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Abstract 

In this research, three different sol-gel synthesis methods by using cost 

effective materials, such as sugar + pectin, sodium alginate beads or sodium 

alginate granules, have been investigated for nanopowders production in 

Solid Oxide Fuel Cells (SOFCs) application. Materials (cerium gadolinium 

oxide and nickel oxide) have been selected as model materials. Cerium 

gadolinium oxide (CGO) is one of the most important electrolyte materials in 

SOFC due to its high ionic conductivity at 500-800 °c, whilst nickel oxide 

(NiO) can be reduced into nickel in SOFC fuels (H2 or CH4) as catalyst in 

anode layer. 

First of all, a novel sol-gel method has been developed for the production of 

high purity nanopowders of Ceo.aGdo.201.9 (CG02) solid solution using 

maltose or sucrose as an organic chelating agent and pectin for gelation. 

The results of this investigation indicate that the final particle size of 

approximately 10 nm can be obtained after calcination of the dried gel at 

. 500 °c for 2 hours in ambient air. Powder X-ray diffraction (XRD) shows that 

all samples are single phase cubic CGO powders. The mean crystallite sizes 

calculated from XRD analysis using Rietveld refinement method agree with 

the morphological features observed by transmission electron microscopy 

(TEM). The nominal composition of CG02 has been found to be in excellent 

agreement with that determined by energy dispersive X-ray spectroscopy 

(EDS) and inductively coupled plasma - atomic emission spectrometry 

analysis (ICP-AES). The ionic conductivities of Ceo.aGdo.201.9 samples are 

measured by AC-impedance which appears reasonably well with the 

reference data which will qualify the use of this material for SOFe as solid 

electrolyte and in the fabrication of composite electrodes. 

On the other hand, another novel and generic sol-gel method has been 

developed for the production of high purity metal oxide nanopowders using 

sodium alginate (Na-ALG). This has been demonstrated successfully 

employing NiO and CGO CG01 (Ceo.9Gdo.101.9s) and CG02 (Ceo.sGdo.201.9) 

as model materials in this instance. For NiO, the results of this investigation 

indicate that the final particle size of -20 nm can be obtained after 

calcination of the predried beads at 500 °c for 3 hours in ambient air. XRD 

shows that the obtained samples are single phase cubic NiO powders. 

Furthermore, freeze dried and X-ray micro-tomography (XMT) technologies 

are applied to observe the inside morphology of the Ni-ALG beads. XMT 
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shows that nickel ions have been uniformly cross-linked in the alginate 

structure and remained stable after freeze drying evidenced by the bright 

green color of the freeze dried beads. Finally, NiO nanopowders can also be 

synthesized using Na-ALG granules. 

Moreover, this alginate method has also been demonstrated successfully 

employing CGO in two composites designated as CG01 (Ceo.gGdo.101.9s) 

and CG02 (Ceo.sGdo.201.9), respectively. The results indicate that the 

nanopowders having a final particle size of -7 nm can be obtained after 

calcination of ion-exchanged alginate precursor at 500 °c for 2 hours in 

ambient air. The chemical structures of Na-ALG solution and CGO beads 

are analyzed by Fourier transform infrared spectroscopy (FTIR) which 

indicates that Ce3+/Gd3+ are ion-exchanged with Na+ after gelation. The 

nominal compositions of CG01 and CG02 have been found to be in 

excellent agreement with that determined by EDS and ICP-AES. The ionic 

conductivities of these two samples are measured by AC-impedance which 

appears reasonably well with the reference data which will also qualify the 

use of this material for SOFC as solid electrolyte. 

All of these new sol-gel methods are simple, environmentally friendly and 

non-toxic routes for a large scale production of high purity single phase 

nanopowders in a cost effective manner at significantly low temperatures. 
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Chapter 1 Introduction 

Solid oxide fuel cells (SOFCs) have the promise to improve energy efficiency 

and to provide society with a clean energy producing technology. The high 

temperature of operation (500-1000 °C) enables the SOFC to operate with 

existing fossil fuels to give very efficient conversion of fuels to electricity and 

to be used in combined heat and power applications or efficiently coupled 

with gas turbines. SOFCs are quiet and non-polluting and their inherent high 

efficiency leads to lower greenhouse gas emissions. 

In order to achieve long term performance stability and to widen the material 

selections, SOFC technologies are moving away from traditional 

temperature of 1000 °c towards intermediate or low temperatures of 

500-800 °c [1, 2). One of the ways to circumvent the problems, such as 

increase in electrolyte resistivity and high electrode over-potential, that 

prevail at intermediate and low temperature in SOFCs is to use solid 

electrolyte materials with high ionic conductivity and high chemical stability in 

oxygen potential gradient. This can be achieved by the use of gadolinium 

doped ceria (CGO) at intermediate or low operating temperature of SOFC 

[3). On the other hand, a metal catalyst such as nickel is usually applied into 

anode electrodes to increase the reaction rate during operation. According to . 

the literature review [4], the electrochemical performance of Ni based anode 

is significantly influenced by the starting nickel oxide (NiO) powders. This is 

due to the particle properties, such as average particle size and particle size 

distribution of NiO. Hence, to successfully obtained high purity single phase 

metal oxide nanopowders, such as CGO and NiO, is crucial in SOFC 

development. 

1.1. Motivation 

SOFC components produced from nanopowders have a number of 

advantages. The component electrolyte may exhibit a finer sintered grain 

structure, and therefore a higher density of grain boundaries. 

Nanoparticulate compacts have the ability to sinter to higher densities at 

much lower temperatures as a result of high surface area and exhibit high 

fracture toughness [5-8). These features may contribute towards increasing 

the oxygen ion mobility and therefore the ionic conductivity and redUCing 

ohmic loss in an electrochemical cell [9). In order to obtain nano crystalline 

pure CGO or NiO powders, various sol-gel techniques have been explored, 
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including the use of ethylene glycol [10] and ammonium carbonate [11]. 

However, from a commercial perspective, it is important to synthesize bulk 

nanopowders of CGO more rapidly and efficiently in an environmentally 

. friendly and cost effective manner. 

In this study, three different sol-gel synthesis methods using media such as 

sugar + pectin, sodium alginate beads or sodium alginate granules, will be 

investigated for nanopowders production. First, a combination of maltose or 

sucrose and pectin will be used for as chelating and gelation agents 

respectively of Ce3
+ and Gd3

+ cations in the aqueous precursor solutions for 

the production of high purity CGO nanopowders. This method is very much 

like jam making in food industry. Maltose is a disaccharide containing two a

glucose units linked by a-glycosidic bond. This covalent bond connects two 

monosaccharides at the carbon C1 (anomeric) of the first unit of glucose to 

carbon C4 of the second unit of glucose [12]. Sucrose is made from one unit 

of a-glucose and one unit of l3-fructose, and is probably one of the most 

abundant organic chemicals in the world. These two unit in chains are linked 

by a l3-glycosidic bond which is a covalent bond between two 

monosaccharides that involves carbon C1 (anomeric) of the glucose and 

carbon C2 of the fructose [12]. Pectin is present in ripe fruits and some 

vegetables. It consists of a linear polysaccharide containing between 300 

and 1000 monosaccharide units. Pectin is widely used in the food industry 

as a gelling agent [13]. It is well known that these organic materials are 

abundant in nature which results in low cost during production process. By 

using these organic materials in sol-gel production, nanopowders can be 

synthesized more rapidly and cost efficiently in manufacturing production 

scale. 

Furthermore, another novel and generic sol-gel method will be developed for 

the production of high purity nanopowders of metal oxides and their solid 

state solutions using organic powders such as sodium alginate (Na-ALG) 

which can function as ion-exchange media. Since the ion-exchange reaction 

takes place immediately as sodium alginate contacts with metal solution, it 

will significantly reduce the gelation time compared with sugar + pectin jam 

making process. Hence,' it is possible to increase the metal oxide production 

rate during manufacturing process. Alginate is an anionic polysaccharide 

that is naturally found in abundance in the cell walls of brown algae and it 

has 200-300 times more water absorbing capacity compared to its own 

weight. Sodium alginate dissolves readily in water, and it forms a gel if it is 

brought into contact with an aqueous solution of metal ions, whereby the 
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sodium ion in the polymer structure is replaced by the metal ion. By virtue of 

the gel structure, the metal ions become immobile and cannot readily get 

close to each other, hence the possibility of producing small nanoparticles. 

Moreover, the energy requirement for calcinations is partially provided by 

heat of combustion of the alginate. Therefore, metal oxides can be produced 

after calcination at a temperature range that is much lower than the 

conventional methods. The findings will prove that this method is simple, 

quick and environmental friendly which not only produces simple oxide such 

as NiO, CuO, CoO, Zr02 or Fe203, but also produces complex oxide such as 

NiFe204, CoFe204 and CGO for many applications in solid state 

electrochemistry technologies. 

1.2. Thesis Organization 

This thesis is separated into seven chapters including Introduction, Literature 

Review, Experimental Methods and Materials, Results, Discussion, 

Conclusion and Future Plan. 

Chapter 1 Introduction, presents a short induction of SOFC! followed by the 

motivation of this research and the organization of this thesis is described. 

Chapter 2 Literature Review, contains the types of fuel cells, component 

parts and working principle of SOFCs. This chapter also presents an 

overview of the most important materials and their principle for SOFC 

electrodes and electrolytes components. Moreover, a comprehensive study 

in sol-gel process including the history, mechanism and chemistry is also 

presented. A discussion of some advantages and disadvantages of the sol

gel method is included followed by the sol-gel precursors which previously 

used. 

Chapter 3 Experimental Methods and Materials, contains three novel sol-gel 

synthesis methods using sugar + pectin and sodium alginate as media. 

Followed by the theories and operating principles of various analytical 

methods, such as simultaneous Thermo-Gravimetric Analysis and 

Differential Scanning Calorimetry (TGAIDSC), Fourier transform infrared 

spectroscopy (FTIR), X-ray Diffraction (XRD) with Rietveld size/strain 

structural refinement, High Temperature X-ray Diffraction (HT-XRO), X-ray 

Micro-Tomography (XMT), Scanning Electron Microscopy (SEM), 

Transmission Electron Microscopy (TEM), Inductively Coupled Plasma -

Atomic Emission Spectrometry analysis (ICP-AES) and AC-impedance 
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spectroscopy, for material characterizations have been discussed in this 

chapter, respectively. 

Chapter 4 Results and Chapter 5 Discussion, provide the details of the 

research works and its findings of various metal oxides. CG02 

(Ceo.sGdo.201.9) nanopowders obtained from sugar + pectin sol-gel routes 

are shown in section 4.1 and 5.1, respectively. NiO nanopowders obtained 

from sodium alginate sol-gel routes are discussed in section 4.2 and 5.2, 

respectively. Finally, CG01 (Ceo.9Gdo.101.9s) and CG02 (Ceo.sGdo.201.9) 

nanopowders synthesized using sodium alginate beads are written in section 

4.3 and 5.3, respectively. 

At the end of the thesis, Chapter 6 Conclusion gives a general conclusion of 

this research work, followed by Chapter 7 Future Plan, which gives some 

guidelines about future research directions and in the end the reference list. 
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Chapter 2 Literature Review 

SO Fe development is an attractive research area requiring knowledge from 

different fields of study including physics, electrochemistry and materials 

science. One of a major objective in SOFe development is obtaining the 

proper material with high performance. Recently, there has been an 

increasing interest in nanoparticles for SOFe components due to their ability 

to sinter to high density at much lower temperatures as a result of high 

surface area and exhibit high fracture toughness. Thus, in this chapter, a 

comprehensive literature review of SOFe including working mechanism, 

materials in each component (e.g. Ni/NiO as catalyst in anodes and eGO in 

electrolytes) and nanopowders synthesis methods (e.g. sol-gel) is presented. 

2.1 Solid Oxide Fuel Cells (SOFCs) 

Fuel cells are electrochemical devices which generate electricity, water and 

heat with hydrogen or a gaseous fuel (rich in hydrogen) passing from one 

side of the device and oxygen from the other side. The main characteristic of 

the fuel cell is its ability to convert chemical energy into electrical energy 

which is the reverse of electrolysis of water. Hence, solid oxide fuel cells 

have much higher efficiency than other conventional power generation 

technologies as shown in Table 2.1. In addition, little pollution is generated 

and no particulates or NOx are emitted during this process. 

Over time, different types of fuel cells have been investigated. ,The main 

parts of a fuel cell are electrolyte with two different electrodes attached on 

both sides. The electrolyte is a material layer that conducted the charged 

atoms or molecules (ions) from one side to another. The cathode, where 

reduction takes place and which has a higher charge level. The anode, 

where oxidation takes place and which normally has the lower charge level. 

The electrolyte and the electrodes materials identify the types of the fuel 

cells. 
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Table 2.1. Classification of different types of fuel cells [14]. 

Fuel Cell 
Electrolyte 

Anode Cathode Temp. 
Efficiency Application 

T e Gas Gas °C 
Alkaline 

Potassium Pure 50 -
Space 

Fuel Cells 
Hydroxide 

Hydrogen Oxygen 250 35 -60% Vehicles, 
(AFC) Transport 
Proton-

Exchange 
Solid 

Pure or 
50 - Transport, Membrane 

Polymer 
Hydrogen Atmospheric 80 50 -70% CHp· 

Fuel Cells Oxygen 
(PEM) 
Direct 

Methanol 
Methanol Solid 

Solution in 
Atmospheric 80- 35 -40% Small CHp·, . 

Fuel Cells Polymer Water Oxygen 200 Transport 
(OMFC) 

Phosphoric Medium 
Acid Fuel Phosphoric 

Hydrogen 
Atmospheric -200 35 -50% 

CHp·, 
Cells Acid Oxygen Power 

(PAFC) Generation 
Molten 

Large CHpa 
Carbonate Alkali- Atmospheric 
Fuel Cells Carbonates 

Hydrogen 
Oxygen 

-600 40 - 55% Power 

(MCFC) Generation 

Solid Oxide 
Ceramic Hydrogen, Atmospheric 500 -

CHp·, 
Fuel Cells 50 - 80% Power 

SOFC 
Oxide Methane Oxygen 1000 

Generation 
Combine Heat and Power (CHP). 

Out of all these types of fuel cells, SOFCs are distinguished by high working 

temperature, high efficiency and their ability to generate electricity directly by 

hydrocarbon fuels see Table 2.1. The advantage of the SOFe is that both 

hydrogen (H2) and methane (CH4) can be used as fuel, whilst methane is not 

applicable in other fuel cells. Hence, many common hydrocarbon fuels, such 

as natural gas, diesel, gasoline, alcohol and coal gas, can be easily and 

safely used in SOFC. Another advantage is that the solid ceramic electrolyte 

and electrodes can be easily cast into any shapes for application. 

SOFCs are constructed entirely from solid ceramic materials, including a 

solid, compact, non porous metal oxide electrolyte and two solid porous 

electrodes. The fuel such as H2 is continuously supplied to the porous anode 

which reacted with the oxide ions (02-) from the electrolyte and released 

water and electrons (e-) to the external circuit. The oxidant (02 or air) is fed 

to the cathode with supplied the oxygen ions (02-) for the electrolyte. The 

electrolyte conducts the ions from the cathode towards the anode layer 

which maintaining the overall electrical charge balance as shown in Figure 
2.1. 
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Electric Current 

Fuel In 

0 = 

0 = 
Excess 

Fuel and H 0 
Water 2 

~ 

Air In 

Unused 
Gases 

Out 
L--__ 

c::::::> 

Anode Cathode 
Electrolyte 

Figure 2.1. Schematic overview of a working SOFC. 

The anode reaction is: 

The cathode reaction is: 

~Oz(g) + 2e- ~ 0 2-
Z 

The total reaction of SOFC is: 

Hz + ~Oz ~ HzO(g) + electricity (~G = - 237 kJ mol- l ) 
2 

(2.1) 

(2 .2) 

(2.3) 

The cell voltage corresponds to the Gibbs free energy of the reaction via the . 

equation ~G = nF~Uo. Where n is the number of electrons involved in the 

reaction and F is the Faraday constant. ilUo is the voltage of the cell for 
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thermodynamic equilibrium in the absence of a current flow. Therefore, 

_ 2:: = 1.23V. 

The working specifications of each SOFC components are highlighted below. 

More details will be discussed later. 

Anodes: 

• High electronic conductivity 

• High porosity 

• High strength 

• Effective oxidation catalyst 

• Chemical and mechanical stability 

• Thermal expansion compatibility with the electrolyte and the other fuel 

cell components (cathode and interconnects) 

• Durability 

• Low fuel transport resistance 

• Easy fabrication at a low cost 

Electrolytes: 

• Gas tightness 

• High density 

• High fracture toughness 

• High oxygen ion conductivity 

• Minimum electronic conductivity 

• High strength 

• Good chemical stability with respect to the electrodes 

• Durability 

• Thermal expansion compatibility with other components 

• Easy fabrication at low cost 

Cathodes: 

• Good electro-catalytic activity for 02 reduction 

• Good electronic conductivity 

• Stability over very wide ranges of oxygen pressure 
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• High strength 

• Non-volatile 

• Durability 

• Thermal expansion compatible with the other components 

• Easy fabrication at a low cost 

SOFes are produced into different shapes and configuration depending on 

their usage. The most employed geometries were Planar, Ring, Tubular, 

Monolithic and High Power Density SOFe [15], respectively. 

Planar SOFes contain 25-250 IJm thick electrolyte with two electrodes 

(25-100 IJm) on either side of the electrolyte at an operation temperature 

between 800 and 1000 ae. These individual cells are stacked in series by 

using a bipolar plate (interconnect) as shown in Figure 2.2. This interconnect 

is an electrical conductor and a separator plate which provided a gas barrier 

between the anode and cathode of two adjacent cells. The advantage of this 

design is that low cost fabrication methods such as screen printing and tape 

casting can be used. 

Cell 
Repe t 
Unit 

Figure 2.2. Planar SO Fe design. 

Interconnect 

Anode 

ElectrQIyte 

Cathode 

Air interconnect 
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Similar to planar SOFC, Ring-type SOFC is designed with endplate (top) and 

interconnect (bottom) single cell (see Figure 2.3) . The fuel is fed into the 

centre of a cylindrical stack consisting of layered circular cells . The reactant 

air is preheated whilst they pass through each interconnect gas manifold. 

The metal and ceramic contact joints between the electrodes and 

interconnects is made by LSC (LaxSr1-xCOO1») at the cathode side and a Ni 

gauze at the anode side. The un-reacted fuel is burnt with the un-reacted 

oxygen from air outside the device [15] . 

Interconnect 

Cathode 

.:::---~--- Electrolyte 
'---..0::.-.<, 

Figure 2.3. Ring-type SOFC [15]. 
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In contrast to planar and ring-type SOFC designs, tubular geometries are 

developed by Siemens-Westinghouse as shown in Figure 2.4. In this design, 

air or fuel is passed inside the tube and the other gas is passed outside. The 

advantage of this geometry is that it becomes much easier to seal and 

separate the fuel from the air compared with the planar design. The cell 

operates between 900 and 1000 °c and the usual electrolyte material is YSZ. 

Tubular Solid Oxide Fuel Cell 

EI ectrolyte 

Air 
Electrode 

Air 
Flow 

Interconnection --. 

Fue Electrode 

Figure 2.4. Tubular design SOFC from Siemens-Westinghouse [15]. 
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Siemens-Westinghouse has also investigated a High Power Density SOFC 

design (see Figure 2.5) with a flat cathode tube with ligaments. Easy flow of 

air inside the tube and high packing density of cells are the main advantages 

for this design. Therefore, higher volumetric power densities of a stack can 

be achieved. The bridge within the cathode tube allows for shorter current 

paths, which in turns decreases the ohmic resistance of each cell and 

increases the power density of cell stacks [15]. 

Cathode 

Anode 

Cathode 
contact 

Ni contact 

Electrolyte Ligament 

Figure 2.5. High Power Density SOFC [15]. 



- 13 -

Monolithic SOFC design (see Figure 2.6) consists of alternating anode and 

cathode compartments which are divided by individual electrolyte/electrode 

assemblies. According to laboratory tests , high efficiency, high potential of 

manufacturing and low costs can be achieved from this design. Another big 

advantage of these cells is that the co-sintering of the multiple cells in stack 

avoid the need for separated seals. 

~"""""""""""~~-Anode 

Electrolyte 

,.~-- Catode 

Interconnect 

Figure 2.6. Monolithic design SOFC. 

2.2 Electrolyte Materials 

Electrolyte materials in SOFC require high ionic conductivity/low electronic 

conductivity known as Mixed Ionic Electronic Conductivity (MIEC), stability in 

both oxidizing and reducing environments, good mechanical properties and 

long-term stability. The state of art electrolyte in SOFC application is yttria 

stabilized zirconia (YSZ) with ideal operating temperature around 

800- 1000 °C. On the other hand, gadolinium or samarium doped ceria 

(CGO or CSO) introduces oxygen vacancies and induces ionic conductivity 

at low temperature region [16] due to the ionic radii of Gd3
+ or Sm3

+ which 

nearly match the ionic radius of Ce4
+ [17, 18]. In addition, these material 

exhibit low electronic conductivity at low oxygen partial pressure. At 700 °c , 
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high conductivity close to the conductivity of YSZ at 1000 °C is observed for 

CGO [19, 20]. Therefore, CGO is also selected as a suitable candidate for 

IT-SOFC electrolyte material. Furthermore, Sr and Mg-doped lanthanum 

gallate (LaGa03) has attracted more and more attention as a potential 

candidate in SOFC electrolyte material. La1-xSrxGa1-yMgy0 3-xl2-y/2 (LSGM) 

has ionic conductiv ity higher than YSZ but lower than CGO. In addition, the 

stability of LSGM is higher compared with the one from CGO and thus, it is 

being suggested as electrolyte material operated at temperatures between , 
600-800 °C. The minimum temperature at which each of these systems can 

be operated depends on a combination of the ionic conductivity and a 

realistic assessment of a minimum electrolyte film thickness of 1 0 ~m and a 

conductivity of 1x10-2 Scm-1 (corresponding to an area specific resistance of 

0.1 ohms cm-2), then the minimum operating temperatures are -700 °C 

(YSZ) , -550 °C (CGO) and -550 °C (LSGM) based on the data in Figure 2.7. 

o 

-1 

E 
(.) 

'c: 
'-" -2 

t:) 

Cl 
o 

-3 

-4 

800 700 600 

Bi 0 
2 3 

1.0 1.2 
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T e e )· 
400 

1.4 

1000fT (K) 

300 

1.6 1.8 

Figure 2.7. Ionic conductivity of different electrolyte materials [15]. 
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Each electrolyte system offers advantages and disadvantages. Thus, YSZ 

fulfills the electrical requirements at high temperatures and has good high 

temperature mechanical properties. Problems occur because of its reactivity 

with perovskite oxide electrodes containing lanthanum at high temperature 

forming La2Zr207 resistive layers. LSGM has higher ionic conductivity than 

YSZ and is more compatible with lanthanum transition-metal oxide 

perovskite cathodes. On the anode-electrolyte side, composite LSGM-NiO 

anodes are less compatible with LSGM because of the reactivity of NiO, 

than the corresponding composite Ni-YSZ anodes are with YSZ. 

Furthermore, single phase LSGM is very difficult to produce since secondary 

phases such as La4Ga209 and SrLaGa307 are obtained at the grain 

boundaries during synthesis [21, 22]. Ceria doped with rare earth metals has 

received considerable attention as an alternative electrolyte and it has the 

highest conductivity at lower temperature of other than doped bismuth 

oxides when substituted with 0.1-0.2 Gd20 3. Doped ceria is more stable 

than bismuth oxides but, in reducing conditions (P02 == 1 x 1 0-19 atm), Ce4
+ is 

reduced to Ce3
+. The reduction reaction results in the introduction of 

electronic conductivity thereby reducing the fuel cell efficiency. The width of 

the electrolytic domain increases as the temperature is lowered and the 

electronic conductivity is no longer a problem at 500°C [23]. 

2.2.1. YSZ 

Commercial 8 mol% yttria stabilized zirconia (8YSZ) has so far been the 

choice for the electrolyte, due to its high ionic conductivity (-0.1 Scm-\ high 

stability and thermal expansion compatibility (-10.5X 10-6 K-1
) with other 

components. However, YSZ ideal operating temperature of 800-1000 °C 

causes a large number of engineering problems. The main target so far has 

been to reduce the operating temperature whilst keeping high ionic 

conductivity during operation. The ionic conductivity is known to vary with 

preparation routes and sintering conditions due to the resultant 

microstructure of YSZ [24]. A number of researchers were investigating the 

relationship between microstructure and ionic conductivity of YSZ electrolyte 

with different sintering and synthesis conditions. Details of findings are 

described briefly below. 

Gaudon et al. [25] concluded that the total ionic conductivity was contributed 

by bulk and grain boundaries of YSZ electrolyte. The bulk conductivity was 

related to the density of the sample, whilst the grain boundary conductivity 

was related to the density and grain size of the sample. 
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Chen et al. [26] studied the sintering behavior of commercial 8YSZ with a 

mean particle size of 50 nm under different heat treatment conditions. The 

author found that both sintering temperature and annealing time influenced 

the total ionic conductivity of 8YSZ. The best sintering temperature for 8YSZ 

was 1350 DC with highest ionic conductivity 0.105 Scm-1. At a fixed sintering 

temperature 1000 DC, the total conductivity of YSZ increased with increased 

annealing time at maximum measurement (0.112 Scm-1) after 8 hours. 

Mazaheri et al. [27] obtained high density 8YSZ compacts (> 97%) by two 

step sintering method [28]. The initial nanopowders were obtained by glycine 

nitrate process with mean particle size -25 nm. The two step sintering 

conducted at first step T 1 = 1250 DC and second step T 2 = 1050 DC 

significantly prohibited the grain growth in the final stage of sintering without 

deteriorating the densification process. The grain size was decreased from 

2.15 mm (for normal sintering) to 295 nm by applying two-step sintering 

process as shown in Figure 2.8. 

Figure 2.8. SEM micrographs of nano crystalline 8YSZ compacts sintered 
according to Normal Sintering (top) and Two Step Sintering (bottom) 
[28] . 
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On the other hand, research was also focused on synthesis 8YSZ nano 

particle by different methods to reduce the calcination temperature and 

particle size. Suciu et al. [9] synthesized 8YSZ nano particles by sol-gel 

method with sucrose and pectin as precursors. After calcination at two 

different temperatures, 500 and 1000 °C, final particle size was measured as 

8.3-10.3 nm and 37-58 nm (see Figure 2.9), respectively. 
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Figure 2.9. TEM images of 8YSZ calcined at 500, 700 and 1000 °C, 
respectively [9]. 
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Gaudon et al. [25] produced nano crystallized 8YSZ by spray pyrolysis with 

lower sintering temperature (600 °C) compared with conventional 

preparation route. Taranc6n et al. [29] also obtained 8YSZ nanopowders 

using polyacrylamide gel-combustion process. The mean crystal size was 9 

nm calculated by XRD Rietveld refinement as shown in Figure 2.10. 
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Figure 2.10. XRD Rietveld refinement pattern of 8YSZ [29]. 
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Gadolinium doped ceria (CGO) was an ideal candidate for IT-SOFCs due to 

its high conductivity (-0.1 Scm-1
) at relatively low temperature (500 °C). 

Various methods had been applied to obtain CGO nanopowders in a 

relatively quick, cost effective and environmental friendly manner. 

Taranc6n et a/. [29] obtained Ceo.aGdo.201.9 (CG02) nanopowders using 

polyacrylamide gel-combustion process. An aqueous solution of acrylamide 

(CH2=CHCONH2) was used as a chelating agent. After microwave oven 

dried and thermal heat treatment, the mean crystal size was -35 nm 

calculated by XRD Rietveld refinement as shown in Figure 2.11 . TEM 
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images further confirmed the calculation from XRD Rietveld refinement. 

Although this sol-gel process produced single phase CG02 nanopowders 

due to homogeneous distribution of Ce3
+ and Gd3

+ metal cations in aqueous 

solution, the chelating agent was relatively expensive for commercial 

production. 
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Figure 2.11. XRD Rietveld refinement pattern of CG02 [29]. 
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Huang et al. [10) synthesized Ceo.9Gdo.101.95 (CG01) nanopowders by 

conventional ceramic solid state method and sol-gel process with nitric acid 

and ethylene glycol. The researcher did not report the particle size obtained 

from conventional solid state method, but an average diameter of 250 nm 

(see Figure 2.12) CGO nanopowders were obtained from sol-gel method. 
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Figure 2.12. TEM picture of CG01 particles prepared from sol-gel process 
and calcined at 700 °C [10]. 

The obtained nanopowders were pressed into pellets and sintered to 99% of 

the theoretical value. Five different atmospheres were chosen: air, Ar, Ar + 2% 

H2, Ar + 10% H2 and H2 + 3% H20 to measure the electrical conductivity of 

CG01 in temperature range 320 °Cs T s 800°C. The activation energy E a 

in Ar + 10 vol. % H2 and H2 + 3 vol. % H20 conditions as shown in Figure 2.13. 



- 21 -

5 eleotro nie CQ nduc!IYjty 
• Artl0mQI%H2 
• ~t3mol%HZQ 

4 

E 
~ 
I/) 
~ 3 
~ 
D· 

E 

. 2 

o 
0.8 1.0 1.2 1.4 

10OOIT, K·1 
1.6 1.6 

Figure 2.13. Temperature dependent of electronic conductivity of CG01 
with the assumption of only oxide-ion conduction in air [10]. 

Ma et al. [30] produced Ceo.aGdo.202-() (CG02) by conventional ceramic solid 

state method with Gd20 3 (mean diameter -550 nm) and Ce02 (mean 

diameter -500 nm) as starting materials, and determined the sintering 

temperature to CG02 compound. It was found that the dissolution of Gd20 3 
in Ce02 was completed at 1600 °C for 5 hours. The addition of Gd203 

increased sintering temperature, retarded densification, and also depressed 

grain growth as compared with un-doped Ce02. The sample sintered at 

1550 °C for 5 hours had the highest grain boundary conductivity. The grain 

sizes of CG02 after different sintering conditions were observed by SEM 

and shown in Figure 2.14. The activation energy Ea = 0.986, 0.920 and 

0.915 eV after sintered at 1500, 1550 and 1600 °C, respectively [30]. The 

disadvantage of the solid state method was that large grain growth was 

observed during processing. 
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Figure 2.14. SEM of CG02 sintered in air for 5 hrs at (a) 1300 °C, (b) 1400 
°C, (c) 1500 °C, (d) 1550 °C, (e) 1600 °C and (f) 1700 °C, respectively 
[30]. 

Castillo et a/. [31] obtained Ce1-xMx02-li (M = Gd, Sm or Y; x = 0 - 0.2) 

nanopowders using a radio frequency inductively coupled plasma reactor. 

The obtained nanopowders were single phase with mean particle size -25 

nm. This synthesis method is quick, but expensive which is not suitable for 

commercial production. 
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Dikmen et al. [32] synthesized Ce1-xGdx02-li (x = 0-0.3) nanopowders by 

hydrothermal process. The conductivities of CGO of various compositions 

were measured in air. Different parameters were shown in Table 2.2. In 

these CGO composites, the maximum conductivity, 0600'C ...... 7.53 x 10-3 

Scm-1 with Ea = 0.58 eV, was found at x = 0.25. Although hydrothermal 

synthesis method produced small particles, it usually required long time heat 

treatment. 

Table .2.2. Lattice parameters, crystallite sizes and electrical properties of 
Ce1-xGdx02-li (x = 0-0.3) solid solutions [32]. 

Lattice Activation 
Composition 

parameter a Aver. Crystallite Conductivity 0600'C energy 
x (nm) size 0 (nm) (Scm·1) (f 5%) Ea (eV) (f 

0.05) 
0 0.54120(5) 50 1.10 )( 10.5 1.03 

0.05 0.54156(2) 50 1.86)( 10-5 1.01 
0.10 0.54194(4) 46 3.31 )( 10-4 0.99 
0.15 0.54225(2) 68 1.23)( 10-3 0.97 
0.20 0.54260(4) 65 5.09)( 10-3 0.83 
0.25 0.54296(6) 54 7.53)( 10-3 0.58 
0.30 0.54330(7) 41 4.99)( 10-3 0.80 

In conclusion, there are different methods in CGO material synthesis such 

as solid state method, sol-gel and hydrothermal synthesis. For solid state 

synthesis, high temperature and large crystal size are usually observed 

since large energy was required to merge Ce02 and Gd203 particles. For 

sol-gel method, since homogenous Ce3
+ and Gd3

+ cations are tracked in a 

system, it is possible to obtained small nanopowders after calcination at 

relatively low temperature (-600°C). However, the chelating agent is 

expensive which is difficult for commercial production. The hydrothermal 

synthesis method also produces small CGO nanopowders at low 

temperature (-200°C), but long time heat treatment is crucial in this method. 

Apart from initial starting nano particles, sintering temperature and time are 

also important to achieve high conductivity because of the compact density, 

grain size and grain boundary. In IT-SOFCs application, two compositions 

Ceo.gGdo.101.95 (CG01) and Ceo.sGdo.202-li (CG02) are often being chosen 

due to their high conductivity. Different parameters of these two 

compositions of CGO are summarized in Table 2.3. 
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Table 2.3. Different parameters of Ceo.9Gdo.101.95 (CG01) and 
Ceo.sGdo.201.9 (CG02). 

Synthesis Particle Grain Activation 
Materials Calcination Size Sintering Size Energy Ref. Method 

{nm} {I:!m} Ea {eV} 
Sol-gel 

700°C 1585°C (ethylene -24 hrs 250 -6 hrs 
1 ... 5 0.40 "'0.51 [10] 

glycol) 
Sol-gel 800°C 1350°C 

CG01 (ammonium -2 hrs 25 - 5 hrs 
1 ... 2 0.85 [11 ] 

carbonate) 
Sol-gel 600°C 15 1400°C 1"'5 0.49 [33] (PVP) . -2 hrs 

Hydrothermal 
260°C 46 

1400°C 
0.99 [32] -10 hrs -4 hrs 

Sol-gel 800°C 35 [29] 
(aerylamide) - 5 hrs 

Sol-gel 1000°C 250 
1600°C 10 ... 20 1 [34] (EDTA) -2 hrs -10 hrs 

CG02 Solid State 500 1600°C 10 ... 15 0.915 ... 
[30] - 5 hrs 0.998 

Solid State 
1600°C 5 ... 20 0.826 [35] - 5 hrs 

Hydrothermal 260°C 65 1400°C 
1 "'1.5 0.83 [32] -10 hrs -4 hrs 

Furthermore, Leng et al. [3] studied an entire single cell performance made 

of Ceo.aGdo.201.9o electrolyte layer with thickness about 10 !-1m supported by 

Ni/Ceo.9Gdo.101.95 cermet anode. The cathode layer was made of 

LSCF/CGO material with -30 !-1m thickness. High power densities of these 

samples were observed with 578, 358 and 167 mWcm-2 at 600, 550 and 

500 °C, respectively. Even higher power density (625 mWcm-2 at 600 °C) 

was achieved by increasing the air flow rate to about 1100 sccm. 
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Figure 2.15. SEM of (a) cross-section of anode and electrolyte, (b) surface 
of electrolyte, (c) cross-section of anode, (d) cross-section of cathode 
[3]. 

Xia et al. [36] studied an anode supported SOFCs based on Gdo.1Ceo.g01.9 

prepared using glycine-nitrate process with Ni/CGO-35 wt. % as anode and 

SSC/CGO-10 wt. % as cathode. The maximum power density was obtained 

as 145 and 400 mWcm-2 at 500 and 600°C, respectively. The SEM image of 

the cross section of a single cell is shown in Figure 2.16. 
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Figure 2.16. SEM cross-section of a single cell [36]. 

Although excellent performance was obtained from CGO, it had a relatively 

narrow region of oxide ion conductivity [37]. In order to minimize the 

instability at low oxygen partial pressures, other ceria based materials with 

substitution of Gd by Sm, Ca and Mg had been analysis [30, 38-41] . It is now 

known that the ionic conductivities of ceria based materials depended on the 

ionic radii of added cation and the most promising system so far was 

gadolinium doped ceria (CGO). 

2.2.3. LSGM 

A perovskite oxide, Lao.aSrO.2GaO.aMno.203 (LSGM) [42] had a comparable 

oxide ion conductivity (0.1 Scm-1) with YSZ at intermediate temperature, 

550-800 °C. Over a large range of oxygen partial pressures (1-10-20 atm), 

this material showed good chemical stability and negligible electronic 

conductivity [43]. Thermal expansion coefficient of this material was 17.5 x 

10-6 K-1. Over time, LSGM had been synthesized by various methods. 

Tarancon et al. [29] investigated nano crystalline LSGM by using sol-gel 

method. According to XRD pattern, impurity phases such as La2Ga209, 

LaSrGa307, LaSrGa04 and Sr2Ga206 were obtained between 800 and 

1300 °C sintering temperature. (See Figure 2.17) 
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Figure 2.17. XRD patterns of LSGM sintering at (1) 800 °C, (2) 900 °C, (3) 
1000 °C, (4) 1100 °C, (5) 1300 °C for 5hrs in static air condition, 
respectively [29]. 

Shi et al. [44] also synthesized LSGM by using glycine-nitrate combustion 

method. The XRD pattern indicated that main phase (LaGa03) existed in all 

specimens, the impurity phases decreased remarkably with increasing 

temperature. There were nearly no secondary phases appeared at 

temperature above 1400 °C. Single phase LSGM could be obtained at lower 

sintering temperature (-1432 °C) by glycine-nitrate combustion method 

compared with conventional sol-gel or solid state route. Therefore, the main 

disadvantages of LSGM were undesired segregation of impurities during 

synthesis and high calcination temperature. Extensive literature showed that 

single phase LSGM would be obtained with a calcination temperature up to 

1500 °c, depending on the preparation routes [45-47]. 

2.3 Electrode Materials 

Electrodes are critical components in SOFCs in that they provide the 

interface between the chemical energy associated with fuel oxidation and 

electrical power. Typically, they are complex structures that consist of a 
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three phase percolating composite of a metal or mixed conducting oxide, an 

oxide electrolyte and the pore space. The transport reaction network in such 

porous structures is very complex and contributions from the various 

processes and thereby the overall electrode performance has been studied 

by many groups. Several materials requirements are general to both anodes 

and cathodes. Both electrodes must have high electro-catalytic activity and 

electronic conductivity to minimize the effective resistance. The anode acts 

as an electro-catalyst for the oxidation of fuel components by oxide ions 

transported through the electrolyte and the cathode catalyzes the oxygen 

reduction reaction. Electrons produced or consumed by the chemical 

reactions at the electrode surfaces must be transported from the electrode to 

the external circuit. The electrodes must also be stable. Because a SOFC is 

cycled between room temperature and the operating temperature, the 

thermal expansion of the electrode must be matched to that of the electrolyte 

and the current collector to give stable interfaces. The electrodes must be 

chemically stable at the operating temperature with respect to the electrolyte 

and the current collector and must have stable microstructures under 

operating conditions with respect to both porosity and surface area [23]. 

2.3.1 Anode 

In SOFC, metal catalyst such as Ni is usually applied into anode electrodes 

to increase the reaction rate during operation. An interface is generated with 

electrolyte, catalyst and porous electrode in order for electrons, oxygen ions 

and fuel gas to present in the same electrochemically active area. This area 

represents as Triple Phase Boundary (TPB) which extensively affects the 

total performance of the cell. At the anode electrolyte interface, the 0 2
- ion 

(coming from the electrolyte) gives up two electrons and, simultaneously, 

together with H2 (from fuel, coming from the anode pores) formed water 

molecule. It is well known that the electrochemical reaction can only occur at 

the TPB. If ions from the electrolyte does not appear at the reaction area, if 

fuel molecules do not reach to the reaction area, or if electrons cannot be 

removed from the reaction area, there is no electricity contribution from the 

cell. Therefore, more and more studies are concentrated on the relationship 

between TPB and total performance of the fuel cell. A schematic diagram of 

TPB is shown in Figure 2.18. 
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Figure 2.18. Schematic diagram of electrode/ electrolyte interface. 

In order to increase the TPS area, introduction of an intermediate layer 

between anode and electrolyte is investigated as shown in Figure 2.18. This 

layer not only increases the electrochemically active area, but also reduces 

the mismatch in thermal expansion coefficients between anode and 

electrolyte. Another way is to increase the size of TPS geometrically by 

using nano particles during electrode and electrolyte synthesis. However, 

the porosity of the anode layer decreases by using smaller starting particles. 

Thus, careful design of the microstructure in SOFe preparation is important. 

Furthermore, in order to minimize the polarization losses of H2 oxidation 

reaction , anode materials should meet the basic requirements of high 

electronic conductivity, sufficient electro-catalytic activity, chemical stability 

and thermally comparable with other cell components [48]. Some anode 

materials are discussed below. 

The state of the art anodes used with YSZ electrolytes were composites of 

nickel metal with YSZ as the ionic conducing component. Conventional 

NilYSZ cermet anodes were usually made by commercial NiO and YSZ 

powders. Mechanical mixing and ball milling were required to homogenize 

these powders. The mixture powders were then sintered to form dense 

NiOIYSZ cermet. After reduction heat treatment, usually under H2 and N2 
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gas mixture, porous NilYSZ electrode was obtained. Large amount of 

research findings [49-51] indicated that the performance of NilYSZ cermet 

anode was critically dependent on the microstructure and distribution of Ni 

and YSZ phases [49-51]. Therefore, the fabrication route, characteristics of 

starting NiO and YSZ powders and sintering behavior were crucial for 

NilYSZ anode production. 

The electrochemical performance of NilYSZ anode was significantly 

influenced by the starting NiO and YSZ powders. This was due to the 

particle properties, such as average particle size, particle size distribution 

and sintering behavior of NiO and YSZ starting powders varied from different 

suppliers. Eight different commercial NiO powders had been evaluated by 

Tietz and his co-workers [4]. The average grain size after sintering varied 

greatly from 0.5 to 14.7 !-1m. (see Figure 2.19) The density difference ~d (%) 

of NiO powder ranged from 5.8 to 47.8% after 10 hours sintering at 1400 °C. 

The maximum shrinkage rate occurred at temperature range between 447 

and 1400 °C. In general, high surface area corresponded to high shrinkage 

and low starting sintering temperature. Similar to commercial 3 and 8 mol% 

YSZ powders, the characteristics of starting powders also varied 

considerably from different suppliers. Ciacchi et al. [52] found that the 

specific surface areas of commercial 3YSZ powders change from 7.5 to 17 

m2g-1 and 8YSZ from 8.6 to 26 m2g-1
, respectively. 



- 31 -

NiO- l NiO-2A 

NiO-5 (Standard) NiO-3 

NiO-7 NiO-8 

Figure 2.19. Eight different particle morphologies of NiO powders [4]. 

Coarsening treatment of starting powder was also important in NilYSZ 

anoge preparation to control particle size distribution and shrinkage profile 

for high quality Ni coating. In practice, careful heat treatment of starting NiO 

and YSZ powders controlled the sintering profile of the cermet powder. The 

effect of coarsening NiO powders on the polarization performance of 

Ni/3YSZ anodes was studied by Jiang et al. [53] 
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Figure 2.20. Change of particle size distribution of NiO as a function of 
coarsening temperature for three different commercial NiO powders (a) 
AJAX NiO, (b) HNO-300 NiO, (c) NFP NiO [54]. 
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Figure 2.20 illustrated a typical particle size distribution of NiO as a function 

of coarsening temperatures for three commercial NiO powders. As-received 

AJAX NiO powders showed fine particles with broad particle size distribution. 

(See Figure 2.20a) Average particle size was measured as -1 ~m. At 900 °e, 
AJAX NiO powder dramatically changed indicated by the increased average 

particle size and narrowed particle size distribution. The NFP NiO powder, 

as shown in Figure 2.20c, had narrow particle size and normal distribution of 

the particle. The average particle size was increased by coarsening heat 

treatment. The characteristics of starting NiO powders in relation to 

coarsening treatment had direct effect on the electrode performance. For 

Ni/3YSZ cermet anodes prepared from AJAX NiO powder,· the polarization 

losses reached minimum at coarsening temperature -600 °e. (See Figure 

2.21a) For HNO-300 NiO powder, the polarization losses remained more or 

less the same with coarsening temperature below 900 °e as shown in Figure 

2.21b [53]. 
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Figure 2.21. Electrode performance of Ni/3YSZ (50 vol.%) cermet anodes 
as a function of coarsening temperature of (a) AJAX NiO and (b) HNO-
300 NiO. Over-potential was measured under a current denSity of 250 
mAcm-2 at 1000 °e in 97% H2 I 3% H20 [53]. 

The fundamental reason for this significant difference in heat treatment 

effect on NilYSZ cermet anode performance was related to the YSZ 

sintering behavior. In the case of YSZ powders, the sintering behavior was 

corresponded to yttria content. The figure below (Figure 2.22) indicated the 

change of average particle size of Tosoh 3 and 8YSZ powders and AJAX 

NiO with different heat treatment temperatures [55]. There was a Significant 

grain growth observed for 8YSZ powders above 1200 °e. This indicated that 

the 8YSZ grain growth kinetics were much faster compared with the one 
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from 3YSZ and NiO powders. Matsushima et al. [56] studied the effect of 

sinterability of 8YSZ powders on the electrode performance of Ni/8YSZ 

cement anodes. 8YSZ had shrinkage rate of 26.8% compared with NiO 

powders at 15.6%. However, the sintering profile of NiO/8YSZ cermet was 

primarily dominated by 8YSZ phase rather than NiO phase. The maximum 

sintering rate for 8YSZ occurred at -1300 °C which was similar to Jiang's 

data [55]. As suggested by Lange et al. [57], maximum sintering rate 

corresponded to a transition from densification kinetics to grain growth 

kinetics. Therefore, comparable grain growth kinetics of 8YSZ and NiO 

powders benefited the establishment of Ni-Ni contact in the cermet. This 

resulted in significant reduction in electrode ohmic resistance ·during 

coarsening cermet powder preparation. 
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Figure 2.22. Change of the average particle size of Tosoh 3YSZ, Tosoh 

8YSZ and AJAX NiO powders with coarsening temperature [55]. 

Sintering of NilYSZ cermet coating at high temperature such as 1400 °C was 

essential to achieve high electrode performance and low electrode ohmic 

loss resistance. Fukui et al. [58] studied the sintering behavior of NilYSZ 

cermet anodes prepared by spray pyrolysis. The researcher used NiO/8YSZ 

which was printed on an YSZ electrolyte with LSM as· cathode on the other 

side. The single cell obtained by this method was operated in a condition of 

97%H2/3%H20 for anode and air for cathode with various operating 
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temperatures. In this atmosphere, NiO/8YSZ was reduced to Nil8YSZ to 

form anode at the first stage. The best performance of this cell was observed 

at about 1350 °C with lowest IR and polarization losses. SEM indicated that 

the NilYSZ anode had high homogeneous porous structure with fine YSZ 

and Ni grains as shown in Figure 2.23. These highly dispersed fine grains 

contributed to the total length of TPB, therefore high performance was 

obtained. 

Figure 2.23. SEM of Ni-YSZ cermet anode fabricated at various sintering 
temperature of (a) 1200 °C, (b) 1300 °C, (c) 1350 °C and (d) 1400 °C 
from NiOIYSZ cermet, respectively [58]. 
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Furthermore, apart from conventional ceramic mixing process based on 

commercial NiO and YSZ powders, Aruna et al. [59] used nickel nitrate, 

yttrium nitrate and zirconium nitrate to prepare NilYSZ by combustion 

synthesis method. The as-formed cermet powders were fine with average 

agglomerated particle size in a range of 0.25-0.8 !-1m. The best performance 

was achieved with high electrical conductivity (40 Sm-1
) and low thermal 

expansion coefficient about 11.64 x 10-6 K-1 with Ni content:; 30 vol.%. 

Ringuede et al. [60,61) also used combustion synthesis method to produce 

NilYSZ anode. By mixing nitrate precursors, such as ZrO(N03h'6H20, 

Y(N03)J-6H20 and Ni(N03h·6H20 with urea CO(NH2h on a hot plate, 

NilYSZ was obtained after combustion at 600°C. The electrode polarization 

resistance was measured to be 0.2 Ocm2 at 1000 °C. This value was 

comparable to conventional oxide powder cermet. 

Although at present NilYSZ are the best and most widely used anode 

materials, there were known problems such as sulfur poisoning and carbon 

deposition by using hydrocarbon fuels. Under high carbon activity 

environment Fe, Ni, Co and their related alloys were corroded by a process 

called metal dusting. Metal dusting involved disintegration of bulk metals and 

alloys into metal particles at high temperatures, between 300 and 850°C, in 

environment that were supersaturated carbon [54]. The operation 

temperature and gas composition seriously influenced the Ni corrosion rate. 

The higher the temperature, the higher carbon deposition rate was 

presented. By using wet methane as fuel, carbon deposited onto Ni and 

formed graphite. More seriously, it was not possible to burn the deposited 

graphite by electrochemically permeated oxygen. Furthermore, at 

temperature below 700°C, nickel particle converted back to nickel oxide 

because of high oxygen partial pressure. This resulted as volume change 

and caused instability of NilYSZ anode microstructure. Therefore, NilYSZ 

became un-suitable for IT-SOFC application with operation temperature 

between 500 and 700°C. 

Several approaches to limit carbon formation on anode materials have been 

taken. One approach has been to replace the Ni component with Cu. Copper 

does not catalyze carbon formation and does not play a role in the electro

catalysis but it is effective as a current collector. To achieve reasonable 

power densities, it is necessary to add cerium oxide as an oxidation catalyst; 

Cu provides the electronic conductivity. Copper has a lower melting point 

than nickel, and consequently, Cu-containing anodes have to be used at 

lower temperature to avoid loss of surface area [62, 63]. 
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One way of enhancing the activity and stability of Cu-based anodes involves 

alloying the Cu with a second metal such as Ni or Co that have -higher 

catalytic activities [23]. Kim et al. [64] examined the use of Cu-Ni alloys as 

anodes for the direct oxidation of methane in YSZ solid-oxide fuel cells at 

800°C and demonstrated that carbon formation was greatly suppressed on 

the alloys compared to pure Ni. In a similar way, anodes containing mixtures 

of Cu and Ni or Cu and Co showed improved performance in H2 at 700°C 

compared to Cu-based anodes and decreased carbon formation in n-butane 

compared to Ni- or Co-based anodes. 

On the other hand, doped ceria materials had been largely investigated as 

alternative electrodes or electrolytes to replace YSZ for IT-SOFC 

applications. The major problem with ceria as the anode or electrolyte 

material was the reduction of Ce4
+ to Ce3

+ under the fuel rich conditions, 

introducing electronic conductivity and lattice expansion. The introduced 

electronic conductivity under fuel reducing environment had been explored 

for the anode application as it had. been shown that Ce02 anode could 

electrochemically oxidize dry methane as the presence of mobile lattice 

oxygen reduces the rate of carbon deposition. The high electro-catalytic 

activity of ceria-based materials for methane oxidation was most likely due to 

the extraordinary ability of ceria to store, release and transport oxygen ions. 

Marina et al. [65] described the application of Ceo.6Gdo.401.8 as the anode for 

both H2/H20 and CHJH20 oxidation reactions at 800-1015 °C. In order to 

improve the adhesion between CGO electrode and YSZ electrolyte, an 

intermediate layer of coarse grain YSZ was deposited on YSZ electrolyte. An 

area specific internal resistance of 0.39 ncm2 and a power density of 470 

mW/cm2 was observed at 1000 °c using H2/H20/N2 = 911.2189.8 as fuel. In 

contrast, an area specific internal resistance of 2 ncm2 and a power density 

of 80 mW/cm2 for CH4 were obtained. No carbon deposition and degradation 

was found on these specimens after a full redox cycle compared with NiNSZ. 

Uchida et al. [66] studied the electro-catalytic activity of mixed conducing 

oxides of Sm-doped Ce02 (SOC) and V-doped Ce02 (YOC) for the H2 

oxidation with and without addition of Ru. At 800°C, a performance of 

0.2-0.25 Acm-2 was obtained on SOC and YOC anodes. The current 

increased to 0.4-0.5 Acm-2 with addition of fine Ru particles. 

Overall, to develop alternative anodes for direct oxidation of hydrocarbon 

fuels with volume stable, high electronic and ionic conductivity anode for low 

temperature SOFC became the main targets for materials chemists [54]. 
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2.3.2 Cathode 

The SOFC cathode has received extensive attention, as it is the component 

which contributes significantly to the overall resistance. Large amounts of 

different materials have been studied in order to reduce the cathodic 

polarization. Most of the state of art cathode materials consist ot" active 

perovskite type oxides with lanthanum based composition substituted with Sr 

on the A-site to introduce oxygen vacancies to facilitate oxygen transport. In 

addition, significant level of electronic cC?nductivity is required for this 

compound and hence transition metal perovskites are also employed. In this 

report, two different series of cathode materials including Ln1-xSrxFe1_yCoy03-

a (Ln = La, Sm, Nd, Gd and Dy) or Ln1-xAxM1-yMny03-a (Ln = La, Nd and Pr, A 

= Ca and Sr, M = transitional metal) are discussed in details [24]. 

Ln1-XSrx~e1-yCOy03-a was a series of materials where Ln = La, Sm, Nd, Gd 

and Dy. The use of lanthanum cobaltate materials, mainly LSC and LSCF, 

had been extensively studied as possible cathodes. 

The La1-xSrxC003-a (LSC) perovskite materials [48] were proved to have 

considerable oxide ion ~onductivity and high electronic conductivity which 

made them as mixed ionic - electronic conductors. The operating conditions 

and the choice of electrolyte could seriously influence LSC performance in 

SOFC. For example, it reacted with zirconia and formed poorly conducting 

inter-phase (La2Zr07 or SrZr03) and thus, there was little use with YSZ 

electrolyte. Hwang et al. [67] synthesized LSC using sol-gel method. Mixed 

La-nitrate, Sr-chloride and Co-nitrate with 2-methoxy ethanol were deposited 

onto different substrates. The final thickness of LSC films was about 0.7-0.8 

!-1m confirmed by XRD. Fine crystalline LSC was observed by SEM as 

shown on Figure 2.24. 
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Figure 2.24. SEM of the surface of LSC/MgO annealed at 800°C [67]. 

Further development of perovskite cathode was to produce SOFC device 

thin films using Flame-assisted Vapor Deposition (F AVO) [68]. This 

technique enabled many layered devices to be constructed enhancing the 

overall performance of the cell. In this paper, standard LSC/CGO, 

LSCNOCNSZ and LSC/CGONSZ had been studied. It was found that the 

electrode/electrolyte interfacial resistance was reduced significantly, lowest 

measured values of 0.017 and 0.0036 Ocm-2 at 800 and 900 °C for 

LSC/CGONSZ. 
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Figure 2.25. Cross-section of LSC/CGOIYSZ [68]. 

Tai et al. [69, 70] carried out some substantial studies of La1 _xSrxC01_yFey03 

(LSCF) perovskite materials. The characteristic of these materials structure 

such as identifying the rhombohedral/orthorhombic transition at y = 0.8 for 

the x = 0.2 composition and the thermal expansion coefficient (-20.0 x 10-6 

K-1) had been evaluated. In electrical property measurements, these 

researchers found out that the conductivity decreased with decrease in Fe 

content. In addition, the effect of the La:Sr ratio was also involved with 

remarkable effect on the performance on these materials. The peak 

conductivity of LSCF was -350 Scm-1 at x = 0.4 composition which 

compared with -160 Scm-1 for x = 0.2 at 550 DC. In conclusion, they 

suggested a composition of LaO.6Sr0.4CoO.8Feo.203 would be a suitable 

candidate for cathode material. 

Variation of the Fe:Co ratio had been studied in the LaO.84SrO.16C01-yFey03 

composition and the effect on performance when it was used as cathode on 

CGO electrolyte by Maguire et al. [71]. At the ratio of Fe:Co = 0.3:0.7, a 

conductivity of 643 Scm-1 at 800 DC was reported , which steadily increased 

over the 200-800 °c temperature range. 

Investigation of the effect of LSCF thermal expansion performance was 

carried out by Kostogloudis et al. [72] there was a significant improvement in 

performance observing with increasing A-site deficiency. Although the 

electrical conductivity was found to decrease slightly as the Sr content 
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decreased, the thermal expansion coefficients were found to be lowest for 

Lao.SSrO.2CoO.2FeO.803-0 with value 13.8 x 10-s K-1 at 700 ac. Furthermore, Tu 

et al. [73] had performed a study of a series of LSCF materials in which the 

Fe:Co ratio was maintained at 0.8:0.2 but the type of lanthanide ion varied. 

Their findings indicated that all compositions had a high electrical 

conductivity with Ndo.sSro.4Coo.8Feo.203-o having the highest conductivity 

-600 Scm-1 at 400 ac. However, the thermal expansion coefficients were still 

high. 

Whilst a significant amount of work has been carried out on the Ln1-xSrxFe1_ 

yCOy0 3-0 materials, further research has focused on another significant class 

of materials which was Ln1-xAxM1-yMny03-0 perovskites. Ln1-xAxM1-yMny03-0 

was a range of materials where Ln = La, Nd and Pr, A = Ca and Sr and M = 
transitional metal. 

Strontium-doped lanthanum manganite LaO.84SrO.1SMn03-0 (LSM) perovskite 

oxide had for some years been known to be good cathode materials for 

SOFC applications. In contrast to the LSC materials, the LSM oxides had 

been shown to be very poor oxide ion conductors [74], but it was the 

electronic conductivity which was sufficiently high as to make this an 

attractive cathode material. The thermal expansion coefficient was 12.3 x 10-

6 K-1 between 30 and 1000 °c for LSM. The electronic conductivity (oe) and 

ionic conductivity (Oi) were 102 and 1.7 x 10-4 Scm-1, respectively. However, 

lanthanum manganites doped with alkaline earth elements had been 

observed to react with YSZ electrolyte forming a poorly conductive La2Zr207 

phase. On the other hand, by using other electrolyte such as CGO, no 

reaction of secondary phase was observed. 

Furthermore, A-site doping of LaMn03 had been carried out to establish the 

relative interfacial reactivity between La1-xAxMn03±O and YSZ for A = Ca and 

Sr [75-78]. It was found that reactions were observed in both Ca-doped and 

Sr-doped samples. CaZr03 and La2Zr207 phases were formed. Of interest 

were their findings that the majority of the phase formations occurred during 

fabrication stage rather than operation. Therefore, these emphasized the 

need to develop not only new materials, but also a low temperature 

fabrication route. 

Herle et al. [79] studied the different cathode performances of porous and 

dense LSM on YSZ electrolyte. In addition, two-layer cathode design 

including a thin dense LSM layer (-1 !-1m) and a thick porous layer (0.3 mm) 

had been investigated. The author concluded that double layers LSM had 

better performance compared with single LSM layer design. 
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2.4 Sol-gel Method 

In the past few years, the sol-gel reaction has gained much notoriety in the 

ceramic synthesis area. The fundamental property of sol-gel is to produce 

ceramic materials at low temperature. The sol-gel process offers a number 

of advantages in materials synthesis: 

'. The temperature for gelation is close to room temperature which 

saves the energy during processing. 

• High purity products can be obtained since no reaction with 

containers took place. 

• Air pollution is minimized. 

• Materials with exceptional chemical homogeneity can be obtained 

since the mixing process of constituent occurred at molecular level 

during the chemical reaction. 

In contrast, there are also some limitations in sol-gel synthesis process: 

• , The starting materials (e.g. metal alkoxides) are usually expensive 

which will limit large scale production. 

• Long time· drying process is required to evaporate the water 

containing in the gel matrix. 

Sol-gel processes are usually distinguished into particulate gel route and 

polymeric gel route, as shown in Figure 2.26. In the particulate gel route the 

sol consists of dense colloidal particles with diameter 1 to 1000 nm. In 

contrast, the polymeric gel route consists of polymer chains without dense 

particles of diameter greater than 1 nm. 
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Figure 2.26. Sol-gel flow chart of (A) particulate route and (B) polymeric 
route. 

In the particulate gel route, the precursors followed a number of hydrolysis 

and polymerization reactions to form a sol. A sol is a solid particles 

suspension in liquid with a diameter of few hundred nanometers where the 

Brownian motion suspended the particles. The sol particle preparation 

depended on their size, temperature and pH of the solution. 

In the polymeric gel route, when the sol particles condensed, a new phase 

named gel was formed. This new phase appeared when a monomer could 

make at least two bonds with no limit on the size of the formed molecule. 

The initial gel had a high viscosity and low elasticity and the gel point was 

the time (or degree of reaction) at which the last bond was formed and 

completed the giant molecule. Thus, gel contained a continuous solid macro

molecule in a liquid phase. The gel had elasticity due to the continuity of the 

solid structure. In particulate sol route, gels could be obtained due to the 

attractive Van der Waals forces that caused the whole structure to stick 

together to form a network. Drying by evaporation under normal conditions 

caused shrinkage of the gel network. After this treatment, a porous solid 

matrix named xerogel was obtained with reduced volume by a factor of 5 to 

10 compared to the original wet gel. It was found that xerogel contained 

many labile sites and thus, offered opportunities for new chemical reactions. 



- 44-

The starting materials used in the sol-gel preparation are usually metal or 

metalloid element surrounded by various reactive ligands such as metal 

alkoxides. Metal alkoxides were members of the metal-organic compounds 

family, which had the general formula M(OR)x where M was the metal, R 

was an alkyl group and x was the metal valence state. All metal alkoxides 

easily reacted with water through hydrolyses process and the corresponding 

hydroxide or oxide was obtained. The most widely used metal alkoxides 

were alkoxysilanes, such as tetra-methoxysilane (TMOS) and tetra

ethoxysilane (TEOS), but other materials such as aluminates, titanates and 

borates were also used. The alkoxides of the group I and II elements were 

solid, non-volatile and with low solubility in water, thus they were difficult to 

obtain with high purity. Due to this, the metal salts provide a viable 

alternative because they were high purity, readily converted to oxide by 

thermal or oxidative decomposition. 

There are three most important chemical methods, Pechini, Co-precipitation 

and GN method, for obtaining nanopowders. Yamahara et 81. used all three 

of these methods to obtain 8YSZ from zirconium (ZrO(N03)·xH20) and 

yttrium (Y(N03)·6H20) salts. In the Pechini method, YSZ salts were 

dissolved in distilled water after which citric acid (CA - C6HS07) and ethylene 

glycol (EG - C2H602) were added into the solution resulting in polymer citrate 

gel formation. In the co-precipitation method a solution of 30% ammonium 

hydroxide was added drop wise to yttrium and zirconium salts dissolved in 

water. In the GN method, glycerine C3HS03 and nitric acid were used as 

medium materials. The author concluded that all these three methods could 

produce single phase 8YSZ. The calcined GN powders were found to 

contain small amount of impurities depending on the GIN ratio. 

2.4.1 Organic Materials 

Suciu et 81. [13] investigated zirconia nanoparticles synthesis with organic 

precursors sucrose CSH120S and pectin by using sol-gel method. As shown 

in Figure 2.27, zirconium nitrate Zr(N03k5H20 was used as a starting 

material and dissolved into nitric acid and water with pH 4.5 at room 

temperature, Solution 1 was formed. Solution 2 was formed by dissolving 

sucrose and pectin with large quantities of water at ratio of 10:1 up to 15:1. 

Then solution 1 was dripped into solution 2 under continuous stirring and 

slowly dried at 90-100 °C to form a brown resin with NOx gases emitted 

during the process. The mixture was then sintered at 900 and 1000 °C 

respectively. In this research, Suciu et 81. concluded that the concentration 

of Zr salt should be lower than 20 gIL. The XRD data indicated that the Zr02 



- 45-

crystallites were present and the distinct particles had fairly uniform 

dimensions ranging from 50 to 90 nm. 

Homogenization 

Gelatinization 

Calcination 

Control and Storage 

Figure 2.27. Scheme of Operation. 

The author also obtained a binary mixture of YSZ particles and NiO particles 

for the manufacture of SOFC anode using the same method [80]. Thermal 

analysis indicated the NiO and YSZ phases were completely formed at 

800°C with no other phases observed from XRD. The obtained particles 

were all smaller than 135 nm and a homogeneous distribution of YSZ and 

NiO nanoparticles as shown in Figure 2.28. 
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Figure 2.28. TEM images of YSZ-NiO (50-50 wt%) nanopowders calcined at 
800 and 1000 °C with sucrose: pectin = 100 : 4 wt% [80]. 

The advantage of this method using sucrose as chelating and pectin as 

gelling agent was that these two organic materials are relatively cheap. 

Nanopowders of ceramic materials could be synthesized at low 

temperatures which could be used in commercial production. However, a 

long gelation time is required in this process. 

2.4.2 Sodium Alginate 

Sodium alginate (Na-ALG, NaC6H706) is a polymer extracted from brown 

seaweed. It contains varying amount of 1, 4' -linked ~-D-mannuronic acid (M) 

and a-L-guluronic acid (G) residues covalently linked together in sequence 

as -GG- or -MM- structures or as -GM- block copolymers as shown in 

Figure 2.29. Gelation of alginate is due to the interaction of alginate with 

metal ions [81] in aqueous solution. Once alginate is gelled with metal ions, 

the metal ion binds preferentially to G blocks. During calcination, the metal 

ions become immobile and cannot readily get close to each other, hence the 

possibility of producing small nanoparticles of metal oxides. 
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Figure 2.29. Structure of alginate (a) alginate monomers and (b) chain 
conformation, respectively. 

Baskoutas et al. [82] investigated zinc oxide nanoparticles based on the 

thermal decomposition of zinc alginate gels. These gels were produced in 

the form of beads by ionic gelation between zinc solution and sodium 

alginate solution. As shown in Figure 2.30, zinc nitrate Zn(N03)4·5H20 or 

acetate were used as a starting materials and dissolved into ultrapure water 

at room temperature to form Solution 2. Solution 1 was formed by dissolving 

sodium alginate with concentration of 1 % w/w under magnetic stirring. Then 

solution 1 was dripped into solution 2 by volume percent 1:2 through a 

stainless steel needle under continuous stirring. After the gel beads were 

formed, gentle stirring was continued for 30 mins in the gelling medium. The 

wet beads were then calcined at 450°C and 800 °C for 24 hours, 

respectively. In this research, 8askoutas et al. [82] concluded that ZnO 

nanoparticles could be obtained using this sol-gel synthesis method. At 

different calcination temperature, uniform particles with size 50-130 nm at 

450°C and 200-400 nm at 800°C were obtained, respectively. The ability of 

alginate to absorb metals such as Cu, Cd and Zn could be consider as a 

potential precursor for the preparation of other technologically important 
oxides. 
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Figure 2.30. Scheme of Operation. 

Takada et at. [83] synthesized bismuth-based high-Tc superconducting fiber 

Bi-Pb-Sr-Ca-Cu-O (BPSCCO) using sodium alginate as a media based on 

ion-exchange property of the alginate. However, even with long annealing 

time, small amount of impurities were still observed in XRD pattern as shown 

in Figure 2.31. 

860oex)Oh 

2 10 

Figure 2.31. XRD patterns for BPSCCO sintered at 860°C for 10 and 30 
hrs. Keys: 0 (2223) phase, (2212) phase, black inverted triangle 
Ca2Cu03 and black diamond (Sr, Ca)JCu50x, respectively [83]. 
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Said et al. [84] studied thermal decomposition of some divalent metal 

alginate gel compounds using thermogravimetric (TG) and differential 

thermal analysis (OTA). The author concluded that the thermal 

decomposition processes of these complexes proceed via the formation of 

stable metal oxalates (M(COOh, M = metal ions) as intermediate fragments. 

Sartori et al. [85] used Fourier transform infrared spectroscopy (FTIR) to 

determine the ion-exchange reaction between sodium and calcium ions at 

different time lengths as shown in Figure 2.32. 

300 min's in CaC~ 

30 min's in CaCI2 

3 min's in CaCI2 

Sodium alginate 
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) 

Figure 2.32. FTIR spectra of sodium alginate for different lengths of time in 
calcium chloride solution [84]. 
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As shown in Figure 2.32, the COO- peak around 1420 cm-1 exhibited a large 

shift to higher wavenumbers, as well as a decrease in intensity as the 

reaction time increased. Since calcium ions replaced sodium ions in the 

alginate blocks, the charge density, the radius and the atomic weight of the 

cation were changed, creating a new environment around the carbonyl 

group. Therefore, the author concluded that the ability to quantify ion content 

from FTIR provided a valuable tool for analyzing unknown Na/Ca contents. 

Some researchers also studied the kinetics and mechanism of sol-gel 

transformation between sodium alginate and some heavy divalent metal ions 

[86-89]. 

2.5 Scope of the project 

On the basis of literature review, the focus of this investigation is to develop 

novel sol-gel synthesis method in a cost effective, simple, environmentally 

friendly and non-toxic route for a large scale production of high purity single 

phase nanopowders at significantly low temperatures. The following tasks 

will be implemented during the investigation: 

It is very clear from the literature that the selection of SOFC materials and 

initial particle size are very important for successfully designing a high 

performance cell. Therefore, electrode material CG02 (Ceo.aGdo.201.9) is 

selected due to its high conductivity in intermediate or low operating 

temperature of SOFe. The experimental process of CG02 nanoparticles 

obtained by sol-gel method using new organic gelling media: maltose + 

pectin or sucrose + pectin which are abundant in the world, will be described 

in the next chapter. The calcination process will be studied by thermal 

analysis TGAIDSC under different conditions, respectively. The particle size 

observed by TEM should show good agreement with the calculation from 

XRD Rietveld refinement. The nominal compositions of CG02 should be in 

excellent agreement with that determined by TEM-EDS and ICP-AES. The 

conductivity of CG02 materials obtained by this new sol-gel. route will be 

analysed by AC-impedance which will qualify the use of this material for 

SOFC as solid electrolyte and in the fabrication of composite electrodes. 

On the other hand, from the literature review, it is very clearly shown that 

NiO particles size is crucial in coarsening treatment of starting powder in 

SOFC anode preparation. A novel genetic sol-gel synthesis method will be 

investigated based on sodium alginate ion-exchange property. The obtained 

gels will be heat treated at different temperatures for different time lengths to 
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determine crystallite growth rate. The particle size observed by TEM should 

show good agreement with the calculation from XRD Rietveld refinement. 

Based on the results so far, it is well known that alginate dissolves in water 

rapidly but it gels in the presence of multivalent ions, especially divalent ions 

like Ca, forming the so-called egg-box structure that promotes chemical 

gelation. To further develop this process, sodium alginate powders will be 

first compacted into a dried granule form and directly react with metal ions 

such as Ni2+. This process will significantly reduced the sample preparation 

time compared with using sodium alginate beads extruded from syringe. 

Finally, nanopowders of two different compositions of cerium gadolinium 

oxides designated as CG01 (Ceo.9Gdo.101.9s) and CG02 (Ceo.aGdo.201.9) will 

be synthesized by a sodium alginate (Na-ALG) mediated novel ion

exchange sol-gel process. After calcination at low temperature, TEM-EDS 

and ICP-AES will be used to determine the chemical composition of the 

obtained samples. the electrical properties of these two compositions will be 

studies to qualify the use of SOFC electrolyte. The results will confirm that 

this novel sol-gel method not only produces simple oxide such as NiO, but 

also produces complex oxide such as CGO for many applications. The 

experimental process of sodium alginate sol-gel method are described in 
, 

Chapter 3. 

Since the physical, chemical and electrical properties of the me~al oxide 

nanopowders obtained from different sol-gel methods is crucial in SOFC 

electrodes and electrolytes applications, it is very important to in deep 

understand the fundamental working principles of various' characterization 

techniques such as TGAIDSC, XRD, TEM, ICP-AES, etc. This will be 

described in the next chapter. 
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Chapter 3 Experimental Methods and Materials 

It is necessary to optimize the physical, chemical and electrical properties of 

various metal oxide materials used in the fabrication of SOFC components. 

The metal oxide materials have been prepared through three novel 

developed sol-gel methods using sugar + pectin or sodium alginate as media. 

The phase transformation, chemical composition, microstructure and 

electrical properties have been examined by using Fourier transform infrared 

spectroscopy (FTIR), simultaneous thermo-gravimetric analysis and 

differential scanning calorimetry (TGAIDSC), high temperature X-ray 

diffraction (HT-XRD), powder X-ray diffraction (XRD) with Rietveld 

refinement, X-ray micro-tomography (XMT), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), energy dispersive X-ray 

spectroscopy (EDS), inductively coupled plasma - atomic emission 

spectrometry analysis (ICP-AES) and AC-impedance spectroscopy. The 

general knowledge of the above techniques and the aspect of the materials 

preparation and processing are presented below. 

3.1 Organic Sol-gel Synthesis Method 

In this experiment, organic materials sucrose (C12H22011 F.W. = 342.30 g 

mor\ maltose (C12H22011 F.W. = 360.31 g mor1
) and pectin are used for gel 

preparation and mixed in a mass ratio sucrose : pectin = maltose : pectin = 
20: 1. All these materials were purchased from Fisher Scientific Ltd 

(Loughborough, UK). 

In order to prepare the dried gel containing Ce3
+ and Gd3

+ metal ions, cerium 

nitrate hexahydrate (Ce(N03h6H20, 99+ % purity) and gadolinium nitrate 

hexahydrate (Gd(N03h'6H20, 99.9+ % purity) are used as precursors in this 

experiment. Pectin and sucrose or maltose is dissolved in 200 mL of distilled 

water forming a clear solution denoted as Solution 1. Similarly, the starting 

precursor hexahydrate nitrate salts of Ce3
+ and Gd3

+ are then dissolved in 

200 mL of distilled water forming also a clear solution labeled as Solution 2. 

Both the solutions are prepared at ambient temperature. The cationic 

concentration of Solution 2 is controlled to yield 30 g L-1 of the final CG02 

(Ceo.sGdo.202) material. These two solutions are mixed by dripping Solution 

1 into Solution 2 while continuously stirring the mixture for 1 hour. The aim of 

this treatment is to prevent agglomeration of the constituent particles and to 

avoid their solidification into crystals or raw granular formations during 
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different stages of processing, all of which has deleterious effects on the 

final product purity. 

The mixed solution is slowly dried in a beaker on a warm plate at -90°C for 

3 hours. A light yellow gel is gradually formed under constant magnetic 

stirring. The obtained gel is dried in a convection oven for 24 hours at 90°C 

until it became completely gelatinized. The process flow diagram using 

sugar (sucrose or maltose) and pectin is schematically shown in Figure 3.1. 

Sugar & Pectin Distilled Water Solution 1 

Ce & Gd Salts Distilled Water Solution 2 

Homogenization 

Gelatinization 

Calcination 

Nano Particles 

Figure 3.1. Flow diagram of sugar and pectin sol-gel process. 

Different samples of dried gel are calcined at 500, 600, 700 and 900°C 

(based on TGAIDSC) separately for 2 hours in static air condition in order to 

transform into CGO nanopowders. The temperature is changed at the rate of 

3 °c min-1 during the heating and cooling cycles. The physical and chemical 

properties of these samples are obtair:'ed by XRD, TEM and ICP, 

respectively. For electrical property measurement, the calcined 

nanopowders are first compacted into approximately a 10 mm diameter disc 

in a uniaxial die at approximately 14 MPa pressure, and then repressed at 

250 MPa pressure in a cold isostatic press for further compaction. The 

specimens are subsequently sintered at 1500 °c for 2 hours with a 

programmed heating and cooling rate of 3 DC min-1
. The sintered CGO 

samples are above 95% of the theoretical density. After AC impedance 

analysis, the microstructur~ of the sintered pellets are observed by SEM. 
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3.2 Alginate Sol-gel Synthesis Method 

In this experiment, various commercial nitrate or chloride salts and sodium 

alginate powders are purchased from Fisher Scientific Ltd (Loughborough, 

UK). Sodium alginate solution at concentration of 4 wt% is prepared by 

dissolving appropriate amounts of sodium alginate in distilled water under 

high frequency stirring denoted as Solution 1. Metal solution is prepared by 

dissolving the respective salts in distilled water named as Solution 2. The 

cationic concentration of Solution 2 is controlled at 30 g L-1 of the final metal 

oxide. The solutions are both prepared at ambient temperature. The metal 

alginate beads are prepared by dripping 200 mL sodium alginate Solution 1 

into 200 mL Solution 2 through a 16 G (1.194 mm) inner diameter stainless 

steel needle attached to a hypodermic syringe having a volume of 20 mL. 

The beads are approximately 4-5 mm in diameter and are spherical in 

nature (see Figure 3.2). The prepared beads are maintained in the gelling 

medium for 2 hours under gentle magnetic stirring for ion-exchange reaction 

between Na + and metal cations to complete. These beads are then 

separated from the solution through a -2 mm stainless steel sieve. The 

metal containing beads are washed with distilled water several times and 

dried in a convection oven for 24 hours at· 90°C so that they become 

completely dried. The process flow diagram using nickel nitrate as precursor 

is schematically shown in Figure 3.2. Figure 3.3 shows different metal 

alginate wet vs. dried beads obtain from different metal salts. 

Na-ALG 

Distilled Water 
Ni2+ nitrate 

Distilled Water 

Figure 3.2. Flow diagram of sodium alginate sol-gel process using nickel 
nitrate as precursor. 
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Figure 3.3. Different metal alginate wet (top) vs. dried (bottom) beads obtain 
from different metal salts. 

Some of the nickel alginate beads (Ni-ALG) are also dried using a freeze 

dryer (Scanvac Cool Safe 55-9, Denmark) to compare the effect of this 

method with convention oven dried beads which is described in Section 

4.2.2 and Section 5.2.2. Freeze-drying is achieved in two steps. The first 

step is to freeze the samples in a -80 °C freezer. The pre-frozen sample is 

then placed in the equipment at -52 °C for a period of 48 hours until they are 

completely dried. 
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Since alginate beads production requires long processing time by dripping 

sodium alginate solution from a syringe, a novel method using sodium 

alginate granules is developed to improve the production rate. Sodium 

alginate granules are prepared, related to Sectiqn 4.2.3 and Section 5.2.3, 

from the powder form of the material, using commercial pan granulator 
(ERWEKA AR400, USA). Water is used as the binder. The granules are 

dried and sieved in the sieve range -2 mm. Metal solution, such as nickel 

solution, is prepared by dissolving the respective salts in distilled water at 

ambient temperature with concentration of 0.05 M. The nickel alginate 

granules are prepared by dropping 10 g sodium alginate granules into 200 

mL nickel solution. The granules gel rapidly and do not allow the granules to 
disintegrate. The granules are maintained in the gelling medium for 1 hour 

under gentle magnetic stirring in order to ensure that the ion-exchange 

reaction between Na+ and Ni2+ is completed. These granules are then 

separated from the solution through a stainless steel sieve. The nickel 

granules are washed with distilled water and dried in a convection oven for 
24 hours at 90°C until they become completely dried and ready for 

calcination. 

Different samples of dried gel are calcined from 500 to 700°C (based on 

TGAIDSC) separately for various hours in static air condition in order to 

transform into metal oxide nanopowders. The alginate gel structure of Ni

ALG freeze dried sample is observed by XMT. While the chemical structures 

of Na-ALG and CGO alginate beads are obtained by FTIR. The physical and 

chemical properties of these nanopowders after calcination are obtained by 
XRD, TEM and ICP, respectively. For electrical property measurement, the 

CGO nanopowders are first compacted into approximately a 10 mm 

diameter disc in a uniaxial die at approximately 14 MPa pressure, and then 
repressed at 250 MPa pressure in a cold isostatic press for further 

compaction. The specimens are subsequently sintered at 1300 °c for 2 

hours with a programmed heating and cooling rate of 3 °c min-1• The 

sintered CGO samples are 91 % and 93% of the theoretical density, 

respectively. After AC impedance analysis, the morphologies of the sintered 
pellets are observed by SEM. 

3.3 TGA/DSC 

Thermal Gravimetric Analysis (TGA) is a type of testing which determines 

changes in wei~ht in relation to changes in temperatures. This technique is 
generally used to determine phase transformations as a function of 
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temperature and environment. Therefore, highly accurate measurements of 

weight, temperature and temperature change are required. The analyzer 

usually consists of a high precision balance with an alumina crucible loaded 

with specimen. The crucible is located in an electrical furnace with a 

thermocouple to accurately measure the temperature changed. Gases (air, 

pure 02, helium, etc) can be flowed into the furnace for different thermal 

analysis. In this research, analysis is carried out by raising the temperature 

gradually from room temperature to high temperatures and plotting weight 

against temperature. Different annealing times can be also set during the 

experiment. The weight loss curve indicates material transformation and 

thus, the calcination temperature can be predicted using this method. 

Differential Scanning Calorimetry (DSC) is a thermal analytical technique in 

which the difference in the amount of heat required to increase the 

temperature of a sample and reference is measured as a function of 

temperature. Both the sample and reference are maintained at nearly the 

same temperature throughout the experiment. Generally, the temperature 

program for a DSC analysis is designed such that the sample holder 

temperature increases linearly as a function of time. A well-defined reference 

sample (a-Ab03) over the range of temperatures to be scanned is used in 

this experiment. The basic principle underlying this technique is that when 

the sample undergoes a physical transformation such as phase transitions, 

more or less heat will need to flow to it than the reference to maintain both at 

the same temperature. Whether less or more heat must flow to the sample 

depends on whether the process is exothermic or endothermic. The result of 

a DSC experiment is a curve of heat flux (energy differences in mW between 

reference and sample material) versus temperature or time. More details can 

be found elsewhere [90]. 

In this present study, thermal analysis is carried out employing a Mettler 

Toledo STARe System, UK, which is capable of performing 

thermogravimetric analysis (TGA) and differential scanning calorimetric 

(DSC) investigations simultaneously. The TGA and DSC experiments are 

conducted in controlled atmosphere of air at a flow rate of 50 or 10 mL min-1
• 

The TGAIDSC analyses are carried out from ambient temperature to 

1000 °C with heating rate maintained at 3 °C min-1 without any holding time. 

Additional samples are analyzed in flowing helium gas at 50 mL min-1 with 

. heating rate of 3 °C min-1 from ambient temperature to 500°C. Once the 

sample reached 500 °C, helium gas is switched over to air for 1 hour of high 

temperature annealing. In all the TGAIDSC experiments, the mass of the 
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sample used is about 15 mg which is kept constant all the time between the 

scans. 

3.4 FTIR 

Fourier Transform Infrared Reflection spectroscopy (FTIR) a technique to 

determine qualitative and quantitative features of IR-active molecules in 

organic or inorganic solid, liquid or gas samples. It is a rapid and relatively 

inexpensive method for the analysis of solids that are crystalline, micro

crystalline, amorphous, or films. Samples are analyzed on the scale of 

microns to the scale of kilometers and new advances make sample 

preparation, where needed, relatively straight forward. Another advantage of 

the IR technique is that it also can provide information about the "light 

elements" (e.g. H and C) in inorganic substances. 

In order to obtain the best possible IR spectra of samples it is necessary to 

choose the appropriate IR source, detection method and accessories. First, 

the analyst needs to determine the appropriate region of the infrared 

spectrum, in which the sample under investigation has diagnostic features. 

For example, C-O is located in the mid-IR, while H20 and OH- are found in 

the mid- to near-IR region. These regions are defined using wavelengths 

with unit cm-1
. Once the IR ranges of interest has been decided, it is. also 

necessary to choose an optimal infrared source, interferometer unit, sample 

chamber, sample geometry and detector. Finally, the methods for data 

acquisition and manipulation need to be defined as well. More details about 

the FTIR working principle can be found elsewhere [91]. 
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Figure 3.4. Scheme of IR spectrometer with the source. interferometer, 
sample, and detector [91]. 

In this present study, the experiment is carried out by FTIR (Thermo 

Scientific Nicolet iS10 FTIR spectrometer) with a diamond iTR attenuated 

total reflectance (ATR) sampling accessory. The spectra are taken over the 

wavenumber range 400-4000 cm-1 and 36 scans are used per spectrum. 

3.5 XRD 

X-rays are electromagnetic radiation with wavelengths in the range 0.5-2.5 A. 
Since this is of the same order of magnitude as the inter-atomic distances in 

solids, X-rays are frequently used to study the crystallite structure of 

materials. XRD analysis is based on the physical phenomenon of diffraction. 

When an electromagnetic beam hits the specimen, the ray bends in a certain 

way creating a diffraction pattern. This pattern is characteristic to the 

material. Hence, this technique has been used to characterize the phase 

constitution and crystallite size of the investigated materials. X-rays with 

wavelength A of the order of lattice spacing are elastically scatted (i.e. 

diffracted) from the atomic planes in a crystalline material yielding diffraction 
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peaks. The condition for diffraction from planes with interplanar spacing d is 

given by Bragg's law: 

nA = 2d(hkl) sin e (3.1) 

where: 

• n is an integer (n = 1,2, 3 ...... ) 

• A is the wavelength (Cu Ka A = 1.541 A) 

• d(hkl) is the interplanar spacing 

• e is the angle between the atomic planes and the incident X-ray beam 

As shown in Figure 3.5, it is clear that diffraction from a set of planes will 

only occur if the normal to these planes is bisecting the angle between the 

incident and the scattered beam. Alternatively, one defines a scattering 

vector K = ke - ki as the difference between the wave vector ke of the 

scattered wave, and the wave vector ki of the incident X-ray, as shown in the 

inset of Figure 3.5. Diffraction (i.e. constructive interference of the scattered. 

X-rays) will occur if the Bragg condition (eq. 3.1) is fulfilled ,and of the 

scattering vector K is parallel to the normal of the hkl-planes. 

K ............... . 

3 

hkl 

Figure 3.S. Scheme of X-ray diffraction. 
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The identification of a phase is accomplished determining the d-spacing and 

the relative intensities of the peaks and comparing the values with the 

reference data from JCPDS (Joint Committee on Powder Diffraction 

Standards). Resultant diffraction pattern could be used to obtain the 

information of phase constitution, lattice constant, crystallite size, residual 

stress or preferred orientation. If there are two phases coexisting in the 

composite, the volume fraction of each phase could be easily estimated by 

comparing the integrated area under the highest intensity peak of each 

phase. The integration could be performed by using the commercial software 

based. According to the relationship between the d-spacing and Miller 

indices assigned to the crystal planes, the lattice parameters could be 

calculated. For example in a cubic system, the relationship between d and 

hkl given by: 

(3.2) 

where d(hkl) is the inter-planar spacing of the plane (hkl) and "a" is the 

apparent lattice parameter of the crystalline unit cell. Several methods are 

used to improve the accuracy of the obtained lattice parameter, such as 

Rietveld refinement and Nelson and Riley's extrapolation function. 

In this present study, most of the XRD analysis is done with solid powders. 

Since crystals are randomly oriented, it is certain that all reflections will be 

observed and an average crystallite size will be obtained. Crystallite size is 

obtained by comparing the broadening of a partic~lar peak in a diffraction 

pattern associated to a particular reflection plane from within the crystal unit 

cell. It is inversely to the FWHM (full width of peak at half maximum. of the 

peak) of an intenSity peak. The equation that gives crystallite size is the 

Scherrer equation [92] which assumes all reflections along to the reflection 

plane. 

L=~ 
13 cos e 

where: 

• L is mean crystalline dimension in A 

(3.2) 
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• K is constant (see Table 3.1) 

• r3 is FWHM of the peak in radians of 28 

Table 3.1. K values given by different researchers [92]. 

Researchers & Time 
Scherrer (1920) 

Bragg (1933) 
Seljakow (1925) 

Laue (1926) 
Stokes (1942) 

K value 
0.94 
0.89 
0.92 
1.42 
1.07 

For XRD studies, the powders are mounted in a stainless steel spinner 

sample holder and analyzed using X-ray diffraction (XRD, P'Analytical X'Pert 

MPD, Netherlands) employing Cu Ka (A = 1.541 A) radiation. Scans are 

usually performed over a range 28 = 20-100° using a step size of ca. 0.033°, 

with a total scan time of approximately 30 mins. The surd in step size is due 

to the X'cellerator multi-detector employed by this system. Programmable 

divergence and anti-scatter slits are used for producing a constant irradiation 

length on the sample in order to improve the data collection statistics at high 

angles, and reduce the effect of air scattering at low angles. A simple 

trigonometric algorithm is then used to convert the data from automatic to 

fixed slit, in order to make it suitable for structural analysis . 

Figure 3.S. Standard Philips spinner (left) and bracket (right) sample 
holders. 
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A Rietveld structural refinement is performed using the resultant XRD data 

(X'Pert HighScore Plus, P'Analytical, Netherlands). Using the software, 

size/strain analyses is used to most accurately match the modelled structure 

to the collected data. Diffraction data are collected using an external Si 

standard (NIST Si standard SRM 640b), under identical conditions, in order 

to determine the instrumental broadening, a prerequisite of performing a 

size/strain analysis. Details of the Rietveld refinement method using X'Pert 

HighScore Plus software package can be found elsewhere [93]. 

A pseudo-Voigt profile is used for the refinement, comprising a mixture of 

Gaussian and Lorentzian components and the relative proportion of each 

component is modified during the refinement routine. Details of the Rietveld 

method can be found elsewhere [94, 95). 

The High Temperature X-ray Diffraction (HT-XRD) measures the phase 

transformation of samples at tightly controlled temperatures from room 

temperature to 1200 °C. During the measurement, samples are mounted in 

a a-A1203 sample holder with a Pt substrate and analyzed using high 

temperature X-ray diffraction (HT-XRD, P'Analytical X'Pert MPD attached 

with Anton Paar HTK-1200, Netherlands) employing Cu Ka radiation. The 

temperature program is set to increase temperature of sample every 25 °C 

interval from room temperature to 1000 °C with heating rate maintained at 

3 °C min-1 in static air condition. At each temperature, 30 mins annealing 

time is allowed for the sample to equilibrate. HT -XRD scan is performed over 

a range of 29 using a step size of ca. 0.0330 to obtain the identity of phase at 

each temperature. Programmable divergence and anti-scatter slits are used 

for producing a constant irradiation length on the sample in order to improve 

the data collection statistics at high angles, and reduce the effect of air 

scattering at low angles. A simple trigonometric algorithm is then used to 

convert the data from automatic to fixed slit, in· order to make it suitable for 

structural analysis. 

. 3.6 . XMT 

X-ray Micro-Tomography (XMT) uses X-rays to create cross-sections of a 

3D-Object for visualizing interior features within solid specimens, and for 

obtaining digital information on their 3D geometries and properties. This 

technique combines 2D radiography with a numerical technique known as 

3D reconstruction to precisely characterize the internal microstructure of a 

wide range of materials. The resulting 3D volume is made up a series of 

slices corresponding to what the object being scanned would look like if it 
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were sliced along the cross-sectional plane, and correspond to a certain 

thickness of the object being scanned. So, while a digital image is composed 

of pixels, a tomographic image is composed of voxels . The gray levels in a 

tomographic image correspond to X-ray attenuation , which reflects the 

proportion of X-rays scattered or absorbed as they pass through each voxel. 

X-ray attenuation is primarily a function of X-ray energy and the density and 

composition of the material being imaged. 

The elements of the X-ray tomography apparatus are an X-ray source, a 

detector to measure X-ray intensity attenuation, and a rotational geometry 

with respect to the object being imaged. As shown in the image (Figure 3.7) , 

a sample is placed between the X-ray source and detector, and is step-wise 

rotated at small angular orientations. At each position, a radiograph is 

acquired. These radiographs are then reconstructed into a 3D tomographic 

image. More details can be found elsewhere [96]. 

X-rl.ly source 

Rotation rnov'ment 

Q 

Figure 3.7. Scheme of XMT operation [96]. 

X -ray dele tOI' 

In this experiment, a Phoenix X-ray Nanotom 160NF (GE Phoenix X-ray, 

Germany) was used for the X-ray attenuation scan. A constant cone beam of 

x-ray was generated by a tungsten filament at -80 kV and 80 IJA. The scan 

was carried out with a rotational sample stage, located between the X-ray 

source and a detector (2304 x 2304 pixel), at resolutions of 1-3 micron per 

pixel and a rotation step of 0.25 degree. Projective attenuation images of 

·1440 were thus obtained for each scan and reconstructed using the 

reconstruction software of Phoenix for digital volume structures. The volume 

data were visualized and analyzed using VGStudio (v2.1.1). 
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3.7 SEM 

When primary electrons with high energy strike the specimen, the 

interactions . between the high-energy electrons and the atoms in the 

specimen result into scattering (elastic and inelastic) of electrons, x-rays or 

absorption and emission of energy. Among all the effects caused by the 

different types of interactions, the secondary effects are generally collected 

and transformed into the useful information to reveal the surface features of 

the particles or gains in the specimen since they have narrow intensity 

distribution and therefore capable of giving a better spatial resolution than 

the other signals such as backscattered electrons. Furthermore, the number 

of the secondary electrons is independent of the atomic number of the 

specimen. On the contrary, backscattered electrons have a broader energy 

spread, which gives a poor spatial resolution, but the number of 

backscattered electrons· has a strong dependence on the atomic number of 

the specimen. Therefore, they are collected to give the compositional maps. 

The collection or detection of secondary and backscattered electrons is 

achieved by using Scanning Electron Microscopy (SEM). SEM (LEO 1530 

Gemini field emission SEM) has been employed in this study to obtain the 

microscopic morphological features of the prepared powders or cross 

section of the samples. 

In addition to its imaging capability by secondary electrons and micro

structural analysis by backscattering electron imaging, the SEM equipped 

with energy-dispersive X-ray spectrometer (EDS: Oxford Instruments) offers 

a means of rapidly evaluating the qualitative and semi-quantitative elemental 

analysis of a sample. A quantitative compositional mapping technique (X-ray 

mapping) provides a strong link between the microstructure and elemental 

distribution in the sample under investigation. The X-ray spectrum consists 

of a series of peaks, the energies of which are representative of the element 

type and the intensities reflect the relative amounts of each element present 

in the sample. 

For SEM sample powder preparations, the synthesized ceramic powders are. 

dispersed in acetone or methanol and ultrasonically vibrated for several 

minutes. A droplet of as-obtained suspension is transferred to a clean 

aluminum metal stub by using a glass rod. Then the sample on the sub is 

dried for a few minutes. In order to obtained the microstructure of a sintered 

ceramic pellet fracture surface, the fractured specimen is mounted on a 

carbon sticker and attached on the aluminum metal stub. Since the ceramic 

powders or pellets have low electronic conductivity for SEM observation, 
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coating (e.g. PtlPd, Gold or Carbon) must be deposited onto the sample 

surface with 5-10 nm thickness by commercial sputter coater (Argon 

Instruments). 

3.8 TEM 

Transmission Electron Microscopy (TEM) can be used to obtain some useful 

information on the internal structure of the samples such as phase 

composition, crystal structure, atomic arrangement and defects by collecting 

the transmitted or diffracted electrons. TEM (FEI Tecnai TF20 FEG-TEM) 

has been used in this work to study the as-prepared nano sized ceramic 

powders to determine the particle size and distribution. The interplanar 

spacing can be obtained by the bright or dark- field image and electron 

diffraction pattern. The chemical composition of the sample is obtained using 

the energy dispersive X-ray spectroscopy (EDS: Oxford Instruments), similar 

to the EDS in SEM which mentioned earlier. The high-resolution TEM (HR

TEM) has been used to obtain the lattice image and consequently, 

determine the phase formation at a nanometer scale. 

For TEM powder sample preparation, a droplet of ultrasonically vibrated 

powder in acetone is deposited on a commercial copper grid coated with 

holy carbon film which is specifically used for TEM. The sample is 

subsequently dried and stored in a small clean plastic box before conducting 

the experiment. 

3.9 ICP-AES 

Inductively coupled plasma - atomic emission spectroscopy (ICP-AES), also 

referred to as inductively coupled plasma - optical emission spectrometry 

(ICP-OES), is an analytical technique used for the detection of trace metals. 

It is a type of emission spectroscopy that uses the inductively coupled 

plasma to produce excited atoms and ions that emit electromagnetic 

radiation at wavelengths characteristic of a particular element. The intensity 

of this emission is indicative of the concentration of the element within the 

sample. 

For ICP analysis sample preparation, about 10 mg dried powders are 

digested using nitric acid (HN03) microwave digestion (Multiwave 3000, 

Anton Paar Ltd., UK). The obtained solutions are further diluted by 10, 000 

times and measured using ICP-AES, PerkinElmer ELAN DRC-e for chemical 
analysis. 
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3.10 AC Impedance Spectroscopy 

Electrical conductivity has been measured by using an AC impedance 

spectroscopy (Solartron SI1260, AMETEK Advanced Measurement 

Technology, UK). Details application of AC impedance spectroscopy and 

data analysis can be found elsewhere [97). It has been found that the 

simultaneous measurement of resistance and capacitance of a cell over a 

wide range of frequency and the construction of an impedance plot from 

such data reveals much more information than a DC or single-frequency AC 

measurement. The impedance allows the electrical properties (Le. bulk, 

grain boundary and electrode) to be determined and enables the 

investigation of the nature of the mobile charge carriers in the bulk or in 

interfacial regions. The transport of electrons is through the external 

conductor to the electrodes where reduction and oxidation reactions occur. 

The flow rate of the charge particles (current) depends on the ohmic 

resistance of the electrode and the electrolytes. 

Electrochemical impedance is usually measured by applying a small AC 

potential to an electrochemical cell and measuring the current through the 

cell. Normally a sinusoidal potential excitation is applied onto an 

electrochemical device. The response to this potential is an AC current 

signal, containing the excitation frequency and its harmonics. This current 

signal can be analyzed as a sum of sinusoidal function (a Fourier series). In 

a linear (or pseudo-linear) system, the current response to a sinusoidal 

potential will be a sinusoid at the same frequency but shift in phase by TT/2. 

To obtain the pseudo-linear system, the AC excitation voltage should be less 

than the thermal activation energy defined as RT/F where R, T and F have 

their usual physical meanings. Generally, the AC excitation voltage is set to 

be less than 10 mV. 

The results of EIS investigation can be recorded as plot of Zimaginary vs. Zreal 

for which equivalent circuits can be produced by using proprietary software 

of ZView (Scribner Inc, USA) for a given electrolyte. The peak angular 

frequency attributed to bulk and grain boundary relaxation processes are 

denoted by /b{max) and /gb{max) respectively. The values of the resistance Rb, 

Rgb and Re which represent the bulk, grain boundary and electrode 

resistance respectively can be obtained from the intercept of semicircles with 

abscissa (Zreal). 

Normally, resistance (R), capacitance (C), and conductivity (0) obey the 

following equations: 
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1 L 1 
RC = f ' R = P - and then: 0 = -

21T max A p 
(3.4) 

Where: 

• R is resistance (0) 

• C is capacitance (F) 

• f max is maximum frequency in one semi-circle (Hz) 

• p is resistance (Ocm) 

• L is the length of the pellet (cm) 

• A is the area of the pellet (cm2
) 

The area of the pellet is calculated by using TT~, where r is the radius of the 

pellet. The activation energy (Ea), for ionic conduction in solid state 

electrolytes can be determined by the Arrhenius equations: 

(3.5) 

Where: 

• 00 is pre-exponential conductivity 

• Ea is activation energy (J mor1
) 

• R is gas constant (8.314 J mor1 K-1
) 
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Figure 3.S. Simulated complex impedance response of a polycrystalline 
ceramic with corresponding equivalent circuit. 

Taking "In" on both sides of the equation, this can be represented in the 

following equation: 

InaT = Inao + (- ~)* (3.6) 

Hence, by measuring the conductivity at different temperature and plotting 

In aT against *' the value of the activation energy for ionic conduction of the 

process can be obtained. 

The conductivity of the sample is determined by AC impedance 

spectroscopy in the frequency range from 0.1 Hz to 32 MHz using a 

computer-controlled Solartron SI1260 frequency response analyzer 

(Farnborough, UK) at different temperature range in ambient air atmosphere. 

The sintered sample is in the form of a disk with platinum paste electrodes 

on both flat surfaces. Before performing the impedance measurement, 

pellets with platinum paste are fired at 900°C for 1 hour twice in order to 

remove the organic binder in the platinum paste, which if present may affect 
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the results of electrical conductivity. The pellet is mounted in a spring-loaded 

quartz rig with electrical contact being made by means of Pt gauze (99.9%, 

52 meshes, Aldrich Ltd, UK) spot welded to Pt wires (99.99%, 0.127 mm 

diameter, Aldrich Ltd, UK). 

This assembly is then placed in a stainless steel tube located in a horizontal 

Lenton Tube furnace (Lenton Thermal Designs Ltd, UK). The stainless steel 

tube is grounded to minimize electrical interference which many arise from 

the furnace windings and other external electrical sources. The temperature 

is monitored with a type K thermocouple located adjacent to the rig. At each 

temperature, the measurements are performed at a DC potential of 10-100 
mV after at least 30 minutes stabilization. 
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Overall, in this present study, various analytical methods such as TGAIDSC, 

FTIR, XRD, XMT, SEM, TEM and AC impedance spectroscopy have been 

used for material characterizations. The advantages and disadvantages of 

these techniques are summarized in Table 3.2. 

Table 3.2. Advantages and Disadvantages of various characterization 
techniques. 

Techniques 

TGA/DSC 

FTIR 

XRD/XMT . 

SEM 

TEM 

AC Impedance 

Advantages 
Easy sample preparation. 
Small test specimens 
(typically 5-20 mg). 
Wide range of temperature 
applicability . 
Monitor small weight 
changes. 

Fast scanning time. 
Large wavenumber ranges 
per scan. 
Low cost of basic optical 
equipment. 

Cost efficient. 
No damage of specimen. 

Suitable for almost all kinds 
of samples, conducting and 
non-conducting. 
No requirement of electron
transparent sample. 
High resolution, as small as 
0.2 nm. 
Direct imaging of crystalline 
lattice. 
No metallic stain-coating 
needed. 
Useful on high resistance 
materials. 

Disadvantage 
Difficult to assign Tg value 
for some materials, either 
because the wrong thermal 
transition has been assigned 
as the T g or because there 
may be only a small change 
in heat flux as the Tg is 
passed through during the 
temperature ramp. 
The interferograms 
sometimes cannot be 
visually interpreted, which 
makes it for an 
operator to judge quickly 
whether or not an 
experiment is satisfactory. 
They do not interact very 
strongly with lighter 
elements. 
Usually required surface 
stain-coating with metals for 
electron conducting. 

To prepare an electron 
transparent sample from the 
bulk is difficult (due to the 
conductivity or electron 
density and sample 
thickness). 
Expensive. 
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Chapter 4. Results 

This chapter provides the details of the research works and its findings of 

various metal oxides. It is being separated into three sections, including 4.1 

Ceo.sGdo.201.9 production by organic precursors, 4.2 NiO production by Na

ALG (sodium alginate) and 4.3 CexGd1-x02-o production by Na-ALG beads, 

respectively. More information can be found below. 

4.1 Ceo.aGdo.201.9 Production by Organic Precursors 

The Cerium Gadolinium Oxide (Ceo.sGdo.201.9, CG02) nanopowders were 

prepared by maltose + pectin or sucrose + pectin routes, respectively. The 

physical, chemical and electrical property results of CGO were shown below. 

4.1.1. Ceo.aGdo.201.9 Production using Maltose and Pectin 

The thermal analysis (TGAlGSC) of maltose, pectin, maltose + pectin mixed 

gel and Ce3+ + Gd3+ incorporated maltose + pectin mixed gel in controlled 

atmosphere of air at a flow rate of 50 mL min-1 from ambient temperature to 

1000 °c with heating rate of 3 °C min-1 without any holding time have been 

shown in Figure 4.1.1a, 4.1.1b and 4.1.2, respectively. The negative values 

observed in the TGAIDSC profiles between 800 and 1000 °C are due to the 

instrument error. 
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Figure 4.1.1a. TGA of maltose, pectin and, maltose and pectin mixed gel in 
air. 
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Figure 4.1.1b. DSC of maltose, pectin and, maltose and pectin mixed gel in 
air. 
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Figure 4.1.2. Thermal analyses of Ce3
+ and Gd3

+ incorporated maltose and 
pectin mixed gel in air. 

The Ce3
+ + Gd3

+ incorporated maltose + pectin mixed gel sample was also 

analyzed in flowing helium gas at 50 mL min-1 with heating rate of 3 °C min-1 

from ambient temperature to 500 ec. Once the sample reached 500 ec, 
helium gas was switched over to air for 1 hour of high temperature annealing. 

The TGAIDSC graphs are shown in Figure 4.1.3a and 4.1.3b, respectively. 
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Figure 4.1.3a. TGA of Ce3
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+ incorporated maltose and pectin mixed 
gel under flowing He and air. 
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The XRD patterns of as-synthesized CG02 (Ceo.sGdo.201.9) nanopowders 
after calcination at various temperatures for 2 hours are shown in Figure 
4.1.4. 
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Figure 4.1.4. XRD of CG02 nanopowders calcined at 500, 600, 700 and 
900°C for 2 hrs. The tick marks of pure Ceo.sGdo.201.9, ICDD 04-14-
0032, are shown at the top of the figure. 
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The TEM images for the above CG02 samples are shown in Figure 4.1.5. 

(0) 

200 nm 

Figure 4.1.5. Samples calcined at different temperatures for 2 hrs: (A) 500 
°C, (a) SAEO of sample A, (8) 600 °C, (C) 700 °C, (0) 900 °C and (d) 
SAEO of sample O. 
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4.1.2. Ceo.sGdo.201 .9 Production using Sucrose and Pectin 

The thermal analysis (TGAlGSC) of sucrose, pectin, sucrose + pectin mixed 

gel and Ce3
+ + Gd3

+ incorporated sucrose + pectin mixed gel in controlled 

atmosphere of air at a flow rate of 50 mL min-1 from ambient temperature to 

1000 °C with heating rate of 3 °C min-1 without any holding time are shown 

in Figure 4.1.6a , 4.1.6b and 4.1.7, respectively. The negative value observed 

in the TGA profile between 800 and 1000 °C is due to the instrument error. 
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Figure 4.1.6a. TGA of sucrose, pectin and, sucrose and pectin mixed gel in 
air. 
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Figure 4.1.Gb. DSC of sucrose, pectin and , sucrose and pectin mixed gel in 
air. 
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Figure 4.1.7. Thermal analysis of Ce3
+ and Gd3

+ incorporated sucrose and 
pectin mixed gel in air. 
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The Ce3
+ + Gd3

+ incorporated sucrose + pectin mixed gel sample was also 

analyzed in flowing helium gas at 50 mL min-1 with heating rate of 3 °C min-1 

from ambient temperature to 500 °C. Once the sample reached 500 °C, 

helium gas was switched over to air for 1 hour of high temperature annealing. 

The TGAJDSC graphs are shown in Figure 4.1.Sa and 4.1 .Sb, respectively. 
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Figure 4.1.8a. TGA of Ce3
+ and Gd3

+ incorporated sucrose and pectin mixed 
gel under flowing He and air. 
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Figure 4.1.8b. DSC of Ce3
+ and Gd3

+ incorporated sucrose and pectin 
mixed gel under flowing He and air. 
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The XRD patterns of as-synthesized CG02 (Ceo.sGdo.20 1.9) nanopowders 

after calcination at various temperatures for 2 hours are shown in Figure 

4.1.9. 
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Figure 4.1.9. XRD of CG02 nanopowders calcined at 500, 600, 700 and 
900 °C for 2 hrs. The tick marks of pure Ceo.sGdo.201.9, ICDD 04-14-
0032, are shown at the top of the figure. 
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The TEM and SAEO images for the above CG02 samples are shown in 

Figure 4.1.10 and 4.1.11 , respectively. 

Figure 4.1.10. Samples calcined at different temperatures for 2 hrs: (A) 500 
°C, (8) 600 °C, (C) 700 °C and (0) 900 °C, respectively. 

Figure 4.1.11. SAEO patterns for samples calcined at different temperatures 
for 2 hrs: (a) 500 °C, (b) 600 °C, (c) 700 °C and (d) 900 °C, 
respectively. 
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4.1.3. Material Conductivity Analysis for SOFC Application 

The SEM images of fracture surfaces of CG02 pellets prepared by maltose 

+ pectin or sucrose + pectin routes are shown in Figure 4.1.12, respectively. 
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Figure 4.1.12. SEM images of the fracture surface of CG02 pellets sintered 
at 1500 °C - 2 hrs. CG02 produces by maltose + pectin (Top) and 
sucrose + pectin (Bottom). 
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The measured impedance spectra for CG02 prepared by maltose + pectin 

or sucrose + pectin routes at different temperatures are shown in Figure 

4.1.13 - 4.1 .16, respectively. 
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Figure 4.1.13. The complex impedance plots of dense CG02 ceramic 
produced by maltose + pectin measured at 550 °C in air. The inset plot 
in B is the high frequency range. 
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Figure 4.1.14. The complex impedance plots of dense CG02 ceramic 
produced by sucrose + pectin measured at 600 °C in air. The inset plot 
in B is the high frequency range. 
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Figure 4.1.15. The complex impedance plots of dense CG02 ceramic 
produced by maltose + pectin measured at 600 and 700 °C in air. 
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Figure 4.1.16. The complex impedance plots of dense CG02 ceramic 
produced by sucrose + pectin measured at 600 and 700°C in air. 



- 88-

4.2 NiO Production by Na-ALG 

The nickel oxide (NiO) nanopowders were syntheses using sodium alginate 

(Na-ALG) in forms of beads or granules, respectively. The physical and 

chemical property results of NiO are shown below. 

4.2.1. NiO Production by Na-ALG Beads 

The images of nickel alginate (Ni-ALG) wet and dried beads after ion

exchanged with 4 wt% sodium alginate solution have been shown in Figure 

4.2.1, respectively. The thermal analysis (TGAIDSC) of the dried Ni-ALG 

beads in controlled atmosphere of air at a flow rate of 10 mL min-1 from 

ambient temperature to 1000 °C with heating rate of 3 °C min-1 without any 

holding time is shown in Figure 4.2 .2. The negative value observed in the 

TGA profile between 800 and 1000 °C is due to the instrument error. 

Ni-ALG wet 
beads 

Ni-AlG dried 
beads 

Figure 4.2.1. Ni-ALG Wet vs . Dried Beads, respectively. 
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Figure 4.2.2. Thermal analysis of Ni-ALG dried beads in air. 
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The High Temperature X-ray diffraction (HT-XRO) patterns of dried Ni-ALG 

beads have been shown in Figure 4.2.3a , 4.2.3b and 4.2.3c, respectively. 

The temperature program was set every 25 °C interval from room 

temperature to 600 °C with heating rate maintained at 3 °C min-1 in static air 

condition. At each temperature, 30 mins annealing time was allowed for the 

sample to equilibrate. 
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Figure 4.2.3a. HT-XRO of Ni-ALG dried beads at different temperatures. 
The patterns are indexed by ICOO 04-002-0665 as cubic NiO shown at 
the top of the peaks. Tick marks "black dot" for reference pattern of a
Ah0 3 (ICOO 01-076-7777) and tick marks "white triangles" for 
reference pattern of Ni02 (01-085-1977) are shown at the top of the 
peaks, respectively. 
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Figure 4.2.3b. HT-XRD of Ni-ALG dried beads heat treated from 225 to 300 
ce. 
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Figure 4.2.3c. HT-XRD of Ni-ALG dried beads heat treated from 325 to 400 
ce. 
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The XRD patterns of as-prepared NiO nanopowders heat treated at different 

temperatures for various annealing time lengths are shown in Figure 4.2.4a 

and 4.2.4b, respectively . 
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Figure 4.2.4a. XRD of NiO nanopowders calcined at 500°C for 3, 6 and 12 
hrs annealing time. The patterns are indexed. by ICDD 04-002-0665 
shown at the top of the peaks . 
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Figure 4.2.4b. XRD of NiO nanopowders calcined at 500 or 700°C for 3 hrs 
annealing time. 
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The TEM and SAEO images for the above NiO samples are shown in Figure 

4.2.5a and 4.2.5b, respectively. 

Figure 4.2.5a. TEM images of NiO calcined at different conditions: (A) 500 
°C - 3 hrs, (8) 500 °C - 6 hrs, (C) 500 °C - 12 hrs, (0) 700 °C - 3 hrs, 
(E) 700 °C - 6 hrs and (F) 700 °C - 12 hrs, respectively. 
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Figure 4.2.Sb. SAED images of NiO calcined at different conditions: (a) 500 
°C - 3 hrs, (b) 500 °C - 6 hrs, (c) 500 °C - 12 hrs, (d) 700 °C - 3 hrs, 
(e) 700 °C - 6 hrs and (f) 700 °C - 12 hrs, respectively. 
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4.2.2. XMT of Freeze Dried Ni-ALG Beads 

The images of nickel alginate (Ni-ALG) wet and freeze dried beads after ion

exchanged with 4 wt% sodium' alginate solution are shown in Figure 4.2.6, 

respectively. 

Figure 4.2.6. Nickel alginate wet beads (left) and freeze dried beads (right) . 
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The XMT patterns of freeze dried Ni-ALG beads and NiO beads after 

calcination are shown in Figure 4.2.7 and 4.2.8, respectively. 

Figure 4.2.7. XMT images of the freeze dried nickel alginate bead: (a and b) 
3D structure from outside and inside, (c and d) transverse and cross 
sections, respectively. 
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Figure 4.2.8. XMT images of two calcined beads: (a, b, e and f) 3D structure 
from outside and inside, (c, d, g and h) transverse and cross sections, 
respectively. 
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The TEM images and XRD pattern of as-prepared NiO nanopowders after 

calcination are shown in Figure 4.2.9 and 4.1.10, respectively. 

Figure 4.2.9. TEM image of NiO nanoparticles prepared by the calcinations 
of freeze dried nickel alginate beads at 700 ce. 
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Figure 4.2.10. XRO of NiO nanopowders calcined at 700°C for 1 hour. The 
pattern is indexed using the (hkl) values from ICOO 04-002-0665 
shown at the top of the peaks. 
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4.2.3. NiO Production by Na-ALG Granules 

The images of Ni-ALG dried granules after ion-exchanged with sodium 

alginate granules have been shown in Figure 4.2.11. The TGAIDSC of the 

dried Ni-ALG granules in controlled atmosphere of air at a flow rate of 50 mL 

min-1 from ambient temperature to 1000 °C with heating rate of 3 °C min-1 

without any holding time are shown in Figure 4.2.12. 

Figure 4.2.11. Nickel alginate dried granules (scale = 1 mm). 
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Figure 4.2.12. Thermal analysis of nickel alginate dried granules in air. 
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The HT-XRO patterns of dried Ni-ALG granules have been shown in Figure 

4.2.13a and 4.2.13b, respectively. The temperature program was set every 

25 °C interval from room temperature to 600 °C with heating rate maintained 

at 3 °C min·1 in static air condition. At each temperature, 30 mins annealing 

time was allowed for the sample to equilibrate. The XRO patterns of as

prepared NiO nanopowders after calcination has been shown in Figure 

4.1.14. And the TEM and SAEO patterns of NiO are shown in Figure 4.1.15. 
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Figure 4.2.13a. HT-XRO of Ni-ALG dried granules at different temperatures. 
The patterns are indexed by ICOO 04-002-0665 as cubic NiO shown at 
the top of the pattern. Tick marks for reference pattern of a-Ab03, ICOO 
01 -076-7777, are shown at the top of the figure. 
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Figure 4.2.13b. HT-XRD of Ni-ALG dried granules heat treated from 250 to 
300°C. 
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Figure. 4.2.14. XRD of NiO nanopowders calcined at 600 °C for 2 hrs 
annealing time. The patterns are indexed by ICOO 04-002-0665 shown 
at the top of the figure. 
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20nm 

Figure 4.2.1.5. a, TEM image of NiO calcined at 600 °C for 2 hrs, and b, 
SAED pattern of the sample. 
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4.3 CexGd1•x0 2.l) Production by Na-ALG Beads 

The Cerium Gadolinium Oxide (Ceo.9Gdo.101.9s, CG01 and Ceo.aGdo.201 .9, 

CG02) nanopowders were prepared by sodium alginate (Na-ALG) beads. 

The physical, chemical and electrical property results of CG01 and CG02 

are shown below. 

4.3.1. CexGd1•x0 2.l) Production by Na-ALG Beads 

The images of cerium gadolinium alginate (CGO-ALG) wet and dried beads 

after ion-exchanged with 4 wt% sodium alginate (Na-ALG) solution have 

been shown in Figure 4.3.1, respectively. The FTIR analysis of CGO-ALG 

and Na-ALG are shown in Figure 4.3.2. 

Figure 4.3.1. CGO-ALG dried and wet beads. a CG01-ALG dried beads, b 
CG01-ALG wet beads, c CG02-ALG dried beads and d CG02-ALG 
wet beads, respectively. 
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Figure 4.3.2. FTIR full wavenumber scan spectra of 4 wt% Na-ALG solution , 
CG01 and CG02 alginate wet beads, respectively. 
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The XRD patterns and TEM images of as-prepared CGO nanopowders after 

calcination are shown in Figure 4.3.3 and 4.3.4, respectively. 
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Figure 4.3.3a. XRO patterns of CG01 and CG02 nanopowders calcined at 
500 °c for 2 hours. The XRO patterns are indexed by ICOO 04-002-
6160 as Ceo.9Gdo.10 1.95 and ICOO 04-14-0032 as Ceo.sGdo.20 1.9 shown 
at the top of the peaks. 
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Figure 4.3.4. TEM images of the obtained nanopowders. a CG01 and b 
CG02 samples calcined at 500 °C for 2 hours. The inset images are 
SAED patterns to the corresponding samples. 
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4.3.2. Materials Conductivity Analysis for SOFC Application 

The SEM images of fracture surfaces of CGO pellets prepared by sodium 

alginate beads are shown in Figure 4.1.12, respectively. 
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Figure 4.3.5. Grains, grain boundaries and pores interface SEM images of 
the fracture surface of CGO pellets sintered at 1300 °c - 2 hrs. Top 
image is CG01 and bottom image is CG02. 
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The measured impedance spectra for CGO prepared at different 

temperatures are shown in Figure 4.1.6 - 4.1.8, respectively. 
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Figure 4.3.6. The complex impedance plots of dense CG01 ceramic 
measured at 700 °C in air. The inset plot in B is the high frequency 
range. 
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Figure 4.3.7. The complex impedance plots of dense CG02 ceramic 
measured at 550 °C in air. The inset plot in B is the high frequency 
range. 
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Figure 4.3.8. The complex impedance plots of dense CG01 and CG02 
ceramic produced measured at 700 °C in air. 
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Chapter 5 Discussion 

This chapter provides the in-depth discussion and analysis of the research 

findings (shown in Chapter 4 Results) of various metal oxides. It is separated 

into three sections, including 5.1 Ceo.sGdo.201.9 production by organic 

precursors, 5.2 NiO production by Na-ALG and 5.3 CexGd1-x02-15 production 

by Na-ALG beads, respectively. Full details can be found below. 

5.1 Ceo.8Gdo.201.9 production by Organic Precursors 

In this section, Cerium Gadolinium Oxide (Ceo.sGdo.201.9, CG02) 

nanopowders prepared by maltose + pectin or sucrose + pectin routes are 

discussed, respectively. Sucrose is made from one unit of a-glucose and 

one unit of J3-fructose, and is probably one of the most abundant naturally 

occurring organic chemicals in the world. These two unit in chains are linked 

by a J3-glycosidic bond which is a covalent bond between two 

monosaccharides that involves carbon C1 (anomeric) of the glucose and 

carbon C2 of the fructose. Maltose is a disaccharide containing two a

glucose units linked by a-glycosidic bond. This covalent bond connects two 

monosaccharide at the carbon C1 (anomeric) of the first unit of glucose to 

carbon C4 of the second unit of glucose. Pectin is naturally present in ripe 

fruits and some vegetables. Pectin is a linear polysaccharide containing 

between 300 and 1000 monosaccharide units. Pectin is widely used in the 

food industry as a gelling agent. Structural formulae of sucrose, maltose and 

pectin are shown in the figure below. 

~re 
OH 0 

OH H 
H 

H OH H OH OH ~ 
Maltose 

C1i20H H 

~'OH ~OG 
OH OH o 0 OH 

Sucrose Pectin I 0 ••• 

Figure 5.1.1. Structural formula for Sucrose, Maltose and Pectin. 
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It is believed that the electronegative 0 atom present in each of the two 

glucose ring structure between C1 and C5 carbon atoms and in the C1 - C4 

a-glycosidic link per unit formula of maltose or in the C1 - C4 !3-glycosidic link 

per unit formula of sucrose gains a partial negative charge. This enables the 

Ce3
+ and Gd3

+ cations from the precursor solutions to chelate with the 

partially negatively charged 0 atoms. These cations are kept at a distance 

by the large pectin molecule consisting of 300 to 1000 monosaccharide units 

that forms gelatinous matrix structure hosting the Ce3
+ and Gd3

+ cations. 

This is important for the prevention of the formation of large crystals during 

the subsequent calcination stage which is essential for the formation of nano 

crystalline CG02 solid solution. 

The CG02 nanopowders obtained in this study have been characterized by 

simultaneous TGAIDSC, Powder XRD with Rietveld structural refinement, 

ICP-AES and . TEM. The sinterability, electrical conductivity and 

microstructure of CGO are also studied. Details of the research work and its 

findings are discussed below. 

5.1.1. Ceo.sGdo.201.9 Production using Maltose and Pectin 

This section describes a sol-gel production of Ceo.aGdo.201.9 (CG02) 

nanopowders using maltose and pectin. The experimental details of sol-gel 

experimental process can be found in Section 3.8. The results of this 

investigation can be found in Section 4.1.1. 

The progress of calcination of the dried CG02 gels and the organic 

components of the gel was studied by simultaneous TGAIDSC. The results 

of thermal analysis are shown in Figures 4.1.1-4.1.3, respectively. 

As shown in Figure 4.1.1 a, the organic materials in the dried gel 

decomposed in three steps for mixed maltose + pectin gel, whereas the 

decomposition occurred in four steps for individual components, maltose and 

pectin. The first three steps appeared to be mildly endothermic, whereas the 

final step was considerably exothermic as shown in Figure 4.1.1 b. The first 

decomposition step occurred at around 100°C. The second and third step 

was observed in a temperature range of 180-350 °c and the final step 

between 420-520 °C. The decomposition steps in the TGA trace of maltose, 

pectin and maltose + pectin were in good agreement with the DSC profiles 

shown in Figure 4.1.1 b. An endothermic decomposition peak for maltose 

was observed at about 100°C and for pectin observed at 150 °C, as seen in 

Figure 4.1.1 b. The same trend was not seen clearly for the dried maltose 

and pectin mixed gel. Instead, a small and very broad endothermic peak 



- 114-

occurred over a wider temperature range from 150 to 240°C. It could be 

seen in Figure 4.1.1 b that the decomposition peak of maltose was simpler 

than that of pectin probably because of the simple molecular structure of 

maltose, as compared with the complex-branched heavy molecular weight 

structure of pectin. Further, it appeared that the formation of mixed maltose 

and pectin gel stabilized the structure of maltose by cross-linking with pectin 

resulting into the shift of decomposition peak to higher temperature, at 

approximately 500°C, as shown in Figure 4.1.1 b. 

The decomposition of cerium and gadolinium ions (Ce3+ and Gd3+) 

incorporated maltose and pectin mixed gel was found to be a three step 

process as shown in Figure 4.1.2. These three decomposition processes 

were observed in the temperature range of 140-180 °C, 250-280 °C and 

290-350 °C, respectively. They were all exothermic in nature unlike those 

observed in Figure 4.1.1 b. These exothermic decomposition processes were 

most likely due to the oxidative decomposition of Ce3
+ and Gd3+ incorporated 

gel. The final decomposition step was highly exothermic compared to the 

first and second stages. In order to understand the excessive evolution of 

. heat during the third stage of the decomposition, further thermal analysis 

was carried out between ambient temperature and 500°C in flowing helium 

gas condition as a function of time. 

TGAIDSC of Ce3+ and Gd3+ incorporated gel in flowing helium gas between 

ambient temperature and 500°C is shown in Figures 4.1.3a and 4.1.3b. 

Once the temperature was attained, helium gas was substituted with air for 1 

hour without further increase in temperature for high temperature annealing 

of the sample. The weak exothermic peaks due to the first two stages of 

decompositions in helium suggested that oxygen presented in the molecular 
structure of Ce3+ and Gd3+ incorporated maltose and pectin mixed gel was 

probably responsible for the oxidative decomposition. Once the loosely 

bonded oxygen was exhausted from the structure, no further exothermic 

peaks were observed up to 500°C. Following this, when air was allowed to 

bleed in, the action instantly resulted into a significant reduction in mass of 

the sample and corresponding highly exothermic peak was observed. Here, 

it should be noted that in flowing air, the final decomposition step occurred 

between 290 and 350°C as seen in Figure 4.1.2. However, it was found to 

be absent in helium gas up to 500 °C (Figures 4.1.3a and b). This led us to 

believe that oxygen was necessary for the final oxidative decomposition step 

of Ce3
+ and Gd3

+ incorporated maltose and pectin mixed gel to yield single 

phase CGO as shown later. 
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Based on the results shown in Figures 4.1.1-4.1.3, it could be concluded ' 

that at temperatures below 250°C oxygen present in air did not play an 

active role in oxidative decomposition of Ce3
+ and Gd3

+ incorporated maltose 

and pectin mixed gels. Whereas at temperature higher than 300°C, oxygen 

present in air was crucial for the thermal decomposition process of the 

cationic gel. 

XRD patterns of the product of decomposition process carried out at 

different temperatures from 500°C to 900 °C for 2 hours duration are shown 

in Figure 4.1.4. The peaks could be indexed successfully for the formation of 

single phase Ceo.aGdo.201.9. This suggested that the highly exothermic peak 

in the temperature range of 290-340 °C seen in Figure 4.1.2 was mainly due 

to the oxidation of Ce3
+ and Gd3

+ cations incorporated in maltose and pectin 

mixed gels to form single phase CGO. 

XRD analysis of the cationic gel processed at different temperatures showed 

that all the obtained samples were single phase, cubic, Ceo.aGdo.201.9 

powders as seen in Figure 4.1.4. The XRD patterns coul~ be entirely 

indexed with the reference pattern available in the literature (ICDD 04-14-

0032) marked at the top of Figure 4.1.4. It was found that the XRD pattern of 

CGO became sharper, and the peaks became progressively narrower due to 

increase in the crystallite size, as the calcinations temperature was 

increased from 500°C to 900 °C. 

Clearly, there were a number of factors which could contribute to profile 

broadening in diffraction data, namely coherence length, micro-strain, 

compositional homogeneity or a combination thereof. However, it should be 

noted that the effects of compositional homogeneity and micro-strain result 

in a similar effect on the observed profile. The effects of utilizing size, strain 

and a combination of size and strain are shown in Figure 5.1.2 and 

broadening due to the these effects manifested most strongly at high values 

of 2-theta, hence this range was shown in order to make a visual 

comparison. 

In Figure 5.1.2, it can be seen that the strain broadening provided a poor 

description of the observed profile. There was considerable disparity 

between the model and raw data as highlighted by the residual below the 

data. Particle size effects provided a far better description of the broadening, 

but clearly a combination of size and strain provided the best model as 

shown at the top of Figure 5.1.2. It is not unreasonable to assume that as 

particles became extremely small, as was observed here, an element of 
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strain would be apparent. Note that a size/strain analysis was used in both 

Figure 5.1.3 and Table 5.1 .1. 

ize/Strain 

."' "," .... -'.. ,--" . . .................... . ~ .. ~ ...... , .... ' ......... -....... -.. , .. _ ...... " ", .,' ." .. 

~ " t • '", •• " ..... ~ ," '" '" •• ..; ................... ~ ............. , •••••••• ' _ •• :'- ..... , ••••• , •••• - ........ , ............ , 

(/) 
c: 
Q) 

C 

Strain 

. -' ..... ,. 
.......... 

_'OJ' • •••• • • ••• , ••••••••• ' ........ ~ •••• • ••••• ,. ".\ .......... ,' .~ . . ........ ... ~~ ••••••••••• 

85 90 95 100 

2-theta [degs) 

Figure 5.1.2. Rietveld refinement of CG02 calcined at 500 DC for 2 hrs using 
strain, size and strain/size models. The raw data are shown as crosses, 
the model as a solid line and the residual below. 

Figure 5.1 .3 shows a comparison between the calculated and the observed 

XRD patterns obtained experimentally of the nanopowders of CG02 

calcined at 500 DC for 2 hrs employing a size/strain Rietveld structural 

refinement. It is clear from the figure that the agreement between the 

experimental data and the calculated pattern is excellent showing negligible 

residual pattern. 
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Figure 5.1.3. Size/strain Rietveld structural refinement analysis of CG02 
sample calcined at 500°C for 2 hrs. The raw data are shown as 
crosses, the model as a solid line, and the residual shown below. Tick 
marks for reference pattern of Ceo.aGdo.201 .9, ICDD 04-14-0032, are 
shown at the top of the figure. 

During the refinement, a number of parameters were modified; the unit cell 

lattice parameter, isotropic temperature factors for each species (Ce, Gd and 

0) and profile parameters describing the peak shapes. Note that neither the 

occupancy factors (concentration of each atom per site) nor the fractional 

coordinates were altered . The refined parameters are shown in Table 5.1.1 

alongside that of the initial values obtained from the reference XRD pattern 

ICOD 04-14-0032 of CG02. In the absence of more suitable values from the 

literature (no refined figures are reported for cubic Ceo.aGdo.201.9, Fm3m) , 

the temperature factor, BISO, was set to 0.5 A2 for each of the atoms, as an 

initial value for the refinement procedure. 

The refined value for the lattice parameter is similar to that reported in ICOO 

04-14-0032. The temperatu re factors generated for each species seem 

plausible; in the host material, Ce02 (Fm3m), a range of temperature factors 

are reported in the literature; BlsoCe = 0.28-2.19 A2 and BlsoO = 0.51-4.056 

A2 [98-101]. Clearly, the refined values reported in Table 5.1 .1 fall within this 

range. For Gd203 (Cubic, la3), a range BlsoGd = 0.21-0.35 A2 is reported 
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[102-104]; our refined values BlsoGd = 0.12 A2 is somewhat lower than this, 

which may result from the use of a different crystal structure. 

Table 5.1.1. Structural parameters of CG02 calcined at 500°C for 2 hrs 
sample obtained by size/strain Rietveld structural refinement analysis. 

Parameter ICDD 04-14'()032 Refinement 

Lattice parameter (A) 

BlsoCe (A2) 

BlsoGd (N) 

BlsoO (N) 

5.430 

0.5 

0.5 

0.5 

5.424(1) 

0.53(1) 

0.12(4) 

0.64(5) 

The results of size/strain analysis are shown in Table 5.1.2 as a function of 

calcination temperature. As the processing temperature increases, a gradual 

coarsening in particle size, and a reduction in micro-strain was observed. As 

expected, the weighted residual from the refinement, Rwp, range from 

2.46-4.13 %, providing evidence of excellent agreement between the data 

and the refined model. Note that the errors presented in Table 5.1.2 are the 

statistical standard deviation from the refinement. 

Table 5.1.2. Structural parameters of CG02 samples obtained using 
Size/Strain Rietveld structural refinements. 

Rietveld Size-Strain Analysis 
Sample 

Size (nm) Micro Strain Rwp (%) Rexp (%) GOF 

A. 500°C-2hrs 10.64(2) 0.3(4) 2.46 .1.30 1.89 

B. 600°C-2hrs 13.61(1) 0.2(3) 2.23 1.30 1.72 

C. 700°C-2hrs 27.18(1) 0.1(2) 3.68 2.00 1.84 

D. 900°C-2hrs 76.3(3) 0(0) 4.13 2.02 2.04 

The morphology of the obtained powders was investigated using 

Transmission Electron Microscopy (FEI Tecnai TF20 FEG-TEM). As shown 

on Figure 4.1.5, the CG02 nanoparticles had shown relatively uniform 

shapes with narrow size distribution which matched with the calculations 

using XRD Rietveld refinements. The d-spacing values obtained from SAED 
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patterns in Figures 4.1.5a and 4.1.5d were compared with the XRD results. 

All these values were in good agreements with the reference data (04-014-

0032) as shown in Table 5.1.3. Sample compositions were also confirmed 

using EDS. 

Table 5.1.3. Comparison of CG02 d-spacing values obtained by TEM and 
XRD Rietveld refinement with (04-014-0032) reference data. 

Ref. dl (A) 
TEM d/(A) XRD dl (A) 

h k 
A 0 A 0 

1 1 1 3.135 3.135 3.1"38 3.136 3.135 

2 0 0 2.715 2.715 2.716 2.715 2.714 

2 2 0 1.919 1.921 1.917 1.919 1.918 

3 1 1 1.637 1.644 1.636 1.636 1.636 

Table 5.1.4 shows the results of chemical analysis of the final products 

obtained after different heat treatment conditions determined by ICP-AES 

analysis. All samples were confirmed as Ceo.aGdo.201.9. These findings of 

ICP-AES analysis are in excellent agreement with the nominal composition 

of the starting materials and the results obtained from XRD and TEM-EDS. 

Table 5.1.4. ICP-AES and TEM-EDS analysis of the obtained CG02 
samples. 

Molar Ratio EDS 
Sample Ce Conz. (ppb) Gd Conz. (ppb) 

Ce:Gd Ce:Gd 

A 1.45(2) 0.34(0) 83: 17 80: 20 

0 1.47(2) 0.33(2) 83: 17 81 : 19 

A novel sol-gel method has been developed for the production of high purity 

nanopowders of cerium gadolinium oxide (CG02, Ceo.sGdo.201.9) solid 

solution using maltose as an organic chelating agent and pectin for gelation. 

The results of this investigation indicate that the final particle size of 

approximately 10 nm can be obtained after calcination of the predried gel at 

500°C for 2 hours in ambient air. An insight in to the calcination process has 

been obtained by using thermo-gravimetric analysis and differential scanning 
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calorimetry. Powder X-ray diffraction confirms that all samples are single 

phase cubic CG02 powders with no trace of impurity. The mean crystallite 

sizes calculated from XRD analysis using Rietveld refinement method agree 

with the morphological features observed by transmission electron 

microscopy. The nanopowders produced in this study exhibit negligible· 

strain as indicated by Rietveld refinement procedure. The nominal 

composition of CG02 has been found to be in excellent agreement with that 

determined by energy dispersive X-ray spectroscopy and inductively coupled 

plasma - atomic emission spectrometry analysis. The XRD and TEM 

analyses indicate that there· is a significant influence of calcination 

temperature on the particle size which increases with increasing temperature 

for a fixed annealing time. This new sol-gel method is a cost effective, simple, 

environmentally friendly and non-toxic route for a large scale production of 

high purity single phase nanopowders of complex oxide functional ceramic 

materials at significantly low temperatures. 
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5.1.2. Ceo.aGdo.201.9 Production using Sucrose and Pectin 

This section describes a sol-gel production of Ceo.sGdo.201.9 (CG02) 

nanopowders using sucrose and pectin. The experimental details of sol-gel 

experimental process can be found in Section 3.8. The results of this 

investigation can be found in Section 4.1.2. 

The progress of calcination of the dried CG02 gels and the 

oxidation/combustion of the organic components of the gel was studied by 

simultaneous TGAIDSC. The results of thermal analyses are shown in 

Figures 4.1.6 - 4.1.8, respectively. 

As shown on Figure 4.1.6a, the organic materials in the dried gel 

decomposed in four steps as expected of pectin. On the other hand, sucrose 

or sucrose + pectin mixed gel decomposed in three steps. The first step of 

decomposition of sucrose and sucrose + pectin gel occurs between 180 and 

240°C, the second step occurs at 300-420 °C and the third step occurs 

470-520 °C. Amongst these decomposition steps, the first and last steps are 

rapid, whereas the second step is sluggish. It can be seen in Figure 4.1.6b 

that the decomposition of sucrose, pectin and sucrose + pectin gel is 

endothermic below 400°C, whereas above 420 °C it is considerably 

exothermic. This could be mainly due to the oxidation of organic compounds 

at higher temperature' aided by the presence of oxygen in flowing air 

atmosphere. Further, it can be seen in Figure 4.1.6b that the decomposition 

. peak of sucrose was simpler compared to that of pectin probably because of 

the simple molecular structure of sucrose relative to the complex-branched 

heavy molecular weight structure of pectin. The formation of mixed sucrose 

and pectin gel appears to stabilize the structure of sucrose by crOSS-linking 

with pectin resulting into the shift of decomposition peak to higher 

temperature as seen in Figure 4.1.6b. 

Following the incorporation of Ce3
+ and Gd3

+ ions in sucrose and pectin 

mixed gel, the decomposition of newly formed gel had been found to be a 

three step process. These three decomposition processes were observed in 

temperature range 130-150 °C, 250-280 °C and 290-350 °C, respectively 

(see Figure. 4.1.7). They were all exothermic in nature and occurred at lower 

temperature compared to those observed in Figure 4.1.6b prior to 

incorporation of cations in the sucrose + pectin gel. The exothermic 

decomposition processes were probably due to the oxidative 

decompositions of Ce3
+ and Gd3

+ ions incorporated gel and in part due to the 

formation of Ceo.sGdo.201.9 solid solution step. The final decomposition was 

highly exothermic compared to the first and second stages. In order to 
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understand the excessive evolution of heat during the third stage of the 

decomposition, further thermal analysis was carried out between room 

temperature and 500 °C in flowing helium gas condition. 

Figure 4.1.8a and 4.1.8b show the TGAIDSC trace of Ce3+ and Gd3+ ions 

incorporated gel in flowing helium gas between room temperature to 500 °C. 

Once the maximum temperature was reached, helium gas was substituted 

with air for 1 hour high temperature annealing. The weak exothermic peaks 

due to the first two stages decompositions in He suggested that the oxygen 

present in the molecular structure of Ce3
+ and Gd3

+ ions incorporated 

sucrose and pectin mixed gel could be causing the oxidative decompositions. 

Once the loosely bonded oxygen was exhausted from the structure, no 

further exothermic peaks were observed up to 500 °C. Following this, air 

was allowed to bleed in which instantly resulted into a significant reduction in 

. mass of the sample and a corresponding highly exothermic peak was 

observed as seen in Figure 4.1.8b. It should be noted that in flowing air final 

decomposition step occurred between 290 and 350 °C in Figure 4.1.7. 

However, it was found to be absent in helium gas up to 500 °C (Figure 

4.1.8a and 4.1.8b). This indicated that an excess of oxygen was necessary 

for the final decomposition step of Ce3
+ and Gd3

+ ions incorporated sucrose 

and pectin mixed gel that led to the formation of Ceo.8Gdo.201.9 solid solution. 

XRD analysis of the cationic gel processed at different temperatures showed 

that all the obtained samples were single phase cubic Ceo.8Gdo.201.9 (ICOD 

04-014-0032) powders as seen in Figure 4.1.9. The XRO patterns could be 

entirely indexed with the reference pattern available in the literature (ICOD 

04-14-0032) marked at the top of Figure 4.1.9. It was found that the XRO 

pattern of CG02 became sharper and the peaks became progressively 

narrower as the calcination temperature increased from 500 °C to 900 °C 

mainly because of the growth of the crystallite size. 

Figure 5.1.4 shows a comparison between the calculated and the observed 

XRD patterns obtained experimentally of the nanopowders of CG02 

calcined at 500 °C for 2 hrs employing a size/strain Rietveld structural 

refinement. It is clear from the figure that the agreement between the 

experimental data and the calculated pattern is excellent showing negligible 

residual pattern. 
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Figure 5.1.4. Size/strain Rietveld structural refinement analysis of CG02 
sample calcined at 500°C for 2 hrs. The raw data are shown as 
crosses, the model as a solid line, and the residual shown below. Tick 
marks for reference pattern of Ceo.sGdo.20 1.9, ICDD 04-14-0032, are 
shown at the top of the figure. 

During the refinement, a number of parameters were modified; the unit cell 

lattice parameter, isotropic temperature factors for each species (Ce, Gd and 

0) and profile parameters describing the peak shapes. Note, that neither the 

occupancy factors (concentration of each atom per site) nor the fractional 

coordinates were altered. The refined parameters are shown in Table 5.1.5 

alongside those of the initial values obtained from the reference XRD pattern 

ICDD 04-14-0032 of CG02. In the absence of more suitable values from the 

literature (no refined figures are reported for cubic Ceo.sGdo.201 .9, Fm3m), 

the temperature factor, Blso, was set to 0.5 A2 for each of the atoms, as an 

initial value for the refinement procedure. 

The refined value for the lattice parameter is similar to that reported in ICDD 

04-14-0032. The temperature factors generated for each species seem 

plausible; for the host material, Ce02 (Fm3m), a range of temperature 

factors are reported in the literature; BlsoCe = 0.28-2.19 A2 and BlsoO = 
0.51- 4.056 A2 [98-101]. Clearly, the refined values reported here fall within 

this range. For Gd203 (Cubic, la3), a range BlsoGd = 0.21-0.35 A2 is 
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reported [102-104]; our refined values BlsoGd = 0.19 A2 is somewhat lower 

than this, which may be because of the use of a different crystal structure. 

Table 5.1.5. Structural parameters of Ceo.aGdo.201.9 calcined at 500 °C for 2 
hrs sample obtained by size/strain Rietveld structural refinement 
analysis. 

Parameter ICDD 04-14-0032 CGO 

Lattice parameter (A) 5.430 5.424(3) 

BlsoCe (A2) 0.5 0.60(2) 

BlsoGd (A2) 0.5 0.19(5) 

BlsoO (N) 0.5 0.66(8) 

The results of size/strain analysis are shown in Table 5.1.6 as a function of 

calcination temperature. As the processing temperature increases, a gradual 

coarsening in particle size and a reduction in micro-strain was observed. As 

expected, the weighted residual from the refinement, Rwp, range from 

1.91-3.60 %, providing evidence of excellent agreement between the data 

and the refined model. Note that the errors presented are the statistical 

standard deviation from the refinement. 

Table 5.1.6. Structural parameters of CG02 samples obtained using 
Size/Strain Rietveld structural refinements. 

Size/Strain Rietveld structural refinement 
Sample 

Size (nm) Micro Strain Rwp (%) R.xp (%) GOF 

A 8.04(1) 0.4(5) 1.91 1.31 2.14 

B 14.10(6) 0.2(3) 2.39 1.31 3.34 

C 29.10(4) 0.0(7) 3.26 1.98 2.70 

0 61.1(2) 0(0) 3.60 2.01 3.23 

Samples heat treated at different temperatures: (A) 500 °C, (B) 600°C. (C) 700°C and (0) 

900 °C for 2 hours. respectively. 

The morphology of the obtained powders was investigated using 

Transmission Electron Microscopy (FEI Tecnai TF20 FEG-TEM). As shown 
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in Figure 4.1.10, the CG02 nanoparticles had shown relatively uniform 

shapes with narrow size distribution which matched with the calculations 

using XRD Rietveld refinements. The XRD patterns shown in Figure 5.1.4 

and SAED patterns shown in Figure 4.1.11 clearly indicated that the CG02 

nanopowders were single phase and fully crystalline. Furthermore, the 

changing nature of ring patterns in Figure 4.1.11 also indicated the growth of 

crystallite size with increasing temperature. The d-spacing values obtained 

from SAED patterns in Figure 4.1.11 were compared with the XRD results. 

All these values were in good agreements with the reference data (04-014-

0032) as shown in Table 5.1.7. Sample compositions were also confirmed 

using EDS. 

Table 5.1.7. Comparison of CG02 d-spacing values obtained by TEM and 
XRD Rietveld refinement with (04-014-0032) reference data. 

Ref. dI(A) 
TEM dI(A) XRD d/(A) 

h k 
A B C 0 A B C 0 

1 1 1 3.135 3.134 3.135 3.136 3.134 3.137 3.137 3.136 3.136 

2 0 0 2.715 2.714 2.717 2.713 2.715 2.716 ·2.716 2.716 2.715 

2 2 0 1.920 1.922 1.918 1.917 1.919 1.919 1.920 1.919 1.919 

3 1 1 1.637 1.637 1.631 1.635 1.636 1.637 1.637 1.637 1.637 

Samples heat treated at different temperatures: (A) 500 DC, (8) 600 DC, (C) 700 DC and (0) 

900 DC for 2 hours, respectively. 

Table 5.1.8 shows the chemical analysis results of the final products 

obtained at different heat treatment conditions determined by ICP-AES 

analysis. All samples were confirmed as Ceo.aGdo.201.9. These findings were 

in good agreement with the expected composition of the starting materials 

and the results obtained from XRD and TEM-EDS. 
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Table 5.1.8. ICP-AES and TEM-EDS analysis of the obtained CG02 
samples. 

Sample 

A 

8 

C 

o 

ICP-AES 

81 : 19 

83: 17 

83: 17 

83: 17 

Ce: Gd ratio 

TEM-EDS 

80: 20 

80: 20 

81 : 19 

81 : 19 

Samples heat treated at different temperatures: (A) 500°C, (8) 600 °C, (C) 700 °C and (0) 

900 °C for 2 hours, respectively. 

In the present investigation, high purity nanopowders of cerium gadolinium 

oxide (CG02, Ceo.sGdo.201.9)· is synthesized by sol-gel method using 

sucrose as an organic chelating agent and pectin for gelation. The results of 

this investigation indicate that the final particle size of approximately 8 nm 

can be obtained after calcination of the predried gel at 500 °C for 2 hours in 

ambient air. An insight in to the calcination process has been obtained by 

using simultaneous TGAIDSC. Powder XRD confirms that· all samples 

crystallized as single phase cubic CG02 powders with no trace of impurity. 

The mean crystallite sizes calculated from XRD analysis using Rietveld 

refinement method agree with the morphological features observed by TEM. 

The nanopowders produced in this study exhibit negligible strain as 

indicated by Rietveld refinement procedure. The nominal composition of 

CG02 has been found to be in excellent agreement with that determined 

independently by EDS and ICP-AES. The XRD and TEM analyses indicate 

that there is a significant influence of calcination temperature on the crystal 

size which increases with increasing temperature for a fixed annealing time. 
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5.1.3. Materials Conductivity Analysis for SOFC Application 

This section describes microstructure and electrical conductivity of the 

obtained Ceo.sGdo.201.9 (CG02) produced by maltose + pectin (MP) or 

sucrose + pectin (SP) sol-gel routes. The sample sintering process and a.c. 

impedance spectroscopy measurement technique can be found in Section 

3.8 and 3.9. The results of this investigation can be found in Section 4.1.3. 

The relative densities of CG02-MP and CG02-SP calculated by Archimedes 

principle are above 95% of the theoretical density. The microstructure 

observed from SEM images in Figure 4.1.12 of the fracture samples of 

CG02 sintered at 1500 °C indicates relatively small particles of uniform size 

-1 JJm and high density. 

Impedance spectroscopy normally resolves the bulk, grain boundary and 

electrode conduction processes in ceramic samples by exhibiting successive 

semicircles (with some distortion) in the complex plane. In the case of 

Ceo.sGdo.201.9 produced by maltose + pectin (MP) or sucrose + pectin (SP), 

the grain boundary and bulk processes remain distinguishable to 800°C. 

Figure 5.1.5-5.1.8 shows the plot of log a vs. 1rr measured in air, where a 
is the conductivity. It also compares the total conductivity, including bulk and 

grain boundary contributions with only the ionic (bulk) conductivity. 

The Arrhenius plots of total conductivities of dense CG02-MP and CG02-

SP (see Figure 5.1.7) indicate two activation energies, respectively. For the 

CG02-MP sample, the different starts at 550°C with Ea = 1.04 eV at high 

temperature range and Ea = 1.02 eV at low temperature range. The total 
conductivities at 550°C are calculated as 3.47 x 10-2 S cm-1 as shown in 

Figure 4.1.13a and 2.79 x 10-4 S cm-1 as shown in Figure 4.1.13b, 

respectively. More or less the same results are obtained from CG02-SP 
sample. The total conductivities at 600°C are calculated as 5.31 x 10-2 Scm-

1 as shown in Figure 4.1.14a and 4.93 x 10-4 S cm-1 as shown in Figure 

4.1.14b, respectively. This may due to a glassy phase formed at the CGO 

grain surface and lead to conductivity increment at certain temperature 

range. However, further research is required for clarification. 
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Figure 5.1.5. Arrhenius plot of total and ionic conductivity of the dense 
Ceo.sGdo.20 1.9 ceramic produced by maltose + pectin (MP) measured 
from 600 to 800 °C in air. 
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Figure 5.1.6. Arrhenius plot of total and ionic conductivity of the dense 
Ceo.sGdo.20 1.9 ceramic produced by sucrose + pectin (SP) measured 
from 600 to 800 °C in air. 
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Figure 5.1.7. Arrhenius plot of total conductivity of the dense Ceo.8Gdo.201 .9 
ceramic produced by SP and MP measured from 300 to 800 °C in air. 
L T is low temperature measurements and HT is high temperature 
measurements, respectively. 
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Figure 5.1.8. Arrhenius plot of ionic conductivity of the dense Ceo.8Gdo.20 1.9 
ceramic produced by both SP and MP measured from 300 to 800 °C in 
air. 
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Table 5.1.9 shows the conductivity and activation energy for conduction of 

Ceo.sGdo.201.9 produced by MP or SP, respectively. The total conductivity at 

high temperature range and ionic conductivity of both CG02·MP and CG02-

SP samples measured in this investigation are in reasonable agreement with 

the data reported by Dikmen et al. [32] and Steele [105]. The ionic 

conductivities of this investigation at 600°C are much higher than the one 

obtained by Steele 0600·C = 0.018 S cm-1 [105]. 

Table 5.1.9. Conductivity and activation energy of Ceo.sGdo.201.9 solid 
solutions. 

Parameters 

Total Activation Low Temp. 

energy E. (eV) High Temp. 

Total conductivity asoo.c (5 cm-') 

Total conductivity a700·C (5 cm-') 

Ionic Activation energy E. (eV) 

Ionic conductivity aSOO·C (5 cm-') 

Ionic conductivity a700·C (5 cm-') 

CGO-MP 

1.02 

1.04 

0.08 

0.26 

0.95 

0.54 

2.27 

CGO-5P 

1.05 

1.37 

0.05 

0.38 

0.93 

0.73 

2.72 
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5.2 NiO Production by Na-ALG 

In this section, NiO nanopowders produced by sodium alginate were 

investigated. Sodium alginate (Na-ALG, NaC6H70 6) is a polymer extracted 

from brown seaweed. It contains varying amount of 1, 4'-linked (3-0-
mannuronic acid (M) and a-L-guluronic acid (G) residues. Gelation of 

alginate is due to the interaction of carboxylate groups with metal ions [81], 

such as Ni2+, in aqueous solution. During calcination, the nickel ions become 

immobile and cannot readily get close to each other, hence the possibility of 

producing small nanoparticles. 

In this study, novel methods for NiO nanopowders synthesis based on 

thermal decomposition of nickel alginate are. presented. The obtained 

samples have been characterized by TGAIDSC, HT-XRD, XRD with Rietveld 

size/strain structural refinement, XMT and TEM. Details of the research work 

and its findings are discussed below. 

5.2.1. NiO Production by Na-ALG Beads 

This section describes a sol-gel production of NiO nanopowders using 

sodium alginate beads. The experimental details of sol-gel experimental 

process can be found in Section 3.9. The results of this investigation can be 

found in Section 4.2.1. 

The progress of calcination of the dried Ni-ALG beads was studied by 
simUltaneous TGAIDSC. The results of thermal analysis are shown in 

Figures 4.2.2. 

The decomposition of nickel alginate (Ni-ALG) dried beads was found to be 

a four step process. These four decomposition processes were observed in 

the temperature range of ambient-200 °C, 200-300 °C, 300-450 °C and 

450-575 °C, respectively. The decomposition steps in the TGA profile were 

found to be in good agreement with the DSC profile also shown in Figure 

4.2.2. A small endothermic decomposition peak observed at temperature 

between ambient and 200°C corresponding to about 10% weight loss as 

shown in the TGA profile. This was possibly due to evaporation of water 

during heat treatment. After this, all decomposition peaks were exothermic 

in nature. These exothermic peaks were due to the progressive oxidative 

decomposition of nickel alginate dried beads. At a temperature range of 

200-300 °C, about 40% weight loss was observed in the TGA profil~. This is 

probably due to the cleavage of G-G, G-M and M-M weaker linkages in the 

alginate polysaccharide molecule leading to significant evolution of oxygen 
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and hence the corresponding weight loss. This simultaneously promotes the 

oxidation of Ni2+ ions chelated in alginate structure to form coexisting NiO 

and Ni02 as seen in Figure 4.2.3. The net result of the above two 

simultaneous endothermic and exothermic processes led to the formation of 

a mildly exothermic peak as seen in the DSC trace of Figure 4.2.2. As 

temperature increased to 450 °c, further decomposition occurred and 

resulted in about 10% weight loss in the TGA profile. This can be inferred to 

the decomposition of thus metastable-Ni02 to thermodynamically more 

stable NiO phase (see Figure 4.2.3) which is manifested as a small 

exothermic peak in Figure 4.2.2. Finally, the J3-D-mannuronic acid (M) and a

L-guluronic acid (G) residues were completely oxidized at high temperature 

leading to the large exothermic peak in the DSC profile. No further weight 

loss was observed which indicated that the decomposition process was 

complete at -500 °C. It can be inferred from Figure 4.2.2 that the process 

described in this study can yield 200 kg of NiO nanopowders per ton of dried 

Ni-ALG beads. 

HT-XRD was performed every 25 ec interval from room temperature to 

600 °c with heating rate maintained at 3 °C/min in static air condition on a a

Ab03 sample holder. Clean cubic NiO HT-XRD pattern observed at 

temperature 400-500 °c confirms that high purity single phase NiO is 

formed completely during the thermal decomposition process of Ni-ALG 

which is consistent with the TGAIDSC analysis trace shown in Figure 4.2.2. 

Extra peaks from a-Ab03 sample holder were also observed since a small 

amount of x-rays penetrate through the Ni-ALG sample up to the surface of 

the sample holder. 

No XRD peaks (apart from a-A1203 sample holder) were observed at 

temperature below 225 °c indicating that Ni-ALG dried beads did not form 

NiO below this temperature. HT-XRD pattern indicated that multiple phases 

of nickel oxide namely NiO and Ni02 were found to coexist at temperature 

-250 °c as shown in Figure 4.2.3b. As the temperature increased from 225 

to 300 °c, more and more NiO and Ni02 nanoparticles were formed and 

resulted in increase in the corresponding peak intensity. 

As temperature further increased from 325 to 350 °c, the fraction of Ni02 

phase decreased as peak intensity reduced and finally became NiO at 

375 °c as shown in Figure 4.2.3c. No further phase change was observed 

indicating that NiO nanocrystals were obtained even after partial 

decomposition Ni-ALG structure for which the· onset of decomposition 

occurred at 400 ± 10 °c (Figure 4.2.2). Note the small temperature shift 



- 133-

observed for various reaction steps between TGAIDSC and HT-XRD was 

because of the dynamic nature of TGAIDSC experiments compared with the. 

static HT-XRD experiments. 

According to the results of TGAIDSC (Figure 4.2.2) and HT-XRD (Figure 

4.2.3), it can be concluded that the thermal decomposition of Ni-ALG 

complexes proceed in four stages. A possible general decomposition 

mechanism in flowing oxygen atmosphere can be suggested as follow: 

<zoo ·c 
NiH - ALG· xHzO ~ NiH - ALG + xHzO (5.1) 

ZOO-300·C 
NiH - ALG ~ NiO + NiOz + G - residue + M - Residue (5.2) 

300-400·C 1 
NiO + Ni02 ~ 2NiO + 202 (5.3) 

>400 ·C 
G - residue + M - Residue ---+ yCOz(g) + zHzO (5.4) 

where Ni2+ -ALG and G/M-residue refers to nickel alginate and guluronic acid 

or mannuronic acid residue, respectively. 

XRD analysis of the nickel alginate dried beads processed at 500°C with 3, 

6 and 12 hours annealing time showed that all the obtained samples were 

single phase cubic NiO (04-002-0665) powders as seen in Figure 4.2.4a. 

Same results were also obtained from the samples calcined at 700°C for 3, 

6 and 12 hours. The XRD patterns could be entirely indexed with the 

reference pattern available in the literature marked at the top of figures. It 

was found that the XRD pattern of NiO became sharper and the peaks 

became progressively narrower as the calcination temperature increased 

from 500 to 700°C (see Figure 4.2.4b) and as annealing time increased 

mainly because of the growth of the crystal size. 

Rietveld size/strain structural analysis of NiO nano powders obtained after 

calcination of Ni-ALG beads at 500°C for 3 hours was carried out to 

determine structural parameters and micro-strain. in obtained NiO by XRD 

method. Figure 5.2.1 shows a comparison between the calculated and the 

observed XRD patterns obtained experimentally of the nanopowders of NiO 

calcined at 500°C for 3 hours employing a size/strain Rietveld structural 

refinement. It is clear from the figure that the agreement between the 

experimental data and the calculated pattern is excellent showing negligible 

residual strain. The same analysis was also performed at the other samples, 

the size and lattice parameter values are shown in Table 5.2.1. 
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Figure 5.2.1. Size/Strain Rietveld structural refinement analysis of NiO 
sample calcined at 500 °C for 3 hrs. A number of raw data, observation 
points are omitted for clarity. Tick marks "black triangles" for reference 
pattern of NiO, ICOO 04-002-0665, are shown at the top of the peaks. 

Table 5.2.1. Structural parameters of NiO samples 
Size/Strain Rietveld structural refinements. 

Heat Size 
Sample 

Treatment (nm) 

A 500 DC - 3 hrs 20.2(8) 

B 500°C - 6 hrs 29.1(4) 

C 500 DC - 12 hrs 30.5(7) 

o 700 DC - 3 hrs 30.9(3) 

E 700°C - 6 hrs 45.5(1) 

F 700 DC - 12 hrs 52.7(8) 

Micro 

Strain 

0.1 (8) 

0.1 (5) 

0.1 (3) 

0.2(6) 

0.1(9) 

0.1(6) 

Size/Strain analysis 

R wp R exp 

(%) (%) 

1.35 0.54 

1.20 0.53 

1.28 0.53 

1.44 0.53 

1.40 0.53 

1.43 0.54 

obtained using 

Lattice 

parameter (A) 

4.1772 

4.1780 

4.1779 

4.1774 

4.1780 

4.1777 
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The results of size/strain analysis are shown in Table 5.2.1 as a function of 

calcination time at 500 and 700°C. As expected, the weighted residual from 

the refinement, Rwp, is in the range from 1.20-1.44%, providing evidence of 

excellent agreement between the data and the refined model. Note that the 

errors presented are the statistical standard deviation from the refinement 

and are given in the brackets. As the processing temperature increases, a 

gradual coarsening in particle size and a reduction in micro-strain was 

observed. In addition, as the annealing time increases from 3 to 12 hours, 

particle coarsening was also observed, although the influence of time on 

crystal size is not as strong as temperature shown in Table 5.2.1. During the 

refinement, unit cell lattice parameters were modified which were 

comparable to ICOD (04-002-0665) with a = 4.1780 A. 

The morphology of the . obtained powders was investigated using 

-Transmission Electron Microscopy (FEI Tecnai TF20 FEG-TEM). As shown 

in Figure 4.2.5a, the crystallite size of NiO nanoparticles are good 

agreement with the calculated values using XRD Rietveld refinements 

presented in Table 5.2.1. This clearly indicated that the XRD peak 

broadening in especially due to crystallite size effect and has negligible 

contribution from strain or instrumental broadening effect. This is also 

confirmed from the values of micro-strain in NiO nanoparticles presented in 

Table 5.2.1. The d-spacing values obtained from SAED patterns in Figure 

4.2.5b have been compared with the XRD results. The d-values of the 

samples shown in Figure 4.2.5b for (111), (200) and (220) are in reasonable 

agreement with the reference data (04-002-0665) as shown in Table 5.2.2. 
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Table 5.2.2. Comparison of NiO d-spacing values obtained by TEM and 
XRD Rietveld refinement with (04-002-0665) reference data. 

Pea -< al (,) Q W u. ~ -4» 4» 4» - .c k or 4» 4» 4» 15 h k I Q. Q. Q. Q. Q. Q. 15 
Ring E E E E E E ..: ...: 

1'0 1'0 "' 1'0 "' "' 
CI) CI) 

f/) f/) U) f/) U) tJ) > 0::: 
No. < 

1 1 1 1 2.47 2.50 2.50 2.41 2.30 2.47 2.44 2.41 
TEM 

2 2 0 0 2.17 2.09 2.16 2.08 2.11 2.03 2.11 2.09 
d/(A) 

3 2 2 0 1.55 1.48 1.54 1.50 1.51 1.48 1.51 1.48 

XRD 1 1 1 1 2.41 2.41 2.41 2.41 2.41 2.41 2.41 2.41 

Rietveld 

Refinemen 

t dI (A) 

2 2 0 0 2.09 2.09 2.09 2.09 2.09 2.09 2.09 2.09 

3 2 2 0 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 

In this present investigation, a novel and generic sol-gel method has been 

developed for the production of high purity metal oxide nanopowders using 

sodium alginate. This has been demonstrated successfully employing nickel 

oxide (NiO) as a model material in this instance. The results of this 

investigation indicate that the final particle size of -20 nm can be obtained 

after calcination of the predried beads at 500 °C for 3 hours in ambient air. 

An insight into the calcination process has been obtained by using 

simultaneous thermo-gravimetric analysis and differential scanning 

calorimetry and high temperature X-ray diffraction. Powder X-ray diffraction 

confirms that the obtained samples are single phase cubic NiO powders with 

no trace of impurity. During the phase transformation, NiO + Ni02 have been 

found to co-exist between 250-350 °C and a reaction scheme is proposed to 

account for this. The mean crystallite sizes calculated from XRD analysis 

using Rietveld refinement method agree with the morphological features 

observed by transmission electron microscopy. The NiO nanopowders 

produced in this study exhibit negligible strain as indicated by Rietveld 

refinement procedure. The XRD and TEM analyses indicate that there is a 

significant influence of calcination temperature and time on the particle size 

which increases with increasing temperature and annealing time. The 

process described in this study can yield 200 kg of NiO nanopowders per ton 

of dried Ni-ALG beads according to the TGAIDSC analysis. 



- 137-

5.2.2. XMT of Freeze Dried Na-ALG Beads 

This section describes a sol-gel production of NiO nanopowders using 

sodium alginate beads via freeze dried. The experimental details of sol-gel 

experimental process can be found in Section 3.9. The results of this 

investigation can be found in Section 4.2.2. 

Figure 4.2.6 shows ion-exchanged nickel alginate beads in wet state and 

after freeze drying. The wet beads appear as spherical light green in color 

having a diameter of -5 mm. It can be seen that the beads changed their 

color to bright green, characteristic color of nickel compounds, and nearly 

maintained their shape and size after freeze drying. The freeze dried nickel 

alginate beads were then calcined at 700°C for 1 hour in ambient air giving 

rise to black spherical beads with sizes in the range of -2 mm. The calcined 

samples are very fragile due to high degree of porosity. 

Freeze dried nickel alginate beads and calcined samples were individually 

scanned using XMT. Figures 4.2.7 and 4.2.8 show their reconstructed 3D 

images from outside, inside, transverse and cross sections, respectively. It 

can be seen that both the freeze dried and calcined samples have foam-like 

structures composed of a dominant proportion of voids and thin films as the 

wall of the foam structure. The outside walls have out-pointed wrinkles, 

which have very similar thickness to the adjacent wall. These wrinkle 

structure formed during freeze drying can be remained after calcinations 

(comparing Figure 4.2.7a with Figures 4.2.8a and e). The inside walls in the' 

freeze dried sample are relatively thinner than its outside wall, in the range 

of -20 !-1m and -30 !-1m, respectively, and occasionally shows smaller 

wrinkles at the side towards outside. Both the outside and inside films 

showed good continuity at the scale examined. 

The calcined bead samples show similar structures to their precursors, 

although they are obviously smaller in size (being shrunk from -5 mm to -2 

mm). Their outside walls are -20 !-1m thick, generally thinner than that of the 

freeze dried sample, while their inside walls varies from less than 5 !-1m to 

more than 25 !-1m in thickness. The formation of the thicker inside wall could 

suggest a certain degree of aggregation during the fast calcinations process 

so that some pores formed in the film (Figures 4.2.8b and 4.2.8f). The 

aggregation and pore formation results in a less continuity of the calcined 

inside film than the freeze one. 

Figure 5.2.2 presents the volume distribution of the freeze dried and calcined 

samples at different linear attenuation coefficients. The X-ray attenuation is a 
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function of product of the linear attenuation coefficient J1 (cm-1) of the 

compound and the voxellength (x), following the Beer's law. 

(5.5) 

where 10 and I are the X-ray intensity before and after it penetrates the voxel. 

In the tomography reconstruction a J1 value is assigned to each voxel. When 

the voxel is completely filled by a pure component, the J1 value will be the 

linear attenuation coefficient of the component at the X-ray wavelength. If 

the voxel is filled by a mixture of different components (including air or free 

space) , the corresponding J1 value is an apparent value weighted from all the 

components in the voxel. 

For the highly porous materials, such as the samples studied here, a low 

value close to zero refers to empty space with air, and a higher apparent 

linear attenuation coefficient refers to the wall materials composed of 

components with solid materials, a larger population of nickel atoms or a 

larger proportion of the voxel packed by the nickel compounds. 
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Figure 5.2.2. Comparison of the grey scale histogram of x-ray attenuation of 
the freeze dried and calcined samples. 
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Figure 5.2.2 also shows that the freeze dried and calcined structures are 

mostly composed of air, and only a small fraction of the total volume are 

composed of solid wall materials. The apparent linear attenuation coefficient 

spreads in the range of 0.05-0.43 for the freeze dried sample, 0.05-1.27 for 

the calcined sample. The figure also gives the apparent linear attenuation 

coefficient of a sample pressed from pure NiO nano powder. It is in the 

range of 0.65-1.43 with a peak at 0.95. 

The distribution of the apparent linear attenuation coefficient demonstrates 

the effect of nickel concentration and spatial structure of the highly porous· 

samples. The freeze dried sample contains -14% of nickel, while the 

calcined sample contains -78% of nickel. It explains that the highest 

apparent linear attenuation coefficient for the freeze dried sample is less 

than 0.34, because the linear attenuation coefficient of nickel is a few 

thousand times that of carbon, hydrogen and oxygen. The contribution of 

alginate to the apparent attenuation coefficient is relatively small. In contrast, 

the apparent linear attenuation coefficient of the calcined sample extends to 

1.43. 

The thin film structure results in the wider distribution of the histogram, 

because the voxel size (2 or 3 ~m for the scan, 4 or 6 ~m for the 

reconstructed structures is large compared to the thickness of the films 

(5-30 ~m). It can be imagined that the large amount of voxels at the film 

surface are partially packed by the film and partially packed by the empty 

space, resulting in lower and scattered values of apparent linear attenuation 

coeffi~ient. F or the calcined sample, the apparent linear attenuation 

coefficient occurs in a wide range, but only a very small proportion reached 

the range of that for the compressed NiO sample (0.65-1.47), suggesting a 

possibility of the existence of free fissures between the nanoparticles in the 

size range of -50 nm (Figure 4.2.9). The free space makes the calcined 

foam very fragile and easily to be pulverized. Both structural and x-ray 

attenuation analysis clearly suggest that the foam-like structure and well 

separated thin film walls of the nickel alginate beads are beneficial for the 

formation of nickel oxide nanoparticles in a nanostructured dimension during 
calcination stage. 

The morphology of the NiO nanopowders obtained by breaking the calcined 

sample has been investigated using TEM. As shown in Figure 4.2.9, the 

nanoparticles have cubic morphology and are approximately -50 nm. This is 

in good agreement with that calculated using XRD Rietveld refinements 

shown in Figure 4.2.10 and 5.2.3. 
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Figure 4.2 .10 shows the XRO diffraction pattern of the NiO nanoparticles 

formed during the calcination of nickel alginate freeze dried beads at 700 °C 

for 1 hour. It shows a perfect single phase cubic NiO powders. The XRO 

pattern cou ld be entirely indexed with the reference pattern (ICOO 04-002-

0665) available in the literature. 

Figure 5.2.3 shows a comparison between the calculated and the observed 

XRO patterns obtained experimentally of the nanopowders of NiO employing 

a Rietveld size/strain structural refinement. It is clearly seen from the figure 

that the agreement between the experimental data and the calculated XRO 

pattern is excellent (Rexp ::::: 0.50%, Rwp ::::: 2.18%) showing negligible residual 

pattern . This suggests that the nanoparticles of NiO are free of any strain . 

The mean crystallite size calculated from XRO Rietveld refinement is 49.1 ± 

4 nm which is in excellent agreement with the average size of 50 nm 

obtained from TEM analysis (Figure 4.2.9). The lattice parameter and d

spacing values for various crystal planes obtained from XRO Rietveld 

refinement analysis are compared with the ICOO 04-002-0665 reference 

data in Table 5.2.3. The results obtained in the present investigation are in 

good agreement with the reference data. 
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Figure 5.2.3. Size/Strain Rietveld structural refinement analysis of NiO 
sample calcined at 700 °C - 1 hour. Tick marks for reference pattern of 
NiO, ICOO 04-002-0665, are shown at the top of the figure. 
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Table 5.2.3. Structural parameters of NiO 700 °C - 1 hour samples obtained 
using Size/Strain Rietveld structural refinements. 

h k Rietveld Refinement ICOO 04-002-0665 

1 1 1 . 2.42 2.41 

0 0 2 2.09 2.09 

0 2 2 1.48 1.48 

1 1 3 1.26 1.26 

2 2 2 1.21 1.21 

Lattice parameter a (A) 4.1794 4.1780 

In this section, a generic novel ion-exchange mediated sol-gel method has 

been developed for the production of high purity nickel and other metal oxide 

nanopowders using sodium alginate or alginic acid precursor. X-ray micro

tomography shows that nickel ions have been uniformly cross-linked in the 

alginate structure and remained stable after freeze drying evidenced by the 

bright green color of the freeze dried beads. The freeze dried nickel alginate 

beads exhibit porous foam-like structure composing of thin nickel alginate 

film and a dominant fraction of voids. The porous nickel alginate beads when 

calcined at 700 °C for 1 hour in ambient air yielded spherical nickel oxide 

nanoparticles of -50 nm in size. Powder X-ray diffraction confirms that the 

sample is single phase cubic NiO powders with no trace of impurity. The 

mean crystallite sizes calculated from XRD . analysis using Rietveld 

refinement method agree with the morphological features observed by 

transmission electron microscopy. 
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5.2.3. NiO Production by Na-ALG Granules 

This section describes a sol-gel production of NiO nanopowders using 

sodium alginate granules. The sol-gel experimental process can be found in 

Section 3.9. The results of this investigation can be found in Section 4.2.3. 

The progress of calcination of the dried Ni-ALG granules was studied by 

simultaneous TGAIDSC. The results of thermal analysis are shown in 

Figures 4.2.12. 

The decomposition of nickel alginate (Ni-ALG) dried granules was found to 

be a four step process. These four decomposition processes were observed 

in the temperature range of ambient temperature-200 °C, 200-275 °C, 

275-350 °C and 350-375 °C, respectively, as shown in the TGA profile in 

Figure 4.2.12. An endothermic decomposition peak . observed in the 

corresponding DSC profile at temperature between ambient temperature 

and 200°C is associated with about 5% weight loss as shown in the TGA 

profile. This was possibly due to water evaporation during the heat treatment 

process. No significant heat effects were seen in the second (200-275 °C) 

and third (275-350 °C) decomposition processes in the DSC profile in Figure 

4.2.12. However, in the second decomposition process, about 35% weight 

loss was observed in the TGA profile. This is probably due to the cleavage of 

G-G, G-M and M-M weaker linkages in the alginate polysaccharide molecule 

leading to significant evolution of oxygen and hence the corresponding 

weight loss. As temperature further increased to 350°C, about 10% weight 

loss was observed in the TGA profile. 

According to the previous investigation of thermal decomposition of Ni-ALG 

beads (see Section 5.2.1), coexisting NiO and Ni02 phases were observed 

at temperatures between 200 and 450 °e. However, neither DSC peak 

(Figure 4.2.12) nor a signature of the Ni02 phase (Figure 4.2.13) was 

observed in this study involving granulated Ni-alginate. This might be due to 

the net results of competing processes such as thermal decomposition of 

alginate structure (exothermic) and phase transformation between NiO and 

Ni02 phases (endothermic) processes that led to undetectable heat change 

as seen in the DSC trace in Figure 4.2.12. Therefore, we believe that the 

energy requirement for phase transformations is fully provided by heat of 

combustion of the nickel alginate granules. Finally, a strong exothermic peak 

was observed at temperatures between 350 and 375°C due to the complete 

oxidative decomposition· of J3-D-mannuronic acid and a-L-guluronic acid 

residues at high temperatures. No further weight loss was observed beyond 

400°C which indicated that the decomposition process was complete at 
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400°C. Furthermore, it was noted that the temperature for complete 

decomposition using highly compact alginate granules was 100 ± 50°C 

lower compared to that using alginate beads. This might be in part due to 

higher energy evolved during the combustion of highly compact alginate 

granules. 

HT-XRD was performed every 25°C interval from room temperature to 

600°C with heating rate maintained at 3 °C min-1 in static air condition on a 

a-A1203 sample holder. Clean cubic NiO HT-XRD pattern was observed at 

400°C, indicating that thermal decomposition process was complete. This 

corroborates with the thermal analysis results shown in Figure 4.2.12. Extra 

peaks from a-A120 3 sample holder are also seen in the diffraction patterns 

due to the interactions of X-rays with the sample holder. 

No NiO peaks were observed at a temperature below 250°C indicating that 

Ni-ALG dried granules had amorphous structure (see Figure 4.2.13a and 

4.2.13b). HT-XRD pattern indicated that cubic NiO was formed at -275°C, 

as seen in Figure 4.2.13b. No further phase change was observed, 

indicating that NiO nanocrystals were obtained even after partial 

decomposition Ni-ALG structure for which the onset of decomposition 

occurred at 275 ± 10°C (Figure 4.2.13). Note the small temperature shift 

observed for various reaction steps between TGAIDSC and HT -XRD was 

because of the dynamic nature of TGAIDSC experiments compared with the 

static HT -XRD experiments. 

XRD analysis of the nickel oxide obtained from the combustion of dried 

alginate granules processed at 600°C with 2 hours annealing time showed 

that the obtained sample was single phase cubic. NiO (04-002-0665) 

powders as seen in Figure 4.2.14. The XRD pattern could be entirely 

indexed with the reference pattern available in the literature which is indexed 

at the top of each peak. 

Figure 5.2.4 shows a comparison between the calculated and observed XRD 

patterns of NiO after calcination at 600°C for 2 hrs employing a size-strain 

Rietveld structural refinement. The agreement between the experimental 

data and the calculated pattern is excellent, showing negligible residual 

pattern. The crystallite size and lattice parameter of the obtained NiO 

nanopowders are shown in Table 5.2.4. 
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Figure 5.2.4. XRD of NiO nanopowders calcined at 600°C for 2 hrs 
annealing time. The patterns are indexed by ICDD 04-002-0665 shown 
at the top of the figure. 

Table 5.2.4. Structural parameters of NiO calcined at 600°C for 2 hrs using 
Size/Strain Rietveld structural refinements. 

Parameters 

Lattice parameter a (A) 

Size (nm) 

Micro Strain 

Rwp (%) 

R exp (%) 

Size/Strain Analysis 

4.1772 

29.3(1 ) 

0.1 (1) 

1.27 

0.48 

The results of size/strain analysis of NiO sample are shown in Table 5.2.4. 

As expected , the weighted residual from the refinement (Rwp = 1.27%) 

provides evidence of excellent agreement between the data and the refined 

model. Note that the errors presented are the statistical standard deviation 

from the refinement. The mean crystallite size calculated from XRD analysis 

using Rietveld refinement method is -30 nm with negligible strain. During the 
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refinement, unit cell lattice parameter was modified which were comparable 

to reference (ICOD 04-002-0665) a = 4.1780 A. 

The morphology of the obtained powder was observed by using 

Transmission Electron Microscopy (FEI Tecnai TF20 FEG-TEM). As shown 

in Figure 4.2.15a, the NiO nanoparticles have good agreement in size with 

the calculations using XRD Rietveld refinements. The d-spacing values 

obtained from selected area electron diffraction (SAED) patterns in Figure 

4.2.15b are compared with the XRD results. All these values match well with 

the reference data (04-002-0665) as shown in Table 5.2.5. 

Table 5.2.5. Comparison of NiO d-spacing values obtained by TEM and 
XRD Rietveld refinement with (ICOD 04-002-0665) reference data. 

d-spacing (A) 
h k 

XRD TEM Ref. 

1 1 1 2.42 2.45 2.41 

0 0 2 2.09 2.11 . 2.09 

0 2 2 1.48 1.49 1.48 

1 1 3 1.26 1.27 1.26 

2 2 2 1.21 1.22 1.21 

In this section, a novel and generic sol-gel method has been developed for 

the production of high purity nickel oxide (NiO) nanopowders using metal 

ion-exchange with the Na+ ion of granulated sodium alginate. The results of 

this investigation indicate that the final particle size of -30 nm can. be 

obtained after calcination of the pre-dried granules at 600 °C for 2 hours in 

ambient air. An insight into the calcination process has been obtained by 

using simultaneous thermo-gravimetric analysis and differential scanning 

calorimetry and high temperature X-ray diffraction. Powder X-ray diffraction 

confirms that the sample is single phase cubic NiO powders with no trace of 

impurity. The mean crystallite size calculated from XRD analysis using 

Rietveld refinement method agrees with the morphological feature observed 

by transmission electron microscopy. The nanopowders produced in this 

study exhibit negligible strain as indicated by Rietveld refinement procedure. 
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5.3 CexGd1-x0 2-6 Production by Na-ALG Beads 

A novel and generic sol-gel method has been developed for the production 

of high purity nanopowders of metal oxides and their solid state solutions 

using organic powders such as sodium alginate (Na-ALG) which can 

. function as ion-exchange medium. Sodium alginate dissolves readily in 

water. and it forms a gel if it is brought into contact with an aqueous solution 

of metal ions. whereby the sodium ion in the polymer structure is replaced by 

the metal ion. By virtue of the gel structure. the metal ions become immobile 

and cannot readily get close to each other. hence the possibility of producing 

small nanoparticles. Moreover. the energy requirement for calcinations is 

partially provided by heat of combustion of the alginate. Therefore. metal 

oxides can be produced after calcination at a temperature range that is 

much lower than the conventional methods. This method is simple. quick 

and environmental friendly which not only produces simple oxide such as 

NiO. CuO. CoO. Y203. Zr02 or Fe203. but also produces complex oxide such 

as gadolinium doped ceria (CGO) for many applications. 

In order to obtain nano crystalline pure CGO powders. various sol-gel 

techniques have been explored. including the use of maltose (see Section 

5.1.1) and sucrose (see Section 5.1.2) with pectin as precursors. akin to jam 

making process employed in food industry. However. from a commercial 

perspective. it is important to synthesize large quantities of CGO 

nanopowders rapidly in an environmentally friendly and cost effective 

manner. Alginate is an anionic polysaccharide that is naturally found in 

abundance in the cell walls of brown algae and it has 200 - 300 times more 

water absorbing capacity compared to its own weight. In this study. a novel 

environmentally friendly generic method for low temperature synthesis of two 

compositions of CGO. CG01 (Ceo.9Gdo.101.95) and CG02 (Ceo.8Gdo.201.9). 

nanopowders. involving sodium alginate mediated ion-exchange process. 

has been developed. The chemical structure of the Na-ALG solution and the 

obtained CGO beads are analyzed by FTIR. The obtained samples of 

nanopowders have been characterized employing XRD coupled with 

Rietveld refinement, TEM and ICP-AES. The sinterability,' electronic 

conductivity and microstructure of CGO are also investigated. Details of the 

research work and its findings are described below. 
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5.3.1. CexGd1_x02~ Production by Na-ALG Beads 

This section describes a sol-gel production of CGO nanopowders using 

sodium alginate beads. The experimental details of sol-gel process can be 

found in Section 3.9 where metal nitrate salts are cerium nitrate and 

gadolinium nitrate. The results of this investigation can be found in Section 

4.3.1. 

Alginate contains varying amount of 1, 4 '-linked J3-D-mannuronic acid (M) 

and a-L-guluronic acid (G) residues covalently linked together in sequence 

as -GG- or -MM- structures or as -GM- block copolymers. Once alginate 

is gelled with metal ions, the metal ion binds preferentially to G blocks. FTIR 

spectra of 4 wt% Na-ALG solution, CG01-ALG (90 mol% Ce & 10 mol% Gd) 

and CG02-ALG (80 mol% Ce & 20 mol% Gd) wet beads are shown in 

Figure 4.3.2 with a weak peak at wavenumber range 1375-1450 cm-1, a 

medium peak at 1600-~675 cm-1 corresponding to O=C-O- stretching [85] 

and a strong broad peak at wavenumber range 3000-3600 cm-1 

corresponding to O-H stretching [85], respectively. 

In Figure 4.3.2, a shoulder peak is observed at wavenumber -1580 cm-1 in 

CGO-ALG profiles. This is due to M-O bonds formed after ion-exchange 

reaction between Ce3+/Gd3+ and Na+ in alginate [106]. A very strong peak is 

also present at wavenumber region 1625-1650 cm-1 probably related to 

(O=C-O-)Na or (O=C-O-)JGdand (O=C-O-)4Ce stretching vibration in the 

three samples, respectively [85]. However, the peak width becomes more 

pronounced in CGO-ALG spectra because of increase in the charge density, 

since the radius and atomic weight of trivalent Ce3+and Gd3+ cations is 

higher than monovalent Na+ around the carbonyl groups. A minor peak shift 

is noted corresponding to M-O bonds in CG01-ALG and CG02-ALG 
because of the change in Ce3+/Gd3+ ratio in the samples. 

Based on the charge balance, three Na+ ions are required for bonding with 

trivalent Ce3+/Gd3+ cations. This would lead to formation of egg-box structure 

during the ion-exchange process. This process leads to instantaneous 

gelling of the alginate. Hence beads are formed when Na-ALG solution is 

dripped into an aqueous solution of Ce3+/Gd3+. Similar phenomenon is 

observed when Na-ALG solution is made to come in contact with aqueous 
solutions containing Ni2+, Fe2+, Cu2+, C02+, Fe3+, y3+ and Zr4+ cations as 

seen in Figure 3.3. Since the higher molecular weight ketones are known to 

be less soluble in water compared to lower molecular weight ketones, we 

are led to believe that the surface of beads is likely to be hydrophobic and 

the core of the beads to be hydrophilic. This is in agreement with the 
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evidence that the beads after ion-exchange are always filled with aqueous 

solution (see Figure 5.3.1a and 5.3.1b). 
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Figure 5.3.1. Scheme of alginate beads formation with Ce3
+ and Gd3

+ 

cations. a, viscous Na-ALG solution before ion-exchange with Ce3+ and 
Gd3

+ cations and b, cross-linked structure after ion-exchange with Ce3
+ 

and Gd3+ cations. M represents Ce3
+ and Gd3

+. 

XRO analysis of the CG01 and CG02 show that both samples crystallized 

in single phase cubic form of Ceo.9Gdo.101.95 (04-002-6160) and 

Ceo.sGdo.201.9 (ICOO 04-014-0032) powders as shown in Figure 4.3.3a. The 

XRO patterns can be entirely indexed with the reference pattern available in 

the literature marked at the top of peaks. 
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Figure 5.3.2. XRO patterns of CG01 and CG02 nanopowders calcined at 
500 °C for 2 hours. b, Size/Strain Rietveld structural refinement 
analysis of CG01 sample. c, Size/Strain Rietveld structural refinement 
analysis of CG02 sample. A number of raw data, .observation points 
are omitted for clarity. Tick marks corresponding to the peaks in the 
reference pattern of Ceo.9Gdo.101.95, ICOD 04-002-6160 and 
Ceo.aGdo.201 .9, ICOO 04-14-0032 are shown at the top of figures. 
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Figures 5.3.2b and 5.3.2c show a comparison between the observed XRD 

patterns obtained experimentally of the nanopowders of CGO calcined at 

500°C for 2 hours and the calculated patterns employing a size/strain 

Rietveld structural refinement, respectively. It is clear from the figures that 

the agreement between the experimental data and the calculated pattern is 

excellent showing negligible residual pattern. 

The results of Rietveld size/strain refinement analysis (see Table 5.3.1) 

suggests that the crystallite size of CGO nanopowders is -8 nm for CG01 

and -7 nm for CG02, respectively. The calculated lattice parameters of 

CG01 and CG02 presented in Table 5.3.1 are in good agreement with 

reference data as given in Table 5.3.1. The nanopowders produced in this 

study exhibit negligible strain as indicated by Rietveld refinement procedure. 

The small weighted residual (Rwp) and Goodness of Fit (GOF) values from 

the refinement in Table 5.3.1 give strong evidence of an excellent agreement 

between the measured data and the refinement model. 

Table 5.3.1. Structural parameters of CG01 and CG02 calcined at 500°C 
for 2 hours calculated by size/strain Rietveld structural refinement 
analysis. Note that the errors presented are the statistical standard 
deviation from the refinement and are given in the parenthesis. 

Parameters CG01 CG02 

Lattice parameter (A) 5.4170 5.4240 

Reference lattice parameter (A) 5.4170 [107] 5.4300 [108] 

Size (nm) 7.88(8) 7.02(7) 

Micro Strain 0.3(6) 0.3(5) 

Rwp (%) 2.86 2.39 

R.xp (%) 1.53 1.41 

GOF 3.48 2.87 

It can be clearly seen in Figure 4.3.4 that the eGO nanoparticles have 

relatively uniform hexagonal shape and narrow size distribution that closely 

matches with the calculated values using XRD Rietveld refinements. The 

hexagonal morphology of crystallites seen in Figure 4.3.4 further confirms 

the earlier results of XRD (Figure 4.3.3a, 5.3.2b and 5.3.2c) that the crystal 

structure of CG01 and CG02 is cubic. The values of interplanar spacing (d-
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spacing) calculated from the SAED patterns (see Figure 4.3.4 insets) are 

compared with those calculated from the XRD results in Table 5.3.2. All 

these values (dhkl) are in excellent agreements with the reference data as 

shown in Table 5.3.2. Compositions of CG01 and CG02 also have been 

confirmed using EDS (see Table 5.3.3). 

Table 5.3.2. Comparison of d-spacing values of CG01 and CG02 obtained 
from TEM and XRD Rietveld refinement with 04-002-6160 and 04-014-
0032 reference data. 

(hkl) Ref.1 dI(A) 
TEM d (A) 

(111 ) 3.13 3.19 

(200) 2.71 2.75 

(220) 1.92 1.96 

(311 ) 1.63 1.68 

(hkl) Ref.b dI(A) 
TEM d (A) 

(111 ) 3.14 3.15 

(200) 2.72 2.75 

(220) 1.92 1.93 

(311) 1.64 1.64 

I Reference pattern of Ce09GdO,0195 (lCOO 04-002-6160) .. 

b Reference pattern of CeO aGdo 20, 9 (ICOO 04-14-0032). 

CG01 

XRD d (A) 

3.15 

2.72 

1.92 

1.64 

CG02 

XRD d (A) 

3.15 

2.72 

1.92 

1.64 

Table 5.3.3 shows the results of chemical analysis of the CG01 and CG02 

nanoparticles determined by ICP-AES analysis. The residual amount of 

sodium present in the sample is 7.2 ppb and 7.7 ppb, respectively. This is 

insignificant and therefore does not show any signature of its presence in the 

XRD data of CG01 and CG02 presented in Figure 4.3.3a. The results of 

EDS and ICP-AES analysis confirm that the stoichiometry of the CG01 and 

CG02 is Ceo.9Gdo.,O,.95 and Ceo.8Gdo.20,.9, respectively. These findings are 

in excellent agreement with the nominal composition of the starting material. 
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Table 5.3.3. ICP-AES and TEM-EDS analysis of the CG01 and CG02 
samples. 

Ce: Gd ratio 
Analytical Method 

CG01 CG02 

ICP-AES 91.93: 8.07 83.72 :16.28 

TEM-EOS 89.33: 10.66 79.59 : 20.40 

Table 5.3.4 shows the total conductivity and activation energy for conduction 

of CG01 and CG02 at 600 and 700°C, respectively. It can be seen from 

Table 5.3.4 that the total conductivity of CG01 and CG02 samples 

measured in this investigation is in reasonable agreement with the data 

reported by Dikmen et al. [32] and Steele [105]. The higher activation energy 

obtained for CG01 and CG02 may in part be due to marginally lower 

density (91-93%) of the samples investigated in this study compared to 

95-97% dense samples used by Dikmen et al. [32] and possibly by Steele 

[105] too which is not explicitly stated in their article. 

Table 5.3.4. Total conductivity of CG01, Ceo.9Gdo.101.95 and CG02, 
CeoaGdo.201.9 solid solutions. 

CG01 CG02 

This study 2.65)( 10.3 5.23 )( 10.2 

Conductivity a, 600·C 
Olkmen et a/. [32] 3.31 )( 10 .... 5.09 )( 10.3 

(S em") 

Steele [105] 2.53)( 10.2 1.80 )( 10.2 

This study 1.75)( 10.2 4.28)( 10.1 

Conductivity a, 700·C 
Olkmen et a/. [32] 1.43)( 10.3 1.63)( 10.2 

(S em") 

Steele [105] 5.44 )( 10'2 4.70)( 10.2 

This study 1.33 1.27 
Activation Energy E. 

Oakmen et III. [32] 0.99 0.83 
(eV) 

Steele [105] 0.64 0.78 
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In this present investigation, nanopowders of two different compositions of 

cerium gadolinium oxides designated as CG01 (Ceo.9Gdo.101.9s) and CG02 

(Ceo.sGdo.201.9) have been synthesized by a sodium alginate (Na-ALG) 

mediated novel ion-exchange process. The results indicate that the 

nanopowders having a final particle size of -7 nm can be obtained after 

calcination of ion-exchanged alginate precursor at 500°C for 2 hours in 

ambient air. The chemical structures of Na-ALG solution and CGO beads 

are analyzed by Fourier transform infrared spectroscopy. X-ray diffraction 

confirms that nanopowders of CG01 and CG02 are high purity single phase 

without any trace of un-reacted impurities. The mean crystallite size 

calculated using XRD Rietveld refinement agrees well with that estimated 

value from the morphologies observed by transmission electron microscopy. 

The nominal compositions of CG01 and CG02 have been found to be in 

excellent agreement with that determined by energy dispersive x-ray 

spectroscopy and inductively coupled plasma - atomic emission 

spectrometry analysis. The activation energies (Ea = 1.33 and 1.27 eV) and 

conductivities at 600 and 700°C for CG01 and CG02 are also measured. 
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5.3.2. Materials Conductivity Analysis for SO Fe Application 

This section describes microstructure and electrical conductivity of the 

obtained CG01 (Ceo.9Gdo.101.9s) and CG02 (Ceo.sGdo.201.9) produced by 

sodium alginate sol-gel rout. The sample sintering process and a.c. 

impedance spectroscopy measurement technique can be found in Section 

3.8 and 3.9. The results of this investigation can be found in Section 4.3.2. 

The relative densities of CG01 and CG02 calculated by Archimedes 

principle are 91-93% of the theoretical density, respectively. The 

microstructure observed from SEM images in Figure 4.3.5 of the fracture 

samples of CGO sintered at 1300 °c indicates relatively small particles of 

uniform size 2-5 lJm. During sample preparation, the fracture surface is also 

polished using sand paper, hence small amount of dust is also observed in 

the microstructure. 

Impedance spectroscopy normally resolves the bulk, grain boundary and 

electrode conduction processes in ceramic samples by exhibiting successive 

semicircles (with some distortion) in the complex plane. In the case of CG01 

and CG02, the grain boundary and bulk processes remain distinguishable to 

800°C. Figures below show the plot of log a vs. 1fT measured in air, where 

a is the conductivity. It also compares the total conductivity, including bulk 

and grain boundary contributions with only the ionic (bulk) conductivity. 

The Arrhenius plots of total conductivities of CG01 and CG02 (see Figure 

5.3.5) indicate two activation energies, respectively. For CG01 sample, the 

different starts at 700°C with Ea = 1.33 eV at high temperature range and Ea 

= 0.77 eV at low temperature range. The total conductivities at 700°C are 
calculated as 1.75 )( 10-2 S cm-1 as shown in Figure 4.3.6a and 1.57 )( 10-4 S 

cm-1 as shown in Figure 4.3.6b, respectively. More or less the same results 

are obtained from CG02 sample. The total conductivities at 550°C are 
calculated as 2.01 )( 10-2 S cm-1 as shown in Figure 4.3.7a and 1.69)( 10-4 S 

cm-1 as shown in Figure 4.3.7b, respectively. This may due to a glassy 

phase formed at the CG01 and CG02 grain surface and lead to conductivity 

increment at certain temperature range. However, further research is 

required for clarification. 
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Figure 5.3.3. Arrhenius plot of total and ionic conductivity of the dense 
CG01 ceramic measured from 700 to 800 °C in air. 
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Table 5.3.5 shows the conductivity and activation energy for conduction of 

CG01 and CG02, respectively. It can be seen that the ionic conductivity of 

both samples measured in this investigation are in reasonable agreement 

with the data reported by Dikmen et al. [32] and Steele [105]. The ionic 

conductivities of this investigation at 700°C, as shown in Figure 4.3.8, are 

much higher than the one obtained by Steele 0700·C = 0.054 and 0.047 Scm" 

1 [105] for CG01 and CG02, respectively. 

Table 5.3.5. Conductivity and activation energy of CG01 and CG02 solid 
solutions. 

Parameters 

Total Activation Low Temp. 

energy E. (eV) High Temp. 

Total conductivity a700'C (5 cm") 

Ionic Activation energy E. (eV) 

Ionic conductivity a700'C (5 cm,1) 

CG01 CG02 

0.77 1.22 

1.33 1.27 

0.02 0.43 

0.94 0.89 

0.14 1.56 
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Chapter 6 Conclusions 

In recent years a growing need for nano sized ceramic powders has been 

shown. Very often these advanced ceramic powders are specially made to 

suit specific applications. Chemical synthesis methods play an important role 

in designing such products. The use of chemistry in the preparation of nano 

materials can mitigate at least three major problems, namely diffusion, 

impurity and agglomeration. 

In the past few years, sol-gel reaction has gained more and more attentions 

in the ceramic synthesis area. The fine powders prepared by sol-gel 

methods allow for shorter diffusion distances and improve homogeneity; the 

gelation media used can easily be refined to increase the purity; and careful 

control of solutions obtained from the precursors will lead to production of 

fluffy agglomerates easily to crush. However, since the gelling media is 

usually very expensive and acidic, it is important to synthesis bulk ceramic 

nanopowders more rapidly in an environmentally friendly and cost effective 

manner. 

It is well known that sugar is a chelating agent as it contacts with metal ions. 

And sodium alginate will ion-exchange with metal ions and form an egg-like 

structure. Both of these materials are abundant in the world. In this research, 

new chemical sol-gel techniques proposed using sugar + pectin, sodium 

alginate beads and sodium alginate granules as gelation media have been 

investigated. These medias seek to form an amorphous solid intermediate 

phase from the liquid metal solution. the intermediate phase in subsequently 

decomposed and thermal reaction take place to form metal oxide phases 

such as gadolinium doped cerium oxide (CGO) or nickel oxide (NiO). 

First of all, the preparation of CGO nanopowders by a modified sol-gel 

methods using sugar (maltose or sucrose) and pectin is reported in this 

research. The present study indicates that it is possible to produce single 

cubic phase Ceo.sGdo.201.9 (CG02) nanoparticles using maltose or sucrose 

as an organic chelating agent and pectin for gelation in a relatively simple 

condition. In this sol-gel production method, homogeneous distribution of 

metal ions and slow collapse of the carbohydrate structure during calcination 

prevent the rapid agglomeration of metal ions, which ensures small particle 

size of the product and high purity single phase material is formed at 

temperature as low as 500°C. The TGAIDSC results obtained in different 

environmental conditions indicate that at temperatures below 250°C oxygen 
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is not crucial in oxidative decomposition of the mixed gel. However, at 

temperature, higher than 300°C, oxygen present in air plays an active role 

in the thermal decomposition process and formation of product phase 

(CG02). The XRD data indicate that single phase cubic CG02 is formed 

after calcined at 500°C for. 2 hours, confirming that the solid solution 

formation is complete. The crystalline size determined by Rietveld structural 

refinement based on size/strain model varied between 8-10 nm at 500°C 

and 60-80 nm at 900°C by using maltose or sucrose precursors. These 

also show excellent agreement with data obtained from the TEM images. 

The d-spacing values obtained by Rietveld refinement and SAED are very 

similar for all samples. ICP-AES and EDS analysis of powder samples 

confirm that the final chemical composition of the product phase is 

Ceo.sGdo.201.9. The microstructure of both CG02-MP and CG02-SP after 

sintering with average size -1 IJm were obtained. The conductivity of this 

material was investigated which qualified the use for solid oxide fuel cells as 

solid electrolyte and in the fabrication of composite electrodes. 

On the other hand, a simple method to produce single cubic phase nickel 

oxide (NiO) nanoparticles by ion-exchange with sodium alginate and 

subsequent thermal decomposition of the alginate beads has been 

developed. The process of ion-excha~ge produces a homogeneous 

distribution of metal ions: the slow collapse of the alginate structure during 

thermal decomposition and calcination prevent the rapid agglomeration of 

metal ions, which ensures small particle size of the product and high purity 

single phase material at temperature as low as 500°C. The TGAIDSC and 

HT -XRD results indicate that thermal decomposition process is complete at 

500°C and leads to formation of product phase (NiO). During the phase 

transformation, NiO + Ni02 have been found to co-exist between 

250-350 °C and a reaction scheme is proposed to account for this. The 

process described in this study can yield 200 kg of NiO nanopowders from 1 

ton of dried Ni-ALG beads according to the TGAIDSC analysis. The phase 

~ransformations during heat treatment, analyzed by HT-XRD indicate that 

single phase cubic NiO is formed after calcined at 500°C for 3 hours, 

confirming that the solid solution formation is complete. The crystallite size 

determined by Rietveld structural refinement based on size/strain model 

shows that the calcination temperature and time control the final particle size. 

This varies between -20 nm at 500°C for 3 hours and -50 nm at 700°C for 

12 hours. These measurements also show excellent agreement with data 

obtained from TEM images. The d-spacing values obtained by Rietveld 

refinement and SAED are comparable for all samples. 
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In addition, an insight into internal physical structures of freeze dried beads 

of nickel alginate before and after calcination are determined using XMT. 

The XMT analysis shows that nickel ions have been uniformly cross-linked in 

the alginate structure and remained stable after freeze drying. After 

calcination, due to the slow collapse of the carbohydrate structure during 

thermal decomposition of the alginate prevent the rapid agglomeration of 

metal ions, NiO nano particles are obtained. The XRD data indicates that 

single phase cubic NiO is formed after calcined at 700 °C for 1 hour, 

confirming that the NiO phase formation is complete. The crystalline size 

determined by Rietveld structural refinement is -50 nm which shows 

excellent agreement with data obtained from TEM image. 

Moreover, single cubic phase nickel oxide (NiO) nanoparticles can be 

synthesized using sodium alginate granules. It is well known that sodium 

alginate powders dissolve readily in water, but it forms a gel if it is brought 
-

into contact with an aqueous solution of metal ions, whereby the sodium ion 

in the polymer structure is replaced by the metal ion. In this research, the 

sodium alginate powder is first granulated by a pan granulator, where a 

dense granule can be produced. These granules are immersed in the 

aqueous solution of the metal ions, where the metal ions diffuse to the 

structure of the alginate and replace the sodium ion. The gel formation of 

granules is so rapid that it does not allow the granules to disintegrate. The 

TGAIDSC and HT-XRD results indicate that the thermal oxidation process is 

completed at 400 °C and leads to the formation of product phase (NiO). The 

powder XRD data indicate that single phase cubic NiO is formed after 

calcination at 600 °C for 2 hours, confirming that the solid solution formation 

is complete. The crystallite size determined by Rietveld structural refinement 

based on size/strain model shows that the final particle size is -30 nm after 

calcination. These also show excellent agreement with data obtained from 

TEM images. The d-spacing values obtained by Rietveld refinement and 

SAED are comparable. The advantages of using sodium alginate granules 

instead of beads are that the granules can be much easier to produce and 

dry and higher density, giving higher enthalpy of combustion per unit volume 

of granules used.' The energy requirement for calcinations and phase 

transformations is partially provided by heat of combustion, hence making 

the use of granules more attractive. 

Finally, the present investigation reported that it is possible to produce single 

phase cubic gadolinium doped cerium oxide CG01 (Ceo.9Gdo.101.95) and 

CG02 (Ceo.aGdo.201.9) nanoparticles by the novel sodium alginate beads 
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mediated ion-exchange process in a relatively simple process condition, at 

low temperature (500 °C) and in an environmentally friendly manner. After 

calcination, high purity nanopowders with uniform particle size -7 nm are 

obtained. The crystallite size determined by Rietveld structural refinement 

shows excellent agreement with data obtained from the TEM images. The d

spacing values obtained by Rietveld refinement and SAED are in excellent 

agreement with the reference data for both samples. ICP-AES and EDS 

analyses of powder samples confirm that the final chemical compositions of 

the product phases are Ceo.9Gdo.101.95 and Ceo.sGdo.201.9, respectively. The 

microstructure both CG01 and CG02 after sintering with average size 5-2 

IJm were obtained. The ionic conductivities of these materials were 

investigated by AC impedance spectroscopy with better property obtained 

from CG02 material. These materials produced by alginate sol-gel route 

should qualify the use for solid oxide fuel cells as solid electrolyte and in the 

fabrication of composite electrodes. 

The ability of sodium alginate to ion-exchange with other metal ions, such as 

Fe, Co, Ni and Cu, and produce not only simple oxide (NiO), but also 

complex oxides (CGO), can be considered as a low cost, simple, 

environmentally friendly and non-toxic route for a large scale production of 

high purity single phase nanopowders at Significantly low temperatures for 

other technical applications. In addition, for large scale high throughput 

process, the exothermic combustion of the alginate can contribute to the 

energy requirement for calcination. 

In conclusion, this project has fulfilled the main objectives. Hence, it provides 

three new methods of obtaining nano particles for SOFC industry. 

Furthermore, other industries can benefit by using these methods because 

of their simplicity, low cost and efficiency. 
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Chapter 7 Future Work 

The present work has investigated in details the influence of the factors such 

as calcination temperatures and an~ealing time of crystallization of different 
metal oxide synthesized using two novel sol-gel methods. Although 

sinterability, electrical conductivity and microstructure of gadolinium doped 

ceria materials in different compositions have been studied in this work, 

more detailed investigation needs to be conducted to further investigate 

various sintering methods to avoid thermal stock on the electrode and 

electrolyte layers of solid oxide fuel cells using CGO materials at 500 -

800°C. In order to assess the thermal shock resistance of the ceramic 
layers, a Two Steps Sintering method can be applied which resulted in small 

grain size as long as maintained high theoretical density. Further work is 

also needed to use these nanopowders to fabricate an entire solid oxide fuel 

cell for real world application. 

Moreover, although the present investigation shows that nanopowders of 

various metal oxide materials can be successfully obtained using sodium 

alginate as a media, the ion-exchange rates for different metal ions still 

remain as un-known. This is very important to clearly identify the ion

exchange rate for different metal ions which will certainly benefit the 

production rate during manufacturing process. As shown in the study, 

sodium alginate gel formation is rapid on the surface and the metal ions will 

gradually ion-exchange through the surface and reach to the center. 

Therefore, by using a fixed amount of sodium alginate granules or alginic 

acid beads to react with various metal ions at different time lengths, the 
concentrations of the remaining solutions will vary. This allows the ion

exchange rate for different metal ions to be determined. 
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