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PREPARATION OF RARE EARTH-DOPED CERIA POWDERS
FROM METAL COMPLEX USED AS AN ELECTROLYTE
IN SOLID OXIDE FUEL CELLS

INTRODUCTION

Nowadays, many countries have been seriously concerned about air pollution
(especially from fossil fuel energies) which produced some greenhouse gas (mainly
COy,), resulting in the existence of climate change. Therefore, there are many efforts

to discover and develop new power generation technologies.

Fuel cells are one promising technology as a candidate alternative power
generation technology. A key feature of fuel cells is its high energy conversion
efficiency. They can convert the chemical energy of the fuels (hydrogen, methane,
butane, or gasoline and diesel) into electrical energy by the electrochemical process.
As comparing with other power generation technologies, fuel cells offer several
advantages of substantially higher conversion efficiency, modular construction, high
efficiency at part load, minimal site restriction, potential for cogeneration, and much

lower production of pollutants (Boudghene and Traversa, 2002).

Fuel cells consist of two electrodes (anode and cathode) separated by an
electrolyte. Individual fuel cells are, therefore, connected in electrical series as a stack
by a bipolar plate or interconnect to produce the useful power. The operating
principles of fuel cells are similar to those of batteries, i.e., electrochemical
combination of reactants to generate electricity, a combination made of a gaseous fuel
(hydrogen) and an oxidant gas (O, from the air) through electrodes and via an ion
conducting electrolyte. Unlike the batteries, the fuel cells cannot be run down or
recharged. Moreover, the fuel cells operate as long as both fuel and oxidant are

supplied to the electrodes (Minh, 1993).



Several types of fuel cells are generally classified by electrolyte used as an
ionic conductor in the cell, i.e., Alkaline Fuel Cell (AFC), Direct Methanol Fuel Cell
(DMFC), Phosphoric Acid Fuel Cell (PAFC), Sulfuric Acid Fuel Cell (SAFC), Proton
Exchange Membrane Fuel Cell (PEMFC), Molten Carbonate Fuel Cell (MCFC),
Solid Oxide Fuel Cell (SOFC), and etc. Among all type of fuel cells, SOFCs has been
much attention to develop. In the fact that they are able to convert a wide variety of
fuels and exhibit the highest efficiency compared to engines and modern thermal

plants.

SOFCs are composed of all four main components; electrolyte, anode,
cathode, and interconnect. Stabilized zirconia (ZrO;), especially yttria-stabilized
zirconia (YSZ), the most common electrolyte, possesses an adequate level of oxygen
ion conductivity and exhibits desirable stability in both oxidizing and reducing
atmospheres. In addition, nickel/stabilized zirconia cermet, doped lanthanum
manganite, and doped lanthanum chlomite are used for anode, cathode, and
interconnect, respectively. However, the operating temperature of SOFCs is around
1000°C, resulting in various phenomena, such as chemical reaction between
components, thermal degradation, and thermal expansion mismatch of materials or
cracking during the processes. Many researches have, therefore, aimed to reduce the
operating temperature of SOFCs. To solve the problem, the new materials with high

ionic conductivity have been developed to replace the YSZ electrolyte.

Doped ceria is an interesting oxide material that becomes for replacing YSZ.
Aliovalent dopants, such as rare earth oxides (Gd,O3, Sm,03, Nd,Os, etc) can form
solid solutions with ceria (Ce;xRexO,.5, where Re = rare earth) and introduce oxygen
ion vacancies which are responsible for the ionic conductivity observed. Due to the
high ionic conductivity at moderate temperature (~600-800°C), the doped ceria was
considered as a candidate electrolyte in intermediate temperature solid oxide fuel cells

(IT-SOFCs).

Up to now, there are several synthesis routes used to prepare ceria and doped

ceria powders. In the investigation of electrolyte material for SOFCs, the component



compositions always need to be adjusted, so finding and selecting a simple and low
cost but effective method to prepare doped ceria powder has distinct advantages for

SOFCs research.

By the oxide one pot synthesis (OOPS) process, Laobuthee et al. successfully
prepared magnesium aluminate (MgAl,O4) powder from metal complex. This method
offers the advantages of low cost, straightforward and very simple to provide high
purity and homogeneity products. In addition, the obtained MgAl,O4 exhibited good
humidity sensitivity as comparing to that prepared via other methods (Laobuthee et
al., 2000). Thus, goal of this work is to develop the OOPS process to prepare ceria
and doped ceria powders. It is well known that OOPS process required the high
reaction temperature to complete the reaction to obtain the metal complex because the
reaction is operated using ethylene glycol as solvent for metal oxide starting
materials. To reduce the reaction temperature, in this research work, the OOPS
process was develop to prepare ceria and doped ceria powders. The metal complexes
were synthesized from metal chloride salts and a simple organic ligand as
triethanolamine. The low boiling point solvent as propan-1-ol was used to reduce the
reaction temperature. To determine the possible structures of metal complexes, FTIR
and ESI-MS techniques were used to characterize the obtained metal complexes.
Thermal properties of metal complexes were carried out by TGA/DSC. The ceramic
powders from various calcination temperatures were studied by XRD, BET and SEM.
In addition, the ionic conductivity of doped ceria pellets was examined by impedance

spectroscopy.



OBJECTIVES

1. To develop the OOPS process to prepare CeO,, Ce;GdiO,s, and

CexSmyO;.5 powders from the metal chloride salts.

2. To study the electrical properties of the obtained Ce;GdiO,s and
Cel.xSmX02_5.



LITERATURE REVIEW

1. Fuel Cells

Fuel cells are an electrochemical device that converts the chemical energy in
fuels (such as hydrogen, methane, butane or even gasoline and diesel) into electrical
energy. A fuel cell consists of two electrodes (the anode and cathode) separated by

electrolyte, as shown in Figure 1.

7 < N .
fuel / /4 <0 \\\\ oxidant

H, + (@ N H,O + 2e %02 +2e = 0O°

electrolvte

by-product ////

Figure 1 The schematic of a fuel cell

by-product

Source: Haile (2003)

Fuel (e.g., H,) is fed to the anode and oxidized while electrons are released to
the external (outer) circuit. Oxidant (e.g., O,) is fed to the cathode and reduced while
electrons are accepted for the external circuit. The electrons flow (from the anode to
the cathode) through the external circuit producing the direct-current electricity. The

electrolyte conducts ions between the two electrodes.

Practical fuel cells are not operated as a single unit. A series of cells referred

to as a stack are used to generate the electricity. A component, variously called a



bipolar separator or an interconnect, connects the anode of one cell to the cathode of
the next cell in a stack. Fuel cell stacks can be configured in series, parallel, both
series and parallel, or as single units, depending on the particular application. (Minh

N.Q., 1993)

Generally, fuel cells are considered as an environmental friendly power source
because of no need of the direct combustion as an intermediate step during operation.
Its conversion efficiency is not subjected to the Carnot limitation, resulting in the only
releasing of heat and water-by product. Fuel cells can operate virtually continuously
as long as the necessary flow of fuel and oxidant are maintained. They are different
from electrochemical cell batteries in that they consume reactant, which must be
replenished, whereas batteries store electrical energy chemically in a closed system.
Additionally, the electrodes within battery react and change as a battery charged or

discharged but fuel cells electrodes are catalytic and relatively stable.

Fuel cells are very useful as power sources in remote locations, such as
spacecraft, remote weather stations, large parks, rural location, and in certain military
applications. In addition, fuel cells can be applied for micro-combined heat and power
systems such as home fuel cells and cogeneration for office buildings and factories

are in mass production phase.

Several types of fuel cells classified by the chemical characteristics of the

electrolyte used as ionic conductor are summarized in Table 1.



Table 1 Types of fuel cells and their operating conditions

Type of  Electrolyte Operating Fuel Oxidant Efficiency
Fuel Temperature
Cells
AFC KOH 50-200°C pure H; or O,/Air 50-55%
N>H4
DMEFC polymer 60-200°C liquid MeOH O,/Air 40-55%
PAFC H3PO4 160-210°C H, from O,/Air 40-50%
hydrocarbon
and alcohol
SAFC H,SO4 80-90°C alcohol or O,/Air 40-50%
impure H;
PEMEFC polymer, 50-80°C less pure H, O,/Air 40-50%
proton from
exchange hydrocarbon
membrane or MeOH
MCFC  Moltensalts  630-650°C H,, CO, COy/Oy/Air  50-60%
such as natural gas,
nitrate, propane,
sulphate, marine diesel
carbonate
SOFC YSZ, 600-1000°C  natural gas or O,/Air 45-60%
doped CeO, propane
or doped

perovskite




2. The Solid Oxide Fuel Cells (SOFCs)

SOFCs are composed of all-solid-state materials while other fuel cells make
from both solid and liquid materials. SOFCs are generally operated at temperature
~1000°C, which is higher temperature than any other fuel cells. The schematic

diagram of the operation in SOFCs is illustrated in Figure 2.

Useful power

O,

From air

@]
3

Fuel

“HHH”@“‘

I 5 O
&
Q

%

’I“I‘l
2

: ' Oxygen Inlet
Hydrogen Inlet Anode or Cathode or

Fuel electrode air electrode

Figure 2 The schematic diagram of the operation in SOFCs based on oxygen ion

conductor
Source: Boudghene and Traversa (2002)

SOFCs are constructed with two porous electrodes sandwiched with a dense
electrolyte. When the air (O;) flowing along the cathode to contact the
cathode/electrolyte interface, it catalytically acquires four electrons from the cathode
and splits into two oxygen ions. The oxygen ions diffuse into the electrolyte material
and migrate to the anode to encounter the fuel (H,). At the anode/electrolyte interface,
the oxygen ion and H, react catalytically to provide water, carbon dioxide, heat, and

most importantly electrons. The electrons transport though the anode to the external



circuit and back to the cathode, providing a source of powerful electrical energy in an

external circuit. All the reaction are shown as follows.

Cathode: O, +4e = 20%
Anode: H, + 0O* = H,0 + 2¢
Overall reaction: 2H, + O, =2H,0

2.1 Cell Components and Requirements (Singhal, 2000)

2.1.1 Anode

The anode layer must be very porous to allow the fuel to flow
towards the electrolyte. The most common material is a cermet made up of nickel
mixed with the ceramic material used for the electrolyte (YSZ, Yttria-stabilized
zirconia. The anode is commonly the thickest and strongest layer in each individual
cell, because it has the smallest polarization losses, and is often the layer providing
the mechanical support. Electrochemically operation of the anode is to use the oxygen
ions diffusing to the electrolyte to oxidize the hydrogen fuel to produce water and

electricity.

2.1.2 Electrolyte

The electrolyte is a dense layer of oxygen ion conducting ceramic
to conduct the oxide ions between the anode and cathode. Its electronic conductivity
must be low to prevent losses from leakage currents. The high operating temperatures
of SOFCs provide the sufficient kinetics of oxygen ion transport for good
performance. However, the ionic transport resistances affecting the performance of
SOFCs are appeared during the temperature operated at 600°C. Yttria-stabilized
zirconia (YSZ) is the most common electrolyte, while other materials as doped

Bismuth, doped perovskite, and doped ceria are developed.
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2.1.3 Cathode

The cathode is a thin porous layer where the oxygen reduction
takes place. Cathode material must be minimum electronically conductive. Currently,
lanthanum strontium manganite (LSM) is chosen for commercial because of its
compatibility with doped zirconia electrolyte. Mechanically, it has similar coefficient
of thermal expansion to YSZ and thus limits stresses built up from CTE mismatch.
Although, LSM works at high temperatures, its performance quickly drops at
temperature <800°C. In order to increase the cathode performance, composite
cathodes consisting of LSM-YSZ have been developed. In addition, mixed
ionic/electronic conducting (MIEC) ceramics, such as the perovskite LSCF, have been

researched.

2.1.4 Interconnect

The interconnect can be either a metallic or ceramic layer placing
between each individual cell. Because the interconnect is exposed to both the
oxidizing and reducing sides of the cell at high temperatures, it must be extremely
stable. For this reason, ceramics are suitable for using as the interconnect materials.
However, the ceramic interconnect materials are very expansive as compared to
metals. Nickel- and steel-based alloys promising as lower temperatures (600-800°C)
SOFCs are then developed. Nowadays, the most common interconnect materials are

doped lanthanum chromites.

3. Doped Ceria Electrolytes

The most important property of a candidate solid electrolyte material is, of
course, the ionic conductivity. Conductivity data of a broad range of solid electrolyte
are summarized in Figure 3. In this work, the doped ceria electrolyte is considered and

reported.



11
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Figure 3 Conductivities of selected solid electrolyte materials as a function of

temperature

Cerium(IV) oxide, ceria or cerium oxide (CeO,), a yellow powder, has a

fluorite crystal structure (face centered cubic unit cell with space group Fm3m) as
shown in Figure 4.

Figure 4 The crystal structure of CeO,

Source: Haile (2003)
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In the doped form, ceria has much attractive for using as an electrolyte
material for SOFCs. CeO; doped with CaO, Y,0s3, and various rare earth oxides is an
excellent oxygen ion conductor. Doped CeO; has been proposed since it shows a

higher conductivity and lower conduction activation energy.

The conductivity of doped CeO; is influenced by several factors, such
as type of dopants, dopant concentration, grain boundary, local structure,

microdomain, grain size, impurity, and processing condition.

4. Magnesium Aluminate (MgAl,O,) from Oxide One Pot Synthesis (OOPS)
Process

Laobuthee et al. prepared magnesium aluminate (MgAl,O,) spinel for using as
humidity sensors via the OOPS process. The reaction of aluminium hydroxide
(Al(OH)3), magnesium oxide (MgO) and triethanolamine (TEA, N(CH,CH,OH)3) in
ethylene glycol (EG, HOCH,CH,OH) was carried out to prepare the metal complex or
the spinel precursor for MgAL,O,4 (Figure 5).

2AI(OH); + MgO + 3TEA + X EG

2000 C/—Ha20
——————— Spinel Precursor

H

/\o\i NN ?T/—O;\N

A—C, /\T Ok
"‘ﬁ‘ ————
\\/O i M2+~

/
/O
H

Figure 5 The reaction of OOPS process to prepare magnesium aluminate precursor

The structure of spinel precursor was proposed to be a trimetallic species,
consisting of one TEA group per metal center. The spinel precursor was used to
prepare MgAl,O4 powder by calcination process. The obtained MgAl,O4 exhibited
good humidity sensitivity as comparing to that prepared via other methods (Laobuthee

et al., 2000).
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5. Review of Some Researches

Torren et al. (1998) studied the physical and electrical properties of
(Ce02)08(GdOg.15)02 powder from different synthesis routes; a modified co-
precipitaion reaction, a solid state reaction and a commercial powder from a
hydrothermal synthesis route. The modified co-precipitation reaction was carried out
by dissolving Ce(NOs); and Gd(NOs3)s in distilled water and used the oxalic acid (0.05
M) as a precipitant. The pH value was adjusted in the range of 6.7-6.9 by using
NH4OH. The obtained precipitates were calcined at 700°C for 1 h. A solid state
method was done by mixing and milling starting oxide powders in a roller-mill and
used water-free ethanol as a milling solvent. The starting materials were milled for 24
h, dried at 40°C for 12 h and calcined at either 1200 or 1300°C. A hydrothermal
synthesis route from the commercialization was done by co-precipitation of mixed
cerium-gadolinium hydroxide gel following with hydrothermal treatment and
purification. The ceramic powder was obtained after calcined at 700°C for 1 h. It was
found that the powders prepared via solid state technique or co-precipitation had
approximately the same particle sizes, but the commercial powder consists of smaller
particle size. The results from sintering process showed that the solid state reaction
produced very inferior ceramics than those produced via co-precipitation technique,
although the particle size ranges were similar. The commercial powder provided a
ceramic with a density of 96% theoretical during sintering at 1400°C. The ionic
conductivities of pellets at 800°C were found to be 4.5 x 107 S/cm and 3.2 x 10

S/cm for the powders from solid state reaction and co-precipitation, respectively.

Dikmen et al. (2002) prepared Ce;GdxO,s (x = 0-0.3) solid solution by
hydrothermal synthesis method. The procedure was started by dissolving
Ce(NO3)3-6H,0 and Gd(NOs)3-6H,0O separately in water, mixed and co-precipitated
with NH4,OH at pH = 10. The precipitate gels were hydrothermally treated at 260°C
for 10 h and quenched to room temperature. The obtained crystallized powders of
Ce1.xGdxOy5 (x = 0-0.3) solid solution has particle size in the range of 41-68 nm. The
highly dense ceramic pellets sintered at 1300-1400°C were obtained. The highest
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conductivity was found for 0.25 mol% Gd substitution and the activation energy was
0.58 eV. They concluded that gadolinium-doped ceria prepared via hydrothermal
synthesis method exhibits the highest conductivity.

Peng and Zhang (2006) synthesized Ce;xGdxOss (x = 0-0.6) solid solution by
nitrate-citrate combustion method (gel-combustion). The stoichiometric ratios of
Ce(NOs3); and Gd(NOs);3 solution were mixed. Citric acid was added to the solution.
The pH value of the solution was adjusted to 8.0 by adding NH,OH. The solution
becomes a transparent gel at 60-70°C. The gels were then calcined at 500°C to obtain
the ceramic powder. The particle size of Ce;GdxO,.s obtained from this synthesis
route was 11-28 nm. The powders were then pressed into pellets and sintered at
1300°C for 10 h. The highest conductivity was found for the x = 0.2 Gd substitution
(Ge00ec = 5.26 x 10™ S/cm).

Thangadurai and Kopp (2007) presented a chemical synthesis for preparation
of nano-crystalline powders of CeO, and Ca-doped CeO, at 400°C from CaCl, and
(NH4),Ce(NOs3)s and oxalic acid. The preparation of Ca-doped ceria by solid state
reaction was done to compare with the chemical synthesis method using CeO, and
CaCOs; as starting materials. The mixtures of CeO, and CaCOs; were sintered at
1500°C for 24 h and annealed at 1000-1350°C for 24 h. They found the formation of a
single phase fluorite structure of Ce;xCayO,x (x = 0-0.2) at 220°C but the XRD
patterns were broad and sharp with increasing temperature. By comparing with the
solid state reaction, the lattice parameters increases with increasing amount of Ca up
to 0.10 mol%. This implied that the Ca-doped CeO, was successfully by co-

precipitation method.

Jiang-dong et al. (2007) synthesized ceria (CeO,) nanoparticles by pyrolysis
method using hydrate cerium propionate as a precursor. The crystalline cerium
propionate was converted to ceria by calcining at given temperature for 90 min. The
results showed that the calcination temperature affected the physical properties of
ceria particles. The higher calcination temperatures, the smaller and denser particles

were obtained. The particle size of ceria was in the range of 20-50 nm. In addition, the
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specific surface area and the negative value of Zeta potential were decreased with

increasing of calcination temperature.

Fuentes and Baker (2008) used the cation complexation for preparing
gadolinium-doped ceria solid solution at 0.1 mol% gadolinium substitution from
cerium nitrate, gadolinium nitrate, and citric acid. The transparent gel was calcined at
500°C for 1 h to obtain the single powder. The sample has an average crystallite size
~10 nm. The electrical conductivities of pellet samples were studied with two
sintering conditions; sintered at 1300°C for 30 h and 1400°C for 8 h. They found that
two sintering conditions have no effect on total conductivity but at low temperature,
the sintering condition at 1300°C for 30 h gives the highest grain boundary
conductivity. In addition, the impedance spectra showed no effect from the etching

treatments for total conductivity while grain boundary conductivity decreased.

Santos et al. (2008) have been successfully prepared the crystalline ceria
(Ce0,) nanoparticles by microwave-hydrothermal method from (NHy4),Ce(NOs3)s and
PEG (surfactant). NH4OH was then added to the solution until the pH 9. The solution
was heated up to 130°C for 20 min to obtain CeO, powders. The obtained CeO,
powders were calcined at 500°C for 1, 2 and 4 h. From field-emission scanning
electron microscopy, the narrow distribution of ceria particles exhibiting weak
agglomeration was found. This method can be used to prepare CeO, powders in the

short time at low temperature.
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MATERIALS AND METHODS

Materials

Electrochemical Impedance Spectrometer (EIS, Solartron SI 1260

impedance analyzer)

2.

Fourier Transform Infrared Spectrophotometer (FTIR, Perkin Elmer system

2000 FTIR)

3.

Electrospray Ionization Mass Spectrometer (ESI-MS, Bruker Esquire mass

spectrometer)

4,
Toledo)

3.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.

Thermogravimetric Analyzer (TGA/DSC, Model TGA/DSC 851e, Mettler

X-ray Diffractrometer (XRD, Bruker D8-Advance X-ray diffractrometer)
Scanning Electron Microscope (SEM, XL30 series, Phillips)
Surface Area Analyzer (BET, Micromeritics ASAP 2020 surface analyzer)
Cold Isostatic Pressing (CIP)
Hot Plate Magnetic Stirrer

Rotary Evaporator

High Temperature Furnace

Balance

Laboratory Test Sieve

Glassware

Cerium(III) chloride hepta-hydrate (CeCls;-7H,0, Acros Organics,

99.0% purity)

16.
17.

Gadolinium(III) chloride hexa-hydrate (GdCl;-6H,0, Sigma, 99.0%)
Samarium(III) chloride hexa-hydrate (SmCl;-6H,0, Acros Organics,

99.0% purity)

18.
19.

Triethanolamine (TEA, N(CH,CH,OH)s, Carlo Erba, 98% purity)
Propan-1-ol (CH3;CH,CH,OH, Carlo Erba, 99.5% purity)
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Methods

1. Preparation and Characterization of Metal Complex

1.1 Preparation of Metal Complex

The cerium complexes of CeO; and Ce;RexO,5 (x = 0, 0.10, 0.15 and

0.20, Re = Gd and Sm) powders were prepared via metal complex as follows.

CeCls-7H,0 + (ReCl3-6H,0) + TEA + propan-1-ol  ——»  Cerium complex

The stoichiometric ratios of CeCls-7H,0O and ReCl;-6H,0O were mixed in
propan-1-ol and added into the round bottom flask. Triethanolamine (TEA) was then
added to the solutions in the molar ratio of TEA to metal chloride as 1:1 in order to
form complex with rare earth metal. The mixtures were heated to distill-off propan-1-
ol and crystalline water until the precipitates occurred. The mixtures were evaporated

to remove organic solvent and obtain the white colored powders of cerium complexes.
1.2 Characterization of Metal Complex
1.2.1 Functional Group Analysis

The obtained cerium complexes were characterized by Fourier
transform tnfrared spectrophotometer (FTIR, Perkin Elmer system 2000 FTIR). The
powder samples were grinded thoroughly with KBr and uniaxially pressed into pellet
sample before measurement. All the peaks were recorded in range 4000-400 cm™ with
a spectral resolution of 4 cm™ using transparent potassium bromide (KBr) pellet.

1.2.2 Molecular Weight Determination

Electrospray ionization mass spectrometer (ESI-MS, Bruker Esquire

mass spectrometer) was employed to determine the molecular weight of obtained
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cerium complexes. The cerium complexes were dissolved in methanol used as matrix.
The spectra were recorded in positive mode on a micrOTOF instrument. The mass
range of samples was set from m/z = 50 to 3000. The scanning time for each sample

was 2.4 min.

1.2.3 Thermogravimetric Analysis

The decomposition aspect and weight loss of all the cerium
complexes were studied by thermal analysis which carried out with a TGA/DSC
analyzer. Samples were loaded in an alumina crucible and heated at the heating rate of

5°C/min under the air. The curves were recorded at the temperature range 50-1500°C.

2. Preparation and Characterization of Ceramic Powders

2.1 Preparation of Ceramic Powders

To obtain the ceramic powders, all the complexes were converted to
ceramic powders by calcination process. All the complexes were calcined in alumina
crucibles at the temperatures of 600, 800, and 1000°C for 2 h in air. The effects of

calcination temperatures were studied by various techniques (XRD, BET, and SEM).

2.2 Characterization of Ceramic Powders

2.2.1 Phase Identification

Calcined powders were studied by X-ray diffraction (XRD) using a
Bruker D8-Advance X-ray diffractrometer with CuK,, radiation. Diffraction patterns
were recorded over a range of 26 angles from 20 to 90 degree in a step-scanning
mode (0.02° steps with a step counting time of 2 s). The crystalline phase was
identified from the Joint Committee on Powder Diffraction Standard (JCPDS) file No.
34-0394.
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The crystallite size, Dxrp, of the calcined powders were estimated

using the Scherrer equation;

DXRD =091/ BCOSB (1)

Where A is the wavelength of the X-ray (1.5406 A), 0 is the
scattering angle of the main reflection (111), and [ is the corrected peak at full width
at full half-maximum (FWHM) intensity.

2.2.2 Surface Area Analyzer

Specific surface area (Sgpr) measurements were carried out using
Brunauer-Emmett-Teller (BET) analysis by nitrogen adsorption isotherms at 77 K
using a Micromeritics ASAP 2020 surface analyzer and a value of 0.162 nm” for the
cross section of the nitrogen molecule. Samples were degassed at 350°C under

nitrogen vacuum for 20 h before measurement.

The Sper were translated into the average particle size (Dggr)

according to the formula;

DBET = 6000 / (dth X SBET) (2)

Where Dggr is average particle size (nm), Sggr is specific surface

area (m°/g), and dy, is the theoretical density of the solid solution oxide (7.215 g/cm’).

2.2.3 Morphology Observation

The powder morphology was observed by Scanning Electron
Microscope (SEM, X130 series, Phillips) operating at an acceleration voltage of 14
kV and magnification value in 10000x to identify the powder structures. Samples
were mounted on alumina stubs using carbon tape and then sputter coated with Au to

avoid particle charging.
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3. Preparation of and Characterization of Pellet Samples

All the powders were palletized in an uniaxial press by stainless steel die
under a pressure of 30 MPa, and subsequently isostatically pressed at 200 MPa by
Cold Isostatic Pressure (CIP) at 200 MPa. The resultant pellets were sintered in air at

1500°C for 5 h in order to obtain the maximum density.

3.1 Phase Identification

Phase identification of sintered pellet samples was confirmed by X-ray
diffraction (XRD) using a Bruker D§-Advance X-ray diffractrometer with CuK,
radiation. Diffraction patterns were recorded over a range of 20 angles from 20 to 90
degree in a step-scanning mode (0.02° steps with a step counting time of 2 s). The

crystalline phase was identified from the Joint Committee on Powder Diffraction

Standard (JCPDS) file No. 34-0394.

3.2 Density Measurement

The Achemedes method was used to determine the bulk density of the
sintered ceramic pellets. The pellet samples were weighed in dry (in air) and
suspension condition (in water). Normally, the pellets were found to have a density
above 90% of their theoretically determined density. The dry weight (D), saturated
weight (W), suspended weight (S) and density of water (p) were measured and used

to calculate the bulk density by using the equation as below.

Bulk density = [D / (W-S)] p 3)
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3.3 Morphology of Pellet Samples

The grain size and morphology of the pellet samples were examined using
a Phillips XL30 series Scanning Electron Microscope. The pellets were firstly

polished with alumina before thermal etching at 1400°C for 2 h in air.

4. Study on Electrical Properties of Pellet Samples

The electrical conductivity of the pellet samples were measured on the
sintered ceramic pellets. Gold pastes were painted onto two faces of the pellets to act
as electrodes. The pellets were then fired at 800°C for 2 h in air. AC impedance
spectra were measured in air with a ZPlot™ (National Instruments) program and a
Solartron SI 1260 impedance analyzer. The pellets were placed in an alumina holder
using a spring clip arrangement between Pt current collectors and the thermocouple
was placed right next to the samples. The samples were heated during the
measurement and recorded the spectra from 225 to 700°C in air using a tube furnace
with controlled heating rate 3°C/min. The frequency range was measured at 0.1 Hz to

10 MHz.

The resistance (R) of each sample was determined from the intercept on the

real axis and the electrical conductivities (o) were calculated by using equation (4).

o =L/RA, 4)

Where L is thickness and A. is an area of the electrode.

The activation energy (E,) and the electrical conductivity of pellet sample

were calculated from the plot of In (cT) vs. 1/T according to the Arrhenius equation

).

6T = Aexp(-Ey/kT) (5)
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Where o is conductivity, A is pre-exponential factor, E, is activation energy, k

is Boltzmann’s constant, and T is absolute temperature.
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RESULTS AND DISCUSSION

1. Characterization of Metal Complex

The pure cerium complex was firstly prepared from CeCl;-7H,O and TEA.
The reaction was started by dissolving CeCls-7H,O in propan-1-ol to obtain the clear
solution. TEA was then added to form the cerium complex. After completing the
reaction, the homogeneous milky solution of cerium complex was obtained after

distillation. After removing the organic solvent, a white powder was obtained.

Transmittance / %

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure 6 FTIR spectrum of the pure cerium complex

To identify the possible structures of cerium complex, the cerium complex
was firstly characterized by FTIR and the spectrum of the pure cerium complex is
showed in Figure 6. The broad peak located at 3358 cm™ was assigned to the O-H
stretching due to the moisture absorption and/or triethanolamine-residue from the
reaction. The C-H stretching bands at 2928 and 2890 cm™ were assigned to -CH,-
group. The C-H bending bands were shown in the region of 1450-1200 cm™. The

band at 1629 cm™ was attributed to O-H overtone. Moreover, the resonance at 1079
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cm’' was ascribed to the Ce-O-C stretching vibration, while the band at 564 cm™ was

assigned to the Ce-O stretching.

The product structures were then identified by ESI-MS. The MS spectrum of
the pure cerium complex is shown in Figure 7. It indicates that there are two intense

peaks at m/z = 286 and 322 corresponding to [Ce(TEA)] and [Ce(TEA)CI]

complexes, respectively.

322

286

Intensity

L | ‘ |I ‘il L | || IIl L |l
0 100 200 300 400 500 600 700 800

Wavenumber / cm™

Figure 7 Mass spectrum of the pure cerium complex

Based on the results from FTIR and ESI-MS, two possible structures of
cerium complexes (Figure 8) can be proposed as four coordinated cerium ion binding

to TEA molecule (Structure I) and five coordinated cerium ion with TEA and CI°

ligands (Structure II).
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o

Structure | Structure 11

Figure 8 The two possible structures of cerium complexes

The cerium complexes of Ce; GdxO,5 and Ce;xSmOy5 (x = 0.10, 0.15 and
0.20) were consequently prepared via metal complex method. The stoichiometric
ratios of CeCls-7H,0 and ReCl;-6H,0 (Re = Gd, Sm) were dissolved in propan-1-ol.
TEA was then added to the mixture solution. After completing the reaction, the

homogeneous milky solution occurred and the white powders of complexes were

obtained after eliminating the organic solvent.
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Figure 9 FTIR spectra of cerium complexes doped with (a) 0.10, (b) 0.15,
and (d) 0.20 mol% Gd
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Figure 10 FTIR spectra of cerium complexes doped with (a) 0.10, (b) 0.15,
and (d) 0.20 mol% Sm

The doped cerium complexes were characterized by FTIR. The FTIR spectra
of the doped cerium complexes are shown in Figures 9 and 10. The doped cerium
complexes show the FTIR peaks (Figures 9 and 10) similar to the pure cerium
complex (Figure 6). The bands located at 3358 and 1631 cm™ were assigned to the O-
H stretching and O-H overtone, respectively. These bands might be due to the water
adsorption of products. The peaks at 2928 and 2890 cm™ were attributed to the C-H
stretching bands, while the bands at 1450-1200 cm™ are C-H bending bands for -CH,-
group. The peak at 1080 cm™ was ascribed to the Ce-O-C or Gd-O-C stretching
vibration for gadolinium doping, and Sm-O-C for samarium doping. In addition, the
bands at 564 cm™ was attributed to the Ce-O or Gd-O for gadolinium doping, and Sm-

O for samarium doping.

The mass spectra of doped cerium complexes cannot be shown due to the
occurrence of the too complicated peaks which generated from the various types of
complexes. All the peaks in mass spectra might be the complexes peaks and

fragmentation from the complexes.
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All the complexes were converted to ceramic powders by calcination process.
The appropriate temperature for calcination and weight loss phenomena of complexes
were studied by TGA/DSC. The TGA/DSC thermograms of pure cerium complex are
comparatively shown in Figure 11. It was found that there are three regions of weight
loss. The first weight occurring before 160°C resulted from water evaporation and the
removal of organic solvent. The second weight loss happened in temperature ranging
265 to 484°C, a large weight loss in TGA curve and a strong exothermic peak in DSC
curve at 337°C involved the decomposition of the organic ligands and generated a
char as product. The last gradually weight loss occurred at 485 to 600°C due to the
decomposition of organic and/or carbon-residue. After 600°C, the TGA thermogram
of pure cerium complex showed no weight loss occurred after 600°C; the appropriate

temperature for calcining complexes into ceramic powders might be therefore started

at 600°C.
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Figure 11 TGA/DSC thermogram of pure cerium complex

In addition, the thermal weight loss of doped cerium complexes shows

TGA/DSC thermograms similar to the pure cerium complex. Figures 12 and 13 show
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TGA/DSC thermograms of 10% Gd-doped cerium complex and 10% Sm-doped

cerium complex, respectively.
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Figure 12 TGA/DSC thermogram of 10% Gd-doped cerium complex
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Figure 13 TGA/DSC thermogram of 10% Sm-doped cerium complex
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2. Characterization of Ce;RexO,.5 Ceramic Powders

To study the effects of calcination temperatures, all complexes were calcined
at 600, 800 and 1000°C for 2 h in air. After completing calcination, the light
yellowish colored powders of CeO,, Ce|xGdxO,.5, and Ce;xSmyO,_s ceramic powders

were obtained.
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Figure 14 XRD patterns of Ce;.xGdxO,_s powders; (a) x =0, (b) x = 0.10,
(¢)x=0.15, and (d) x = 0.20, calcined at 600°C for 2 h in air
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Figure 15 XRD patterns of Ce; xSmO,.5 powders; (a) x = 0.10, (b) x = 0.15,
and (c) x = 0.20, calcined at 600°C for 2 h in air

All the ceramic powders were identified by XRD technique. Figures 14 and 15
are the X-ray diffraction patterns of Ce;GdyO,5 and Ce|xSmyO,s powders,
respectively. It indicated that all compositions of Ce; xGdO,5, and Ce;xSmyO,_5 are
single phase with a cubic fluorite structure (space group Fm3m). The characteristic
peaks corresponding to (111), (200), (220), (311), (222), (400), (331), (420), and
(422) planes which are located at 20 are 28.535, 33.080, 47.495, 56.348, 59.102,
69.427, 76.710, 79.073, and 88.447 degree, respectively. All the diffraction patterns
are identical to that of the original substance of pure CeO, (JCPDS No. 34-0394).
This implied that the substitution of gadolinium or samarium ion into cerium ion
lattice site in ceria structure, consequently, no phase change was observed in the CeO,
crystal defect. However, it was found that the crystallinity of powders was decreased

with the increase of amount of dopants.
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Figure 16 XRD patterns of CeO, powders calcined at (a) 600°C, (b) 800°C,
and (c) 1000°C for 2 h in air

Figures 16, 17 and 18 show the XRD patterns of CeO,, Cep90Gdo 10025, and
Cep.90Smy 10025 powders calcined at 600, 800, and 1000°C for 2 h in air, respectively.
It was found that all compositions have no phase transition occurred from 600 to
1000°C. In addition, all the peaks become stronger and sharper with increasing the
temperature. In agreement with the TGA/DSC results, the purity phase of the calcined
powders obtained was started at 600°C. Similar XRD patterns to CeO, were recorded

for ceria doped with 0.15 and 0.20 mol% for both Gd and Sm substitutions.
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Figure 17 XRD patterns of Ce.90Gdy 10025 powders calcined at (a) 600°C,

(b) 800°C, and (c) 1000°C for 2 h in air
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Figure 18 XRD patterns of Ceg.90Smy.1002-5 powders calcined at (a) 600°C,

(b) 800°C, and (c) 1000°C for 2 h in air
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The crystallite size (Dxrp), specific surface area (Sgrr), and average particle
size (Dggr) of CeO,, Ce;xGdxOs5 and Ce;xSmyO,5 powders calcined at various
temperatures for 2 h in air are presented in Tables 2 and 3, respectively. It was found
that the crystallite sizes of all the powders as calculated from Scherrer equation are in
nanometer unit. Due to the growth of the crystals at high temperature, the crystallite
size increases with calcination temperatures increased in agreement with XRD results.
Moreover, with the calcination temperatures, the specific surface area (Sggr) trend to

increase while the average particle size (Dggr) decreased.

Table 2 The crystallite size (Dxrp), specific surface area (Sger), and average particle
size (Dggr) of Ce1xGdxOs5 (x =0, 0.10, 0.15, and 0.20) powders calcined at

various temperatures for 2 h in air

X Calcination Crystallite Specific Average
Temperatures Size, Dxrp Surface Area, Particle Size,
(°C) (nm) Sper (m*/g) Dggr (nm)
0 600 32.36 31.31 26.06
800 36.70 20.98 39.66
1000 63.23 8.3 100.25
0.10 600 34.25 44.61 18.65
800 47.65 22.75 36.57
1000 59.45 7.85 106.00
0.15 600 35.39 46.55 17.88
800 41.26 28.28 29.42
1000 47.14 12.73 65.36
0.20 600 29.16 45.34 18.35
800 30.16 30.92 26.91

1000 45.46 12.00 69.34
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Table 3 The crystallite size (Dxrp), specific surface area (Sggr), and average particle
size (Dggr) of Ce1xSmyO,5 (x = 0.10, 0.15, and 0.20) powders calcined at

various temperatures for 2 h in air

X Calcination Crystallite Specific Average
Temperatures Size, Dxrp Surface Area, Particle Size,

(°C) (nm) Sger (m?/ g) Dggr (nm)
0.10 600 48.51 41.44 20.06
800 52.14 24.18 34.39
1000 54.85 14.71 56.53
0.15 600 32.66 51.71 16.08
800 39.35 30.03 27.69
1000 43.26 17.50 47.52
0.20 600 36.81 41.25 20.16
800 41.82 26.67 31.18
1000 48.69 17.17 48.43

The ceramic powders were further characterized by SEM. Figures 19, 20, and
21 show the SEM micrographs at various calcination temperatures of CeO,,
Ce0.90Gdo.1002-5, and Cep9oSmy 10025 powders, respectively. The SEM micrographs
showed that calcination temperature affected the microstructure of the powders. All
the obtained powders were irregularly shaped with blocky particles possibly because
the agglomeration generated with increasing calcination temperatures. In addition, the
similar results were observed with 0.15 and 0.20 mol% for both Gd and Sm

substitutions.
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Figure 19 SEM micrographs of CeO, powders calcined at (a) 600°C, (b) 800°C,
and (c) 1000°C for 2 h in air
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Figure 20 SEM micrographs of Ceg90Gdy.1002.5 powders calcined at (a) 600°C,
(b) 800°C, and (c) 1000°C for 2 h in air
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Figure 21 SEM micrographs of Ceg9oSmy.100,.5 powders calcined at (a) 600°C,
(b) 800°C, and (c) 1000°C for 2 h in air
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3. Characterization of Pellet Samples

To measure the electrical properties of the samples, the ceramic powders were
converted to pellet samples by Cold Isostatic Pressing (CIP) and sintered to obtain the

maximum density.

The phase identification of all the pellet samples was confirmed by XRD
technique. Figures 22 and 23 show XRD patterns of Ce;GdxO,« and Ce;xSmyO,«
pellet samples, respectively. It can be seen that XRD patterns of all the pellet samples
are similar to CeO,, Ce|.xGdxO,.x and Ce;,SmO, .« powders (fluorite-typed structure)
matched to JCPDS No. 34-0394. This may suggest that there is no phase transition
occurred after the compression of ceramic powders into pellet samples. Moreover, the
sintering temperature (at 1500°C for 5 h in air) is not affected the crystal structure of

pellet samples.
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Figure 22 XRD patterns of Ce;.xGdxO,s pellets; (a) x =0, (b) x=0.10, (¢) x =0.15,
and (d) x = 0.20, sintered at 1500°C for 5 h in air
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Figure 23 XRD patterns of Ce;.xSmO, s pellets; (a) x =0.10, (b) x =0.15,
and (c) x = 0.20 sintered at 1500°C for 5 h in air

The bulk densities of pellet samples were determined by Achemedes method.
The theoretical densities of the pellets sintered at 1500°C for 5 h in air are listed in
Tables 4 and 5. The results showed that the pellets were found to have densities above

90% of their theoretical densities.

Table 4 Theoretical densities of Ce;.xGdxO,.5 pellets sintered at 1500°C for 2 h in air

X Theoretical density (%)
0 90.11

0.10 92.83

0.15 94.68

0.20 94.20
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Table 5 Theoretical densities of Ce;.xSmyO,_s pellets sintered at 1500°C for 2 h in air

X Theoretical density (%)
0.10 95.06
0.15 93.93
0.20 94.25

Scanning electron micrographs of Ce;xGdxO,.5 and Ce;xSmyO,.5 pellets are

illustrated in Figures 24 and 25, respectively.
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Figure 24 SEM micrographs of Ce; xGdxO,.s pellets sintered at 1500°C for 5 h in air

and thermal etched at 1400°C for 2 h in air where (a) x = 0.10,

(b) x=0.15, and (c) x = 0.20.
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Figure 25 SEM micrographs of Ce;xSmyO, s pellets sintered at 1500°C for 5 h in air
and thermal etched at 1400°C for 2 h in air where (a) x = 0.10,
(b) x=0.15, and (c) x = 0.20.
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From SEM micrographs of Ce;<GdxO,.s pellets, it was found that the grain
size of CeO, increases with increasing the amount of Gd (Figure 24). In addition,
Ceo35Gdo 15025 pellet shows the narrow grain size distribution more than
Ce0.00Gdo 10025 and Ceg0Gdo20025 corresponding to the contribution of grain
conductivity affecting the total conductivity of Ce gsGdo 1502-5. Figure 25 shows SEM
micrographs of Ce;,Sm,O,s pellets. All the pellets (Figure 25a-c) have the same

grain size distribution.

4. lonic Conductivity of Ce;.xRexO,.5 Pellet Samples

The impedance is a well-developed tool to separate out the bulk and grain
boundary contribution to the total conductivity. The impedance spectrum is usually
represented as negative of imaginary component of impedance (-Z’’) versus real
component of impedance (Z’), and referred as Nyquist plot. The plot, typically,
composed of three semicircles. Each semicircle represents a district process that time
constant is sufficiently separated from the others over the range of measurement
frequencies. The semicircles at higher and lower frequencies represent bulk and
electrode process, respectively, while that at intermediate frequencies represents grain
boundary contribution. At higher temperatures, the time constants associated with the
bulk and grain boundary impedances are much lower than those associated with the
electrode interface. As a result, semicircles due to bulk and grain boundary disappear
at higher temperatures, and only a single semicircle due to electrode interfacial

processes can be observed.

In general, a pure CeO, shows very low ionic conductivity. In this work, we,
therefore, reported only the ionic conductivity of doped CeOs,. It is well known that
doped CeO, behaves as a pure ionic conductor in air with negligible electronic
conductivity. Figures 26 and 27 show the typical impedance spectra at various
temperatures of Ceg 3sGdo 1502.5 and CepoSmy 10025 pellets, respectively. The spectra

show that three well-defined semicircular arcs were observed in the complex
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impedance plane which matched to the theories. Similar spectra were observed for

other compositions.
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Figure 26 Impedance spectra of CegsGdy 150,25 pellet which calcined at 600°C

for 2 h in air and sintered at 1500°C for 5 h in air
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Figure 27 Impedance spectra of Ceg.90Smy. 10025 pellet which calcined at 600°C

for 2 h in air and sintered at 1500°C for 5 h in air
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Figure 28 Arrhenius plot of (a) bulk and (b) grain boundary conductivities

of Ce | xGdxO,.5 pellets which calcined at 600°C for 2 h in air and

sintered at 1500°C for 5 h in air
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Figures 28 and 29 show the bulk and grain boundary conductivities Arrhenius
plots of Ce;GdxO,5 and Ce;SmO,.s pellets, respectively. The conductivities and

activation energies were calculated based on the Arrhenius equation as shown below;

oT = Aexp(-Eo/kT)

It was found that the bulk conductivity (cp) of the Ce;xGdiO,.5 pellet was
followed in the order of x; 0.15 > 0.10 > 0.20. This is expected because the increase
amount of Gd more than 0.15 results in defect association and the amount of Gd at
0.10 is too small concentration to produce oxygen ion vacancies, resulting in the
decrease of ionic conductivity. The grain boundary conductivity (cg) of the
Ce;xGdyO,.5 pellet was followed in the order of x; 0.15 = 0.20 > 0.10. In the
Ce1xSm,O,.5 pellets, the bulk conductivity (op) and the grain boundary (cg,) was

followed in the same order of x; 0.10 > 0.15 > 0.20, especially at higher temperature.

A x=0.10
® x=0.15
-1 e M x=0.20
- [ |
& 2
.E .
[&]
© 3 m P
=
©
£ -4 I e
_5 L
_6 N N N N
1.5 1.6 1.7 1.8 1.9 2.0
1000/T (K™

Figure 30 Arrhenius plot of total conductivity of Ce; xGdxO,_s pellets
which calcined at 600°C for 2 h in air and sintered at 1500°C

for 5 hin air
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Figure 31 Arrhenius plot of total conductivities of Ce;xSmyO,_s pellets
which calcined at 600°C for 2 h in air and sintered at 1500°C

for 5hin air

Figures 30 and 31 illustrate the temperature dependence of the total
conductivities of Ce;xGdyO,5 and Ce;SmyO,5 pellets, respectively. The results
show that the Ce(gsGdo 15025 and CepgoSmy 10025 pellets give the largest ionic
conductivity. The bulk, grain boundary and total conductivities at 600°C of
Ce1xGdxO,5 and Ce; xSmO,_s pellets are shown in Tables 6 and 7.

Table 6 The bulk, grain boundary, and total conductivities at 600°C of Ce;xGdxO,.s

pellets
X Conductivity (S/cm)
Bulk Grain boundary Total
0.10 0.0201 0.0902 0.0246
0.15 0.0348 0.1847 0.0302

0.20 0.0334 0.1814 0.0011
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Table 7 The bulk, grain boundary, and total conductivities at 600°C of Ce;xSmyO,.5

pellets
X Conductivity (S/cm)
Bulk Grain boundary Total
0.10 0.0298 0.1179 0.0284
0.15 0.0383 0.1843 0.0255
0.20 0.0295 0.1587 0.0222

The activation energies of Ce; xGdxO,.5 and Ce;,SmO,.5 pellet samples were

shown in Tables 8 and 9, respectively.

Table 8 Activation energies of Ce;Gd,O,_s pellets

X Activation energy (eV)
Bulk Grain boundary Total
0.10 0.7659 0.8601 0.7868
0.15 0.7847 0.8919 0.8101
0.20 0.8918 0.8953 0.8947
Table 9 Activation energies of Ce;xSmyO,_s pellets
X Activation energy (eV)
Bulk Grain boundary Total
0.10 0.7251 0.8669 0.8155
0.15 0.8092 0.9351 0.7652
0.20 0.8197 0.9439 0.7653
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CONCLUSION

An easy, inexpensive and straightforward of metal complex method can be
carried out to prepare CeO, and Ce;GdiO,s and Ce;SmyO,5 powders. The
structures of pure cerium complex can be proposed as four coordinated cerium ion
binding to TEA molecule [Ce(TEA)] and five coordinated cerium ion with TEA and
CI ligands [Ce(TEA)CI]. The obtained ceramic powders are pure, homogeneous, and
nanosize. The appropriate temperature for calcining metal complex into ceramic
powders is started at 600°C. The effects of calcination temperatures observed clarity
match to the theories that the agglomeration and densification are increased with
increasing the calcination temperature. From the impedance spectroscopy, the largest
conductivity of Ce;.xGdxO,.5 and Ce;xSmyO,.5 1s found for the 0.15 mol% Gd
substitution (cgpoec = 0.0302 S/cm) and 0.10 mol% Sm substitution (ceeec = 0.0284

S/cm), respectively.
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Appendix Figure 1 TGA/DSC thermogram of 15 mol% Gd-doped cerium complex
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Appendix Figure 2 TGA/DSC thermogram of 20 mol% Gd-doped cerium complex
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Appendix Figure 3 TGA/DSC thermogram of 15 mol% Sm-doped cerium complex
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Appendix Figure 5 XRD patterns of Ceg g5Gdo 150,.5 powders calcined at
(a) 600°C, (b) 800°C, and (c) 1000°C for 2 h in air
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Appendix Figure 6 XRD patterns of Ceg 30Gdo200,.5 powders calcined at
(a) 600°C, (b) 800°C, and (c) 1000°C for 2 h in air
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Appendix Figure 7 XRD patterns of Cegg5Smyg 150,.5 powders calcined at
(a) 600°C, (b) 800°C, and (d) 1000°C for 2 h in air
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Appendix Figure 8 XRD patterns of Cegg0Smg200,.s powders calcined at
(a) 600°C, (b) 800°C, and (c) 1000°C for 2 h in air
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Appendix Figure 9 SEM micrographs of Ceg ssGdy.150,.5 powders calcined for 2 h
in air at (a) 600°C, (b) 800°C, and (c) 1000°C
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Appendix Figure 10 SEM micrographs of Ceg 50Gdo200,.5 powders calcined for 2 h
in air at (a) 600°C, (b) 800°C, and (c) 1000°C
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Appendix Figure 11 SEM micrographs of Cej gsSmy 150,.5 powders calcined for 2 h
in air at (a) 600°C, (b) 800°C, and (c) 1000°C
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Appendix Figure 12 SEM micrographs of Ceg goSmy 2005 powders calcined for 2 h
in air at (a) 600°C, (b) 800°C, and (c) 1000°C
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Appendix Figure 13 Impedance spectra of Ceg.99Gdy.1002-5 pellet which calcined
at 600°C for 2 h in air and sintered at 1500°C for 5 h in air
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Appendix Figure 13 (Continued)
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Appendix Figure 14 Impedance spectra of Ceg goGdy 20025 pellet which calcined
at 600°C for 2 h in air and sintered at 1500°C for 5 h in air
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Appendix Figure 14 (Continued)
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Appendix Figure 15 Impedance spectra of CeggsSmy 15055 pellet which calcined
at 600°C for 2 h in air and sintered at 1500°C for 5 h in air
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Appendix Figure 16 Impedance spectra of Ceg goSmg200,.5 pellet which calcined
at 600°C for 2 h in air and sintered at 1500°C for 5 h in air
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