was used.

AC impedance spectroscopy measurements were conducted
on electrochemical impedance spectrum analyzer (CHI 600A,
Chenhua Inc., Shanghai, PR China) in the frequency range of
0.1-100 kHz. The pellets were coated with silver paste followed
by firing at 800 °C for 1h before tests, then put into the tube
furnace and heated at a heating rate of 2°Cmin~! in air. Mea-
surements were made between 400 and 800 °C at intervals of
50°C. In all measurements, the lead resistance was subtracted
by measuring the impedance of a blank cell. The conductivity

values at different temperatures were calculated according to the
following equation:

L
" RS

where L is the thickness of the tested pellets, S the effective area
of the pellets (S = 0.257D?2, D is diameter) and R the resistance
at different temperatures.

Raman spectra were obtained by using a JY-HR800 spec-
trometer with a He—Ne ion laser. The excitation wave number is
632.8 nm with a resolution of 1cm™!.

3

o

3. Results and discussion
3.1. TG-DSC analysis

Fig. 1 shows the thermal evolution behaviour of the CSO and
CSCO dried gels, and synthesized powders investigated by TG-
DSC analysis under air. For CSO dried gel (Fig. 1a), there is an
endothermic DSC peak at 68.1 °C with a mass loss of 14.00 wt.%
between 26 and 190 °C, which was caused by the removal of
physically adsorbed water and polymer condensation reactions
within the precursors. A very sharp exothermic peak at 202 °C
on the DSC curve suggests that an intensive combustion reaction
occurred, which is slightly lower than the initiation temperature
of 220 °C for Ce § Gdg.2 02 s synthesis. 18 1t should be noted that
the weight loss reaches almost 100% on the TG curve because
the powder was removed from the Pt crucible due to the instanta-
neous release of a large quantity of gases during the combustion
process. For the synthesized CSO powder (Fig. 1b), the phys-
ically adsorbed water was removed at 67.1 °C, associated with
a slight mass loss of 1.69 wt.%. No further reaction is observed
until a small exothermic DSC peak at 902 °C, indicating the fur-
ther combustion of residual carbon in the synthesized powder.
The corresponding weight loss is as low as 1.28%.

Similar thermal evolution behaviour is observed for the
CSCO dried gel and synthesized powder (Fig. 1c and d). For
CSCO gel, the redox combustion reaction between PVA and
metal nitrates was initiated at very low temperature of about
200.6 °C. After combustion reaction, residual carbon was burned
out at 892.9 °C along with a very low mass loss of 2.41%.

3.2. FT-IR analysis

Fig. 2 shows the FTIR spectra of “pure” PVA, the precursors
(PVA—cation complexes) and the as-synthesized and calcined
powders of the CSO- and CSCO-based materials. The precur-
sors of both CSO and CSCO exhibit similar FT-IR spectra, as
do the as-synthesized and calcined forms of each material. By
comparing the spectra of pure PVA, with CSO- and CSCO-
based PVA—cation complexes, significant changes in the spectra
at 1000-1700 and 2500-3000cm ™! can be analyzed. The fol-
lowing explanations can be made: Absorption peaks around
3450-3460cm~! can be assigned to the stretching vibration
of hydrogen-bonded OH groups. Absorption peaks of 2909
and 2951 cm™! can be assigned to the stretching vibration of
the CH, group. Absorption peaks around 1635cm™! can be
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assigned to the asymmetric stretching vibration of the COO~!
group. This is not observed in the PVA spectrum. It is con-
cluded that the COO™! groups in the PVA—cation complexes
(PVA—(Ce**,Sm>*) and PVA—(Ce>*,Sm>*,Cu?*)) are formed by
the oxidation of the PVA with the NO3~! ion as a strong oxi-
dizing agent. Absorption peaks at 1440cm~! and 1100cm™!
can be assigned to the angular vibration of the CH; group and
the stretching vibration of CH3, respectively.!> Compared with
pure PVA, no peaks at 2909 and 2951 cm™! can be found in
CSO and CSCO-based PVA—cation complexes, associated with
the decrease in peak intensity around 1440 cm~! and 1100 cm ™!
indicating again the formation of COO~! groups due to the
degradation of PVA. The shift in the adsorption peak of the
COO~! group from 1651 to 1635cm™! indicates that some
cations are chelated by the carboxylic group. The hydroxyl oxy-
gen is coordinated by metal cations, which is suggested by the
shift of OH peak from 3432 to 3460 cm~ L. Also, the decrease
in adsorption peak intensity of OH group at 3000-3800 cm™!
suggests that some hydroxyl bonds are cleaved during the for-
mation of PVA—cation complexes. Therefore, it is concluded
that the cations are trapped in the structure of PVA in two ways:
(1) coordination to the COO~! group or (2) coordination to the
hydroxyl group. This therefore results in a homogeneous distri-
bution of metal cations at an atomic scale in the network of the
dried polymer carrier during the process. In the PVA solution
process, a homogeneously mixed solution was easily obtained
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TG-DSC curves of the CSO and CSCO-based materials: (a) CSO dried gel; (b) as-synthesized CSO; (c). CSCO dried gel; (d) as-synthesized CSCO.

by completely dissolving as-required metal nitrates without any
adjustment of solution pH, compared with the mixed sol—gel
processing route. 320

By comparison, both as-synthesized and calcined CSO and
CSCO powders have no hydroxyl groups, except for the OH
species from the adsorbed moisture, which suggests that the
combustion reaction was complete with removal of most of the
organic species except that some COO~! ions (at 1635cm™")
remain in the as-synthesized materials. The absorption band at
1382 cm™! which is usually associated with C-O bond stretching
in inorganic carbonates! is almost absent in the as-synthesized
materials and not present in the calcined materials. By compar-
ing the FT-IR spectra of the as-synthesized CSO and CSCO, with
the as-calcined CSO and CSCO, there are still several low inten-
sity bands related to physically adsorbed water, residual nitrate
ion, and that assigned to the Ce—O bond (around 480 cm~h).

3.3. XRD pattern

Fig. 3 shows the XRD patterns of the CSO and CSCO sam-
ples, each including the dried gels, the as-synthesized powders,
and the calcined powders. It can be seen from Fig. 3a and b
that both the CSO-based and CSCO-based polymer gels are
amorphous to X-rays, suggesting again that all metal cations are
physically entrapped and then chemically bound with hydroxyl
and COO™ functional groups in large chain molecule PVA. It is
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Fig. 2. FT-IR spectra of (a) CSO-based materials and (b) CSCO-based materials.

seen from Fig. 3¢ and d that both CSO and CSCO powders after
combustion reaction are crystalline in nature with cubic fluo-
rite structure (CeO;). The diffraction peaks could be indexed
according to a pure cubic phase (Fm3m space group) of CeO».
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Fig. 3. XRD patterns of the CSO and CSCO-based materials: (a) dried CSO gel;
(b) dried CSCO gel; (c) as-synthesized CSO powder; (d) as-synthesized CSCO
powder; (e) calcined CSO powder at 600 °C for 2 h; and (f) calcined CSCO
powder at 600 °C for 2 h.

No Sm;Oj3 phase is observed, indicating the formation of single-
phase solid solution via the direct dissolution of Sm>QO3 into
the lattice of CeO, during combustion process. This is simi-
lar to the PVA processed Gd-substituted CeO, (CGO),'824 but
different from the amorphous state of PVA combustion pro-
cessed cordierite, CasAlgO 165,16 CaAl,04 and YAG,'® which
needed further calcination for crystallization. In our case, as
shown in Fig. la and c, a large quantity of reaction heat was
released, which resulted in a relatively high temperature for the
reaction over a very short time, which was enough to cause the
crystallization of nano-sized CSO and CSCO. Also, by compar-
ing Fig. 3c with d, it appears that the addition of a minor amount
of CuO has no effect on the crystal structure, except for a slight
decrease in peak intensity, which is opposite to the increase of
peak intensity for the hydrothermally processed Cu-doped CeO,
nano-powder.27 In our case, this is because there is a lower con-
tent of nitrate in CSCO for the same molar amount of CSO and
CSCO, resulting in lower values of combustion heat, which is
in good agreement with the observations of weaker exothermic
peaks on the DSC curves of the CSO and CSCO dried gels (see
Fig. laand c¢). The combustion reaction equations between metal
nitrates and PVA can be summarised as follows:

Ce(NO3)3 + Sm(NO3)3 + Cu(NO3); + (CoH40),,
+ 0y — Cep.79Sm(2Cug,01O02_5+N2 +CO, +H, 0 (4)

Ce(NO3)3 + Sm(NO3)3 + (CoH40), + Oz — CepgSmp 2025
+ N, +CO;, +H,O (5)

After calcination at 600 °C, the crystalline phases of the CSO
and CSCO powders were well developed, which is confirmed
by the sharp diffraction peaks in the XRD patterns (Fig. 3e and
f). The crystalline unit cell parameters of the calcined CSO and
CSCO were also calculated. The cell parameter and cell volume
of the calcined CSCO powder is 0.54253 nm and 1.56909 nm?,
which is a little lower than for the CSO (a=0.54279 nm; cell
volume = 1.599217 nm?). Such a decrease is probably due to the
substitution of smaller Cu?* ions (r=0.073 nm) for Ce** ions
(r=0.097 nm) in the cubic lattice of the CSO structure.8

3.4. TEM and SEM-EDS

Fig. 4 presents the TEM micrographs of the as-synthesized
CSO powder. From Fig. 4a, it can be seen that a porous agglomer-
ated microstructure has evolved as a result of the gases instantly
released by the intense redox reaction of PVA and metal nitrates
under fuel-rich conditions. PVA networks not only acted as fuel
and reductant, but also maintained their pore structures. This
highly porous structure is quite typical for nano-sized powders
prepared by the polymer-assisted combustion technique.!!~2°
Fig. 4b clearly shows the formation of CSO nano-sized crystals
with uniform size and agglomerated compact state. Most of the
CSO crystals have a size range of 10-20 nm. The observed CSO
crystals compact with each other, which is due to strong agglom-
eration during combustion process. The HRTEM image (Fig. 4c)
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Fig. 4. TEM micrographs of the as-synthesized CSO powders without any treatments: (a) low magnification; (b) high magnification; (c) HRTEM; (d) SAED pattern.

shows nano-crystals with lattice planes with d-spacings of about
0.311 and 0.267 nm, which can be assigned to the (11 1) and
(200) planes of CSO with cubic fluorite structure. This further
confirms that nano-sized CSO crystals were directly formed by
this simple PVA combustion technique. The selected area elec-
tron diffraction (SAED) pattern in Fig. 4d, exhibits eight broad
rings which can be attributed to (111), (200), (220), 311),
(222),(400),(331) and (420) reflections of fcc CSO.

Fig. 5 shows TEM micrographs of the as-synthesized CSCO
powder. While the morphology of CSCO is similar to that of
CSO, nevertheless, the CSCO shows a relatively poor crys-
tallinity with small crystal size, which is consistent with the
TG-DSC and XRD analysis (Sections 3.1 and 3.3). Most of
the CSCO crystals have a size range of 10-15nm and using
HRTEM, lattice spacings could be determined and these were
found to be the same as for CSO. SAED once again confirmed the
cubic fluorite structure for this compound. Following the poly-
mer assisted combustion experiments, the as-synthesized CSO
and CSCO were quite friable due to their sponge-like structure.

To study the element distribution of the multi-compositional
CSCO powder, SEM-EDS analysis was performed on the as-

synthesized CSCO (Fig. 6). Fig. 6a clearly shows the high
volume fraction of non-uniform porosity with sponge-like struc-
ture found in the as-synthesized CSCO. From Fig. 6b—d, it is
noted that three elements, including Ce, Sm and Cu, distribute
quite homogeneously in the sponge-like CSCO after combustion
reaction. This indicates that metal cations were complexed by the
hydroxyl and COO~! groups of PVA and then homogeneously
distributed in its network structure, without disproportionation
from the desired stoichiometry. Fig. 6e shows an EDS spectrum
of the whole area in Fig. 6a, which exhibits high peak intensities
for Ce and Sm but a very low peak intensity for Cu.

Fig. 7 shows the SEM and TEM images of the CSO and
CSCO powders after calcination at 600 °C for 2 h. Both CSO and
CSCO agglomerates exhibit a highly porous foam microstruc-
ture (Fig. 7a and d). The agglomerates were easily broken up
into micron-sized particles after attrition-milling (Fig. 7b and
e), which consist of gas cavities and agglomerated fine CSO
and CSCO crystals. Most of the CSO and CSCO crystals have
a size range of 30-50 nm (Fig. 7c and f), indicating that both
CSO and CSCO nano-crystals coarsen after calcination. This is
in agreement with the XRD analysis (Section 3.3).
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Fig. 5. TEM micrographs of the as-synthesized CSCO powders without any treatments: (a) low magnification; (b) high magnification; (c) HRTEM; (d) SAED pattern.

3.5. Characterization of sintered CSO and CSCO bodies

3.5.1. Sintering of CSO and CSCO

Fig. 8 presents the relative densities of the CSO compacts
sintered at 1200-1400°C, and CSCO compacts sintered at
900-1100°C. For CSO, a large increase in relative density
from 76.0 & 2.3% t0 93.0 &= 1.4% is observed as the temperature
increases from 1200 °C to 1300 °C, indicating a significant den-
sification process. Above 1300 °C, the relative density increases
slightly with sintering temperature. At 1400 °C, a maximum rel-
ative density of 96.7 & 1.6% is reached. Compared with CSO,
the CSCO exhibits a very high sintering activity such that
densification was achieved at much lower temperatures. The
densification of CSCO mainly took place below 950 °C and, on
sintering at 950 °C, it had already attained a high level of relative

Table 1

density, i.e. 97.2 & 0.5%, which is higher than that of the CSO
(96.7%) sintered at 1400 °C. This significant reduction of 450 °C
in densification temperature is ascribed to the effect of doping
with 1 at.% CuO. Above 950 °C, the relative density increases
slightly with temperature. The relative densities are 97.6 + 0.6%
at 1000°C, 98.5 +1.2% at 1050 °C and 98.6 + 1.5% at 1100 °C.

In view of their similar relative densities of greater than
96%, the CSO sintered at 1400 °C (CSO-1400) and the CSCO
sintered at 950°C (CSCO-950) were investigated further to
compare their microstructure, electrical conductivity, thermal
and mechanical properties. Table 1 presents relative density, %
volume shrinkage, open porosity and mechanical and thermal
properties of CSO-1400 and CSCO-950. The CSCO-950 shows
higher shrinkage of 21.8 +0.1% compared with the CSO-1400
(20.5 +0.4%), due to the enhanced sintering as a result of a

Shrinkage percents, relative densities, mechanical and thermal properties of the CSO sintered at 1400 °C for 5 h (CSO-1400) and CSCO compacts sintered at 950 °C

for 5h (CSCO-950).

Sample Relative density (%) Shrinkage (%) Open porosity (%) BFS (MPa) FEPV (KIm™3) Hardness (GPa) TEC (x10~%°C™1)
CSO-1400 96.7 £ 1.6 20.5 £ 0.4 0 1944 + 57.0 53.7 £22.0 10.7 £ 0.6 12.83
CSCO0-950 97.2 £ 0.5 21.8 £ 0.1 0.6+0.2 2575 + 274 74.8 + 17.1 10.5 £ 0.5 12.72
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Fig. 6. The SEM-EDS results for the as-synthesized porous CSCO aggregates: (a) SEM micrograph with high magnification; (b) Ce element mapping; (c) Sm
element mapping; (d) Cu element mapping; (e) EDS spectrum of the whole area in (a).

very small amount of CuO doping. The CSCO-950 exhibits
a low open porosity of 0.6+ 0.2%, while there are hardly
any open pores in CSO-1400 (0% open porosity). The addi-
tion of CuO into CSO did not significantly affect the thermal
expansion co-efficient (12.83 x 107K ™! for CSO-1400 and
12.72 x 1076 K~ for CSC0O-950).

3.5.2. Mechanical strength comparison and fracture
mechanism

The biaxial flexural strength (BSF) of CSCO-950 is as high as
257.5 +27.4 MPa, which is much higher than that of CSO-1400

(194.4 £ 57.0 MPa). It appears that the doping with this small
amount of CuO has a significant effect on both densification and
on subsequent strength. On the contrary, Dudek et al.?? reported
that doping of CSO with 5% Y to form Ceg gSmg.15Y0.0502—s
degraded the bending strength. Zhang et al.>* found that the
addition of over 10% AlO; 5 into CegGdy,0s—s resulted in
an increase in both toughness and hardness, but degraded the
conductivity due to the formation of GdAlOs3.

SEM analysis was performed to examine the surface and
fracture surface of CSO-1400 and CSCO-950 after the flexure
strength test (Fig. 9). From Fig. 9a and b, it is noted that CSCO-
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Fig. 7. Micrographs of the CSO and CSCO powders after calcination at 600 °C for 2 h before and after ball-milling: (a) SEM image for foamy CSO before ball-milling;
(b) SEM image for micron-sized CSO particles after ball-milling; (c) TEM image for ball-milled CSO; (d) SEM image for foamy CSCO before ball-milling; (e)
SEM image for micron-sized CSCO particles after ball-milling; (f) TEM image for ball-milled CSCO.

950 exhibits a dense microstructure of fine-grains (337 &= 18 nm)
without obvious grain coarsening, while CSO-1400 is composed
of larger grains (959 +41 nm). From Fig. 9c and d, it is clear
that CSCO-950 has a denser microstructure than CSO-1400 and
some spherical closed pores with varied sizes can be identified
(Fig. 9¢), which originated during sintering. This observation is
consistent with the density result in Fig. 8. On the other hand,
from the higher magnification fracture images (Fig. 9e and f), for
both CSO-1400 and CSCO-950, the microstructures are com-
posed of smooth (black arrow) and rough (black square frames)
fracture surfaces, indicating that both intergranular and trans-
granular fractures are prevalent under biaxial flexural loading.
Compared with CSO-1400, CSCO-950 exhibits a much rougher
fracture surface, (see black square frames in Fig. 9f), indicating
predominantly transgranular mode of fracture. Flexural energy
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Fig. 8. Relative densities of the sintered CSCO and CSO compacts as a function
of sintering temperature.

per unit volume (FEPV) was calculated based on the area of load-
deflection curves after the flexure test. The FEPV of CSCO-950
is 74.8 +17.1 K m~3, which is higher than that of CSO-1400
(53.74+22.0KIm3). It is concluded that during the flexure
test, enhanced mechanical strength mainly resulted from higher
relative density (less porosity) and a fine-grained microstruc-
ture. Moreover, the presence of the small amount of CuO in
CSCO which may be segregated at the grain boundaries caused
an increase in bond strength and led to transgranular-dominant
fracture requiring more energy for crack propagation.

Nevertheless, CSCO-950 exhibits a similar microhardness of
10.5 £ 0.5 GPato that of CSO-1400 (10.7 4= 0.6 GPa), which can
be ascribed to the presence of some open pores (0.6 £ 0.2%, see
Table 1) near the sample surface.

3.5.3. Electrical conductivity comparison

Fig. 10 shows (a) the Arrhenius plots of In(oT) versus 1000/T
and (b) typical impedance spectra measured at 600 °C for CSO-
1400 and CSCO-950. The activation energy was calculated from
the following Arrhenius equation:

oo —FEa
e ()en()
where o, 0, Ea, k and T are conductivity, pre-exponential factor,
activation energy, Boltzmann constant (k=1.38 x 10723 J/K)
and absolute temperature, respectively. The activation energy
values of CSO-1400 and CSCO-950 are 0.99¢eV and 0.73 ¢V,
which were calculated from the slopes of the plots in Fig. 10a.
The activation energy of CSO-1400 is very close to that of the
carbonate-coprecipitation processed CeggSmg2019 (~1.0eV)
sintered at the same temperature,>! but it is higher than that of
the solid-state reacted CSO (0.82¢V)32 and the hydrothermal
derived CSO (0.87eV).?* The difference in activation energy
for CSO can be ascribed to many factors, such as purity of
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Fig. 9. SEM micrographs of the surfaces and fracture surfaces (after flexural strength test) of sintered CSO and CSCO: (a) surface of the CSO sintered at 1400 °C;
(b) surface of the CSCO sintered at 950 °C. (c) low magnification fracture surface of the CSO sintered at 1400 °C; (d) low magnification fracture surface of the CSCO
sintered at 950 °C; (e) high magnification fracture surface of the CSO sintered at 1400 °C; (f) high magnification fracture surface of the CSCO sintered at 950 °C.

starting materials, microstructure parameters of sintered bod-
ies. Nevertheless, the addition of 1 mol% Cu into CSO could
decrease activation energy and therefore increase total electrical
conductivity.

The CSO-1400 has total conductivities of 0.00652 S cm™! at
600°C and 0.02032 S cm™! at 700 °C, which is slightly higher
than that (0.017Scm~! at 700°C) of PVA-processed CSO
reported by Ma et al.>® In contrast, the CSCO-950 exhibits
significantly improved total conductivities of 0.0154Scm™!
at 600°C and 0.0369Scm™! at 700°C. Considering identi-
cal relative densities between CSO-1400 and CSCO-950, this
improvement of conductivity can be ascribed to the microstruc-
ture of CSCO-950 which has the advantage of increasing the
number of grain boundaries, thus allowing the dopants to be
more widely dispersed with reduced concentrations at each grain
interface and facilitating the movement of oxygen vacancies
across grain boundaries.>* As shown in Fig. 10b, CSO-1400

and CSCO-950 exhibit quite different impedance spectra char-
acteristics at 600 °C. In addition to the electrode polarization
behaviour (EPB), the impedance spectrum of CSO-1400 also
shows the effects of grain boundaries. In summary, the addition
of a minor amount of Cu is a quite effective method to prepare
a doped CSO electrolyte with enhanced electrical conductivity.

Fig. 11 shows the Raman spectra of CSO-1400 and CSCO-
950, which both show two distinctive bands, at around 460 cm™!
and 570 cm~!. The band at 460 cm™" can be assigned to a sym-
metric breathing mode of oxygen atoms around cerium ions. The
additional weak band at around 570 cm ™! is attributed to the oxy-
gen vacancies formed by doping with aliovalent elements. When
Sm3* or Cu?* are substituted for Ce** ions, oxygen vacancies
are introduced to maintain electrical neutrality, which will yield
a broad peak on the high frequency side of the F»; band. When
1 at.% Cu?** was co-doped into CSO and substituted for Ce**,
the intensity of the peak around 570cm™! increases slightly,
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Fig. 10. The electrical conductivity results for the CSO sintered at 1400 °C and
CSCO sintered at 950 °C: (a) Arrhenius plots of In(o7) versus 1000/7; (b) AC
impedance spectra of the CSO sintered at 1400 °C and CSCO sintered at 950 °C,
measured at 600 °C.
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950°C.
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indicating the oxygen vacancy concentration in CSCO-950 is
higher than that in CSO-1400. This is consistent with the results

for
the

4.

the

2 at.% Pr-doped CSO obtained by Liu et al.3> and explains
increase observed in electrical conductivity.

Conclusions

In this work, nano-sized CSO and CSCO were both syn-

sized by the PVA assisted combustion method, and then

characterized in terms of the structure of PVA—cation complexes
and formation behaviour of nano-powders, and the mechanical
and electrical performance of sintered bodies. The following
conclusions can be drawn:

ey

(@)

3

During PVA chelation, the PVA—cation complexes were
formed by coordinating metal cations to hydroxyl groups,
as well as the COO~! group derived from the oxidation of
PVA with NO3~!. This resulted in a homogeneous distri-
bution of metal cations at an atomic scale in the network of
PVA-based sol and dried gel.

For both CSO and CSCO, low temperatures (around 200 °C)
caused the occurrence of intense combustion reactions, dur-
ing which combustion heat was released and the removal of
organic substances, resulting in the crystallization of CSO
(10-20 nm) and CSCO (10-15 nm) nano-crystals with cubic
fluorite structure. Direct solid solution of Sm>O3 and CuO
occurs into the lattice of CeO,. All metal elements distribute
quite homogeneously in the combustion processed CSCO.

The slight compositional modification of CSO by co-
doping with a small amount of CuO (1at.%) resulted
in a significantly reduced sintering temperature (950 °C),
enhanced mechanical strength and electrical conductivity.
The improvement in strength can be ascribed to the dense
and fine-grained microstructure (grain size: 337 & 18 nm) of
CSCO0-950, due to its transgranular-dominant fracture mode
during the flexural strength test, while CSO-1400 exhibited a
submicron-grained microstructure (0.959 4 0.041 pwm) with
slightly lower relative density. Furthermore, the addition of
1 mol% Cu resulted in an improvement in electrical con-
ductivity with lower activation energy due to high oxygen
vacancy concentration.
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