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RESUME 

Dans ce travail, des poudres nanocomposites contenant des phases melangees nano et micro-
structurees de cathodes pour les piles h combustible k temperature moyenne (IT-SOFCs) ont 
6t6 produits en utilisant un plasma thermique inductif. Deux techniques ont ete utilises, soit la 
deposition en utilisant des suspensions (SPS) ou encore en utilisant des solutions (SolPS ou 
SPPS ). La cathode composite est un melange de conducteur electronique et de conducteur 
ionique (oxyde c6ramique) avec assez de porosite pour que l'oxygfcne passe et aussi pour 
assurer la compatibilite des coefficients d'expansion avec l'electrolyte. Afin de permettre la 
commercialisation des SOFCs, le d6veloppement des SOFCs s'oriente vers des piles 
fonctionnant & une temperature ambiante moyenne (600-8(X)oC). Ceci augmente le choix des 
materiaux et des geometries de pile qui peuvent etre employes, reduisant les couts et, en 
principe, devrait aussi diminuer le taux de degradation des composants des piles et des 
syst&mes. Afin de reduire la resistance de polarisation de la cathode k cette gamme de 
temperature, on propose deux approches pour la fabrication de la cathode : a) en utilisant les 
materiaux avec des conductivity ioniques et eiectroniques eievees, qui peuvent etre obtenus 
en ajoutant une deuxfeme phase dans la cathode ; b) la synthese de cathodes avec des 
morphologies optimisees de nano/microstructure. 
La methode SolPS a ete employee pour synthetiser des nanopoudres possedant une 
conductivite mixte. Le precurseur de la solution a ete prepare avec des nitrates, la glycine et 
l'eau distil lee stoechiometriques melanges en metal. La cristallinite et la morphologie des 
nanopoudres ont ete caracterisees par la diffraction de rayon X (DRX), la microscopie 
electronique & balayage (MEB), la microscopie electronique & transmission (MET) et la 
spectroscopic k dispersion d'energie (EDS). Des suspensions, faites avec de l'ethanol et les 
nanopoudres composites precedemment syntheses, ont ete employees pour deposer des 
revetements de cathode par le procede SPS. Les parametres des procedes SPS ont ete 
optimises. Des cathodes nanostructurees produites par le procede SPS ont ete comparees a 
celles produites en utilisant le procede SolPS. Les revetements ont ete caracterises par un 
MEB h haute resolution. Des cathode-eiectrolyte-cathode symetriques ont egalement ete 
fabriquees pour examiner la resistance de polarisation de la cathode en utilisant la 
spectroscopic electrochimique d'impedance (EIS). 
Des melanges de nanopoudres de cathode de Ce0.8Gd0.201.9 (GDC) et de 
La0.6Sr0.4Co0.2Fe0.803 (LSCF6428) avec les ratios massiques suivants : 30 - 70 et 60 - 40 
% masse de GDC - LSCF, ont ete obtenus. Les nanopoudres composites montrent une 
structure de perovskite de LSCF6428 et une structure de fluorite de GDC et ces deux phases 
sont homog&nement dispersees. Les nanoparticles sont presque globulaires avec un diam&re 
de 10 h 60 nanometre et avec des surfaces specifiques autour de 20 m2/g. Des cathodes 
composites de structure homogene en forme de choux fleur ont ete obtenues par les methodes 
de SPS et de SolPS. Les potentiels de ces deux technologies de depdt pour fournir des 
cathodes composites fonctionnelles a composition gradee et avec une homogeneite eievee ont 
ete demontres. Compare aux cathodes produites par SolPS, les cathodes produites par SPS ont 
une nanostructure plus fine, une porosite eievee et des pores mieux distribues. 

Mots cles : Nanocomposites ceramiques, electrolyte de piles k combustible SOFC, projection 
par plasma de suspensions (SPS), projection par plasma de solution (SolPS), plasma inductif, 
cathode de piles h. combustible nanostructuree 
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ABSTRACT 

In this work, nanocomposite cathode powder and nano/micro-structured composite cathodes 
for intermediate temperature solid oxide fuel cells (IT-SOFCs) have been produced using 
induction plasma spray. Both the suspension plasma spray (SPS) and solution plasma spray 
(SolPS) method were used. The composite cathode is a mixture of electronic and ionic 
conductor (ceramic oxide) with enough porosity for the oxygen gas to pass and have the 
expansion coefficient compatibility with the electrolyte as well. 

For the purpose of SOFC commercialization, there is a trend to develop SOFCs working at a 
medium temperature range (600-800°C). This not only expands the choice of materials and 
stack geometries that can be used but also reduces system cost and, in principle, decreases the 
degradation rate of the stack and system components. In order to reduce the polarization 
resistance of the cathode at this temperature range, two approaches are proposed for cathode 
fabrication: a) using the materials both with high ionic and electronic conductivities, such as 
adding a second phase into the original cathode material; b) producing the cathode with 
homogeneous nano/micro-structure. 

SolPS method was used to synthesize nanopowders with mixed conductivity. The solution 
precursor was prepared with the mixed stoichiometric metal nitrates, glycine and distilled 
water. The crystallinity and morphological features of the nanopowders were characterized by 
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron 
microscopy (TEM) and energy dispersive spectroscopy (EDS). Afterwards, the suspensions, 
made with ethanol and previously synthesized composite nanopowders were used to deposit 
cathode coatings by SPS process. The parameters of the SPS processes are optimized to obtain 
cauliflower microstructure with maximized homogeneity and appropriate open porosity. 
Cathodes produced by a SPS process were compared to the ones produced using a SolPS 
process. The coatings were characterized by the high resolution SEM. Symmetrical SPS 
cathode-electrolyte-cathode was also fabricated to test the polarization resistance of the 
cathode using electrochemical impedance spectroscopy (EIS). 

Cathode material nanopowder mixtures of Ce0.sGd0.201.9 (GDC) and Lao.6Sro.4Coo.2Feo.8O3 
(LSCF6428) with different mass ratio, such as 30wt%:70wt% and 60wt%:40wt% of 
GDC:LSCF, were obtained. The composite nanopowders exhibit a perovskite structure of 
LSCF6428 and a fluorite structure of GDC and the two phases are homogeneously dispersed. 
The nanoparticles are almost globular in shape with a diameter from 10 nm to 60 nm and with 
BET specific areas around 20 m2/g. Homogeneous cauliflower-structure composite cathodes 
were obtained by both SPS and SolPS methods. The potentials of these two deposition 
technologies to provide functionally graded composite cathode with high homogeneity were 
demonstrated. Compared to SolPS cathodes, the SPS cathodes have finer nanostructure, 
higher porosity and better distributed pores, which takes advantage of the homogeneously 
distributed nanosized powders in the precursors. The SPS coatings were expected to have 
enlarged triple phase boundaries. 

Key Words: Nanocomposite powder, GDC, LSCF, Suspension Plasma Spray (SPS), Solution 
Plasma Spray (SolPS), IT-SOFC, Induction Plasma, nanostructured composite cathode 
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CHAPTER 1 INTRODUCTION 

Solid oxide fuel cells (SOFCs), a new power generation, having high energy conversion 

efficiency and low emission to the environment, are getting increased attentions as the Low-

Carbon Economy becomes a much hotter issue in human being's lives. Years of efforts have 

been made to make it more widely used and commercialized. However, the target is not so 

easy to meet as there are two main barriers to overcome: high total costs of SOFC fabrications 

and short cell life-time. Therefore, developing cost effective fabrication methods and lowering 

the operating temperature are urgently needed. As a consequence, the concept of intermediate 

temperature SOFC (IT-SOFC) working at the temperature range of 600°C-800°C is proposed 

to replace the high temperature SOFC (HT-SOFC) working at 800°C-1000°C. 

Lowering the operating temperature of the SOFC system enables a wide range of cheaper 

materials to be utilized and a prolonged cell life-time. However, it also brings several 

problems. When the operating temperature decreases, the ionic and electronic conductivities 

of the electrolytes and electrodes decrease exponentially, resulting in a huge energy loss. 

Currently, instead of using the traditional components for HT-SOFC, yttria-stabilised zirconia 

(YSZ) electrolyte, Ni/YSZ anode and strontium-doped lanthanum manganite (LSM) cathode, 

different cation-doped ceria, such as gadolinium-doped ceria (GDC) and samaria-doped ceria 

(SDC), are currently widely utilized for IT-SOFC electrolytes. They have a much higher ionic 

conductivity than YSZ and are free from the reactions with most of the cathode materials. As 

the oxygen surface exchange coefficient and oxygen diffusion coefficient values of LSM are 

relatively low, limited improvement of LSM cathode will be realized for the IT-SOFC. 

Therefore, current research interest is directed towards the lanthanum cobaltite and ferrite 

based perovskite (LSCF) and strontium-doped samarium cobaltite (SSC) having mixed and 

higher ionic and electronic conductivity, compared to LSM. 

State of the art of nanoscale materials (< 100 nm) show a great potential for SOFC moving 

from HT down to IT. The nanomaterials have a spectrum of advantages for the SOFCs, such 

as the enhancement of the catalytic capacity [Hui et al., 2007], increased ionic and electronic 

conductivities [L. Jia, 2010]. Also nanoscale material is able to be sintered at lower 
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2 INTRODUCTION 

temperatures compared to the micron scale powders. This is very significant for the 

development of the IT-SOFC because the lowered sintering temperature enables one-step 

sintering temperature fabrication of an entire single cell, prevents some unpredicted reactions 

between components and leaves more porosity thus more active sites in the electrodes. In 

addition, by introducing nanostructures, much thinner (to micron size) and gas tight electrolyte 

can be realized. Also, the triple phase boundaries (TPBs) of the cathode can be enlarged by 

introducing mixed electronic-ionic conductivity material (MEIC) and functionally graded and 

nanostructures into the cathode fabrications. 

As an alternative way to lower the fabrication cost, plasma spraying technology has been 

employed into the SOFC domain. Compared to the conventional wet processing method, 

plasma spraying processing technology provides numbers of advantages for the SOFC 

fabrication and developments. The processing temperature is sufficiently high for a wide range 

of materials can be used and the relative processing time can be reduced. In addition, plasma 

processes can save considerable experimental spaces, since the anode, electrolyte and cathode 

can be synthesized in the same piece of equipment. For cathode fabrication, compared to the 

only way of electrode powder preparation in conventional cathode processes, plasma spraying 

processes enables various feedstock materials in form of powder, solution and suspension to 

be used. Solution plasma spraying (SoiPS) enables directly nanostructured cathode coating 

formation from some ionic precursor solutions and suspension plasma spraying (SPS) enables 

the submicron-sized or nanosized particles to be conveyed into the plasma plume thus 

formation of nanosized or micro-sized splats or particles. 

Induction plasma with its own intrinsic properties, e.g. clean environment, axial injection, 

large reaction volume and long residence time of the material in the plasma, is getting 

increased attentions. With this technology, thin and gas tight electrolyte is able to be deposited 

as well as porous and homogeneous electrodes. The concept of Ml induction plasma sprayed 

SOFCs using SolPS/SPS method was proposed and developed in the Centre de Recherche en 

Energie, Plasma et Electrochimie (CREPE), at University de Sherbrooke. Up to now, the 

problems of the consecutive spraying of different components and interface delaminations 
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during cell test are critical barriers against the development of the ftill sprayed cells since the 

interfaces between the components play quite an important role in the SOFC performance. 

In this work, we mainly focused on induction plasma synthesises of cathode nanopowder 

materials and depositions of composite cathode coatings. Composite nanopowders of 

GDC/LSCF have been synthesized. The preliminary work of composite and nanostructured 

cathode coatings has been done. This work serves as the precursor of functionally graded 

cathode fabrications which will be carried out in the future. In this thesis, the Chapter 1 is the 

simple and quick view of the background of the SOFC material developments and plasma 

spray processing technology for SOFC fabrications; Chapter 2 is the literature review part. 

Firstly, the SOFC fundamentals, specific on the cathode material and structure developments 

are reviewed using recently published papers. Then the induction plasma spray for coating 

deposition and nanopowder synthesis along with the powder, solution, suspension plasma 

spray are reviewed. Finally, the fundamental theories of some core instruments for the sample 

characterizations are introduced; In Chapter 3, all the experimental equipment, operation and 

parameters related to this work are introduced; In Chapter 4, the results and discussions are 

presented. The results of the synthesized nanopowders are first discussed, followed by the 

results of the cathode coating produced by SPS and SolPS methods. In the following parts, 

brief results of the bench tests of full cells and impedance tests of the cathode are presented. In 

Chapter 5, the conclusion of all the work is made and the work planned to be carried out is 

presented. 





CHAPTER 2 BACKGROUND-LITERATURE 

REVIEW 

2.1 SOFC Fundamentals 

2.1.1 SOFC Principle and Applications 

The generation of energy by clean, efficient and environmental-friendly means is now one of 

the major challengers for engineers and scientists as the increasing global energy consumption 

has had and will continue to have many detrimental effects on the earth's environment 

[Stambouli and Traversa, 2002]. Nowadays, the fuel cells are much in the news since they 

appear to be one of the most efficient and effective solutions to the environmental problems 

which we face today. 

There exists a whole range of different types of the fuel cells, which differ in the nature of 

their electrolyte, as shown in Table 1. The first five types are characterized by a low to 

medium temperature of operation (50-210°C) and the latter three types are characterized by a 

high temperature of operation (600-1000°C). By far, most research groups concentrate on the 

proton exchange membrane fuel cell (PEMFC) and solid oxide fuel cell (SOFC) stacks. 

5 
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Table 1 Technical characteristics of different fuel cells [Stambouli and Traversa, 2002] 

Types of the 

fuel cell 
Electrolyte 

Operating T 
(°Q 

Fwl Oxidant Efficiency 

Alkaline 

(AFC) 

Potassium 

hydroxide (KOH) 
50-200 

Pure hydrogen, or 

hydrazine liquid 

methanol 

Oa/Air 50-55% 

Direct 

methanol 

(DMFC) 

polymer 60-200 Liquid methanol OVAir 40-55% 

Sulfuric acid 

(SAFC) 
Sulfuric acid 80-90 

Alcohol or impure 

hydrogen 
O^Air 40-50% 

Proton-

exchange 

membrane 

(PEMFC) 

Polymer proton 

exchange 

membrane 

50-80 

Less pure hydrogen from 

hydrocarbons or 

methanol 

Oj/Air 40-50% 

Molten 

carbonate 

(MCFC) 

Molten salt such 

as nitrate, 

sulphate, 

carbonates... 

630-650 

Hydrogen, carbon 

monoxide, natural gas, 

propane, marine diesel 

CO2/O2/A 

ir 
50-60% 

Solid oxide 

(SOFC) 

Ceramic as 

stabilized 

zirconia and 

doped perovskite 

600-1000 
Hydrogen, natural gas or 

propane 
02/Air 45-60% 

Protonic 

ceramic 

(PCFC) 

Thin membrane 

of barium cerium 

oxide 

600-700 hydrocarbons O^/Air 45-60% 

A SOFC system is an energy conversion device that directly converts the chemical energy of a 

fuel gas (hydrogen, nature gas...) into electrical energy and heat without the need for direct 

combustion as an intermediate step. So it is not subjected to the Carnot thermal cycle limit and 

is able to provide much higher conversion efficiencies than the conventional 

thermomechanical method. The electricity is generated by the electrochemical combination of 

a gaseous fuel and an oxidant gas through electrodes and an ion conducting electrolyte. For 

example, as shown in Fig.l, a fuel such as hydrogen is fed to the anode, undergoes an 
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oxidation reaction, and releases electrons to the external circuit. Air is fed to the cathode, 

accepts electrons from the external circuit, and undergoes a reduction reaction. Then the 

oxygen ions flow from the cathode to the anode and then react with hydrogen ions to form 

water finally (see formulas [1]) with negligible emission. The electron flow in the external 

circuit from the anode to the cathode produces direct-current electricity. A SOFC can operate 

as long as the fiiel and oxidant are supplied to the electrodes. 

Anode :H2+0~ —» H20 + 2e 

1 - 2-
Cathode i — O. + 2<? —  ̂ O 

Overal l  :H 2+-0 2  H 20 
2 [1] 

SOFC 

H, 

00 <%: 

% MS, 

a» H.0 

0* 
• V' 

<J=3 02 

anode electrolyte cathode 

Fig. 1 Diagram of the operation principle of a SOFC 

The open circuit voltage of the system can be calculated through the Nernst equation [Sammes, 

2006]: 

E = E°+^lnP„ +^ln^ 
4 F 2 F 1 H,0 

[ 2  
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£° = -— [31 
2 F 

E° is the reversible voltage at the standard pressure and the operating temperature. AG0 is the 

Gibbs free energy variation of reaction. 

The SOFC technology has been developed for a wide range of power applications, from 

portable devices (50 W battery chargers), small power systems (e.g. 5 kW residential power or 

automobile auxiliary power units) to distributed generation power plants (e.g. 100-500 kW 

system). It can also be integrated with a gas turbine to form large (several hundred kW to MW) 

pressurized hybrid system [Ormerod, 2003]. Compared with other fuel cells, SOFCs have the 

advantages enabling them to be potentially competitive in the market from a material 

standpoint. The advantages are listed as follows [Stambouli and Traversa, 2002]: 

1. SOFCs are the most efficient (fuel input to electricity output) fuel cell electricity 

generators currently being developed world-wide. 

2. SOFCs are flexible in the choice of fuel such as carbon-based fuels, or natural gas due to 

its high operating temperature. 

3. SOFC technology is most suited to applications in the distributed generation (ie, 

stationary power) market because its high conversion efficiency provides the greatest 

benefit when fuel costs are higher, due to long fuel delivery system to customer premises. 

4. SOFCs have a modular and solid state construction and do not present any moving parts, 

thereby are quiet enough to be installed indoors. 

5. The high operating temperature of SOFCs produces high quality heat byproduct which 

can be used for co-generation, or for use in combined cycle applications. 

6. SOFCs do not contain noble metals that could be problematic in resource availability and 

price issue in high volume manufacture. 
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7. SOFCs do not have problems with electrolyte management (liquid electrolytes, for 

example, which are corrosive and difficult to handle). 

8. SOFCs have extremely low emissions by eliminating the danger of carbon monoxide in 

exhaust gases, as any CO produced is converted to C02 at the high operating temperature. 

Although SOFCs have a vast number of advantages, it is still not possible to be put into a wide 

use as a result of the high costs for fabricating and operating the SOFC system and the low 

durability of the cells. Therefore, intermediate temperature SOFCs (IT-SOFCs), working in 

the operation temperature range of 600-800°C, are developed to enable the realization of 

SOFC commercialization by widening the range of materials which are able to allow the 

cheaper fabrication, especially in relation to interconnects and balance-of-plant (BoP) 

components [Brett et al., 2008]. Lower temperature operation also allows more rapid start-up 

and shut-down, reduced degradation rate of the metallic components, improved durability, 

more robust construction through the use of compressive seals and metallic interconnects as 

well as the advantage of greatly simplified system requirements. On the other hand, when the 

operation temperature is lowered, the resistance and polarization loss in the electrolyte and 

electrodes are increased. As a consequence, currently, electrolyte with higher ionic 

conductivity and thinner layers are used to compensate the increase in ohmic loss and cathodes 

with mixed conductivities and developed micro/nanostructure are studied, which are reviewed 

in the following sections. 

2.1.2 SOFC Cathode and Reaction Mechanism 

Generally, the three components, anode, electrolyte and cathode, working in the SOFC system 

are required to be temperature tolerant and electrochemically compatible with other 

components. Due to the high temperature and all-solid state nature of the components, the 

thermal expansions of each material composing the stack must be as similar as possible. 

Therefore, the mechanical fracture and layer delaminations can be effectively avoided. The 

electrolyte is required to be gas tight in order to prevent the fuel from meeting the oxidant and 



10 BACKGROUND-LITERATURE REVIEW 

the cathode must be stable in the oxidizing atmosphere as well as the anode must be stable in 

the reducing atmosphere. 

In a SOFC system, the cathode is the place where pure oxygen or oxygen from air is reduced. 

The electrochemical processes going on in the cathode are composed of different bulk and 

surface steps. The elementary reactions taking place in the overall electrode reaction are 

concluded as follows [Sun et al., 2010]: 

1. The reduction of O2 molecules involving adsorption, dissociation, reduction and 

incorporation of O2" into the lattice of the cathode material, as described by the following 

equation: 

02 + 2V0** + 4e~ = 20*o [4] 

2V" is a vacant oxygen, and Ox
0 is an oxygen ion. 

2. Ionic transport through the porous cathode toward the electrolyte 

3. O2" ion jumping into the electrolyte lattice 

As indicated in the equation, the oxygen reduction can only take place where oxygen, oxygen 

ion conduction and electron conduction contact with each other. These places are also called 

triple phase boundaries (TPBs). In a cathode with only electronic conductivity, the TPBs can 

be simply illustrated, as shown in Fig. 2. In the porous cathode, adsorbed oxygen is formed 

from the oxygen gas according to a dissociative adsorption step which occurs on the pores 

walls. If there is a breakdown in connectivity in any one of the three phases, the reaction 

cannot occur [Adler, 2004]. Therefore, the reasonable way to improve the electrochemical 

performance of the cathode is to utilize the cathode materials with both high ionic and 

electronic conductivities as well as to optimize the micro/nano structure of the cathode to 

enlarge the TPBs. 
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Catalytic Electrode 
- Particles 

Fig. 2 Schematic illustration of TPBs in cathode with only electron conductivity [O'Hayre et 

al., 2005] 

Based on thin electrolyte, overall loss of the cell is generally dominated by the loss on the 

cathode. That is because of the high-activation energy and slow-reaction kinetics for oxygen 

reduction reactions, compared to the hydrogen oxidation reactions. It is noted that the cathode 

polarization loss can be as high as 65% of the total voltage loss in the IT-SOFC [Koyama et 

al., 2000]. Therefore, to develop the IT-SOFC cathode is an important part in the whole IT-

SOFC system development. 

2.1.3 SOFC Cathode Materials and Electrochemical Properties 

Recently, there are two commonly used types of materials for SOFC cathodes. One is 

lanthanum manganite-based perovskites, traditionally used for the SOFC working at high 

temperature from 800°C to 1000°C. Another is lanthanum cobaltite and ferrite perovskites, 

usually used for the IT-SOFCs. 

Undoped LaMnOa is orthorhombic at room temperature and present an 

orthorhombic/rhombohedral crystallographic transformation at around 600°C. This is the 

result of the oxidation of some Mn3+ to Mn4+ ions [Fergus et al., 2008]. This material has the 

perovskite structure, ABO3, as a consequence of the formation of the cation vacancies. The 
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conductivity of LaMnCh can be improved by doping a lower valence ion to either A or B site. 

For instance, by substituting La3+ places with divalent cation dopants Sr2+, the electronic 

conductivity of the material can be enhanced. Currently, Lai.xSrxMn03 (LSM), strontium-

doped lanthanum manganite, is the most popular and traditional cathode material for zirconia 

based SOFCs working in the operation temperature range of 800-1000°C. Its electronic 

conductivity is from 200 to 300 Scm"1 at 900°C and stable with YSZ (Yttria-stabilized 

zirconia) up to 1200°C. However, LSM has quite low ionic conductivities, lO^-lO"7 Scm"', 

even at the 900-1000°C temperature range. Some properties of LSM with different 

compositions are shown in the Table 2. 

Table 2 Perovskite-type oxide LSM: thermal expansion coefficient (TEC), electronic (ae), and 
ionic conductivities (Oi) in air [Fergus et al., 2008][Sun et al., 2010] 

Composition TEC (*10"° K"1) T(°C) <je (Scm1) CTi (Scm1) 
Lao.95Sro.o5MnC>3 11.7 900 1.10*10'' 
Lao.9Sro.iMn03 9.9 1000 2.09* lO^ 
Lao.gSro.2Mn03 11.8 900 300 5.93*10' 
LaojSrojMnOs 11.7 800 240 
Lao.6Sro.4MnC>3 13 800 130 

Compared to the LaMnCb-based cathode, the lanthanum cobaltite perovskite (LaCoCb) has 

higher electronic and ionic conductivity, shown in Table 3. Like LaMnC>3, LaCoC>3 shows 

intrinsic p-type conductivity, and has a big oxygen deficiency at high temperature [Ormerod, 

2003]. Also the conductivity can be enhanced by doping a divalent cation, such as the Sr2+, on 

the lanthanum site. However, the disadvantage of LaCoC>3 is its thermal expansion coefficient, 

which is much higher than the normal electrolyte material. It is easy to lead to a mismatch 

between the cathode and electrolyte. By substituting iron on the cobalt site, the TEC of the 

material can be reduced and the outcome material, Lai.xSrxCoi.yFeyC>3, is the well-known 

cathode material for IT-SOFC, The TEC of Lai_xSrxCoi.yFey03 decreased with the increased 

content of the iron composition [Maguire et al., 2000]. In addition, this material provides a 

significant enhancement in the total conductivity and electrochemical activity. Nevertheless, 

this material reacts with YSZ to form SrZrCb insulating phase at temperature as low as 800°C 

[Jiang, 2002]. Therefore, in the case of YSZ electrolyte, doped ceria, such as GDC 

(gadolinium doped ceria) is used as an interlayer to separate the LSCF cathode and YSZ 
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electrolyte, avoiding reactions. In addition, since GDC exhibits higher ionic conductivity than 

YSZ, it recently became the typical electrolyte material in the case of LSCF cathode. 

Table 3 Perovskite-type LaCoC>3-based oxide: thermal expansion coefficient (TEC), electronic 

(ae), and ionic conductivities (o;) in air [Sun et al., 2010] 

Composition TEC (*10" K1) T(°C) ae (Scm"1) aj(Scm"') 
Lao.8Sro.2CoC>3 19.1 800 1220 
Lao.6Sro.4CoC>3 20.5 800 1600 0.22 
Lao.8Sro.2Coo.8Feo.2O3 20.1 600 1050 

19.3 800 1000 4*10"z 

Lao.8Sro.2Coo.2Feo.8O3 15.4 1000 125 
14.8 800 87 2.2* 10"3 

Lao.6Sro.4Coo.8Feo.2O3 21.4 800 269 0.058 
Lao.6Sro.4Coo.2Feo.8O3 15.3 600 330 8*10"3 

Lao.4Sro.6Coo.2Feo.8O3 16.8 600 

Currently, nanomaterials in particular are of great interest for SOFC cathodes due to their 

potential to increase the cell performance, for the reason that the nanomaterials with 

dimensions down to atomic scale (10"9 m) present improved physical, chemical and 

mechanical properties. A feature of these materials is the high fraction of atoms that reside at 

grain boundaries and grain surfaces, significantly enhancing the chemical activity and also the 

electrical conductivity [Hui et al., 2007]. Furthermore, compared with micron-scaled powders, 

the nanopowders can be sintered at a lower temperature, which prevents the unnecessary 

chemical reactions and keeps more porosity and more active zone that both facilitate gas 

diffusion and electrochemical reactions. By using nanomaterials, the homogeneity of micro-

nano structure distribution is enhanced as well as the mechanical properties and gas passage 

through electrodes can be increased. This results in the formation of very homogeneous films 

(10- 15 jim) [Singhal and Dokiya, 2003]. 
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2.1.4 SOFC Cathode Processing Methods and Cathode Electrochemical 

Performance 

From a general point of view, enhancing the conductivities of the cathode materials and 

optimizing cathode microstructure are key for producing cathodes with better electrochemical 

performance. The way to enhance the ionic conductivity of the cathode material is to add a 

second phase, such as the electrolyte phase, into the original cathode material. By doing this, 

the ionic conductivity of the cathode can be enhanced and the TEC mismatch between the 

cathode and electrolyte can be effectively eliminated. According to the TPB model, the way to 

enlarge the TPBs is to employ novel cathode structure. It has been demonstrated that 

nanostructured electrodes with significantly high surface area offer superior electrochemical 

properties as long as sufficiently large pore size and enough porosity are provided [Liu et al., 

2004]. Recently the concept of functionally graded materials (FGM) was also introduced to 

fabricate SOFC components. Instead of an abrupt change in composition or microstructure 

between the two materials, FGM have a graded interface at which the composition gradually 

changes form one material to another, thereby avoiding delaminations during thermal cycling 

[Hart et al., 2002]. In addition, the graded microstructure can facilitate the transportation of 

the oxygen so as to lower the cathode polarization resistance when it works in a SOFC. 

For IT-SOFC fabrications, number of researchers focused on the mixed materials of 

GDC/LSCF. Various mass concentrations of GDC or LSCF as well as altered microstructures 

were applied to the cathode coatings production. It is hard to give a definite answer to the 

question of which GDC concentration for the composite materials is the best, since the 

fabrication methods were not identical. However, the experimental parameters, material mass 

concentrations as well as the micro/nano-structures are able to be optimized according to each 

fabrication technology and give some hints to other relative researchers. By using screen 

printing technique, Leng and et.,al [Leng et al, 2008] obtained GDC19/LSCF6428 (60:40wt%) 

composite cathode with the lowest polarization resistance of 0.17 Qcm2 at 600 °C, 7 times 

lower than the pure LSCF cathode. As the author discussed, increasing the content of GDC 

from 40 to 60 wt%, the GDC19/LSCF6428 composite cathode showed more homogeneous 

pore structure and distribution, smaller particle size and less particle agglomeration. Whereas, 
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Murray showed the lowest polarization of 0.33 Qcm2 was achieved at 600 °C for 

GDC28/LSCF6428 (50/50wt%) composite cathode, 10 times lower than pure LSCF cathode, 

using slurry spin coating [Murray et al., 2002]. Also he indicated the increasing GDC content 

from 0 to 50wt% resulting in a continuous decrease in the cathode polarization resistance. 

Furthermore, in Dusastre and Kilner's work [Dusastre and Kilner, 1999], GDC19/LSCF6428 

cathode produced by slurry printing presented the lowest interfacial resistance of 1 Qcm2 at 

590°C when concentration of GDC was 30 wt%. The resistance was 4 times smaller compared 

to pure LSCF cathode. The authors also noted that the porosity of the composite electrode was 

an important factor to determine the optimum composition and to achieve the best 

electrochemical performance for composite cathode materials. In CREPE research group at 

University de Sherbrooke, Bouchard et al., have deposited pure LSCF6428 and 

GDC28/LSCF6428 by SolPS and SPS respectively [Bouchard, 2006]. The pure LSCF6428 

cathode presented a resistance of 1.3 Qcm2 at 600°C (0.35 Qcm2 at 700°C), which is lower 

compared to the results provided by Murray, Dusastre and Kilner. Nevertheless, the 

GDC28/LSCF6428 composite cathode showed inversed results. The composite cathode has a 

larger polarization resistance than the pure LSCF cathodes and GDC28/LSCF6428 with the 

GDC weight percentage of 30% presented the largest polarization resistance, compared to the 

ones with 40wt% and 50wt% GDC. And the cathode with 40wt% and 50wt% GDC showed 

similar polarization resistances. As the authors noted, the big size GDC particles in the 

suspension precursor might result in the less inhomogeneous and porous structure compared to 

the pure LSCF cathode. Therefore, the composite coatings have larger polarization resistance. 

The author also mentioned that by altering the plasma parameters, the microstructure of 

GDC/LSCF cathode might be optimized. 

Because of the concept of FGM, a wide spectrum of SOFC cathode research, thereafter, 

focused on the grading cathode fabrication. There are two main kinds of gradients in the 

cathode. One is the structure gradient and the other is the composition gradient. Due to the 

theoretical model of Deseure and et al. [Deseure et al., 2005], it was estimated that an 

increasing composition gradient results in a reduced ionic ohmic drop due to an optimized 

ionic migration process by enlarging cross sectional area. More experiments of different 

graded cathode designs show the advantage of the gradients. Liu and et al. [Liu et al., 2007] 
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fabricated a graded cathode with 10 jim inner layer of wet-coated LSCF6428 powders, made 

by citrate method, and 30 jim outer layer of wet-coated LSCF6428 powders, made by solid 

phase synthesis on the YSZ electrolyte. This coating exhibited an area specific resistance 

(ASR) of 1.115 Qcm2 at 950°C, lower compared to the single cathode 38.9 |im layer made 

only by the solid phase synthesized LSCF6428 powder. It is related to the different structures 

of the coatings due to the different producing ways. In the case of composition gradient, at the 

temperature of 650°C, 50%LSC+50%SDC/25%LSM+25%LSC+50%SDC/50%LSM 

+50%SDC cathode made by ion impregnation method had 0.48 £2cm2, much lower compared 

to 9.8 Qcm2 for the cathode with only LSM single layer with the similar thickness and 

porosity [Xu et al., 2005]. Also, in Meilin Liu's research group, by using combustion chemical 

vapor deposition (CVD) method, they successfully fabricated a cathode having both the 

composition and porosity (showed in Fig. 3) gradients. The electrode-electrolyte interfacial 

polarization resistance was 1.62 Qcm2 at 600°C and 0.43 ficm2 at 700°C. And the single cell 

performed impressively with the high power densities of 481 mW/cm2 at 800°C [Liu et al., 

2004]. In addition, by employing sol-gel/slurry coating techniques, Shaowu Zha and et al. 

have proposed 4-layer functionally graded cathode (shown in the Fig.4) with the polarization 

resistance of 0.21 Qcm2 at 700 °C [Zha et al., 2005]. 5-layer cathodes consisting of LSM and 

YSZ (LSM/YSZ) and 9-layers cathode with additional layers made from LSM, LSCo and 

YSZ (LSM/LSCo/YSZ) have been studied utilizing spray painting method by Holtappels and 

C. Bagger [Holtappels and Bagger, 2002]. They have demonstrated that these two types of 

cathodes presented improved electrochemical performances compared to that of the 

conventional double layer cathodes. Furthermore, using slurry painting, N. T. Hart and et al. 

did the comparison between functionally graded cathodes by changing the material of one 

interlayer from LSM/YSZ to LSM/GDC [Hart et aL, 2002]. And the results showed the 

benefits of the graded cathodes with LSM/GDC interlayer were over the ones with LSM/YSZ 

interlayer, especially at the lower operating temperature. 
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30% LSM/30% LSC/40% ODC 
60% LSM/40% GDC 

60% LSC/40% GDC 

YSZ electrolyte 

60% NiCtf40% GDC 

Fig. 3 Schematics of the functionally graded SOFC configuration [Liu et al., 2004] 

IQOHLSCi' ftinctionally 
• graded 

cathode 

, . YSZ electrolyte 

Fig. 4 Schematics of the functionally graded cathode fabricated by Zha et al. [Zha et al., 2005] 

As listed above, numbers of graded cathodes have been fabricated by various technologies. 

The results showed the cathode performance is pretty sensitive to the composition and the 

structure of the coating. Using LSCF and GDC instead of LSM and YSZ could usually result 

in lower cathode polarization resistance. However, up to now, it is still difficult to 

standardize the graded cell configuration. Since the performances of the cathodes depend on 

many factors, such as fabrication technology, electrochemical test system, cathode 

microstructures... Almost every research group has their own streamline to fabricate the cell 

with the homemade test systems. Therefore, it is quite hard to have a standard recipe, even for 

the same fabrication technology. However, as mentioned above, according to a particular 

fabrication technology, it is always possible to find better optimized parameters and 

procedures. Take the induction plasma spray technology for instance. Feeding system, 

spraying distance, the atomization property of the probe and so on, can have strong influences 

on the cathode microstructures, namely the electrochemical properties. 
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2.2 Plasma Fundamentals 

2.2.1 Plasma Concept 

In summary, plasma is a medium containing lots of charged particles governed by 

electromagnetic forces. Plasma is a quasineutral gas of charged particles which possess 

collective behaviour. Plasma is the term used in physics to designate the fourth state of matter 

(exists in the sun and the stars, in space, etc.), apart from the solid, liquid, and gas state. Fig. 5 

presents schematically the ranges of temperature, or particle energy of the four forms of matter 

in nature (the temperature of plasma reflects only the energy of the heavy particles). 

I  I  i  i  I  i m l  I  »  .  I  m l  >  »  i  

102 10® to4 105 

Temperature (°K) 
1  1  »  «  I  i  m l  I  »  t  I  i  i l l  1  »  1  j  1 1 1  

0.01 0.1 1 10 

Particle Energy (eV) 

Fig. 5 State of matter versus temperature [Grill, 1994] 

A plasma is usually obtained when sufficient energy, higher than the ionization energy, is 

added to atoms of a gas, causing ionization and production of ions and electrons. In a gas, a 
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plasma is usually excited and sustained by providing to the gas electromagnetic energy in 

different forms: direct current, radio frequency, microwaves, and so on. Plasma is often 

referred to as gas discharge because the most common way to produce plasma is by passing an 

electrical discharge through the gas. A plasma can also be obtained when high-density energy 

is provided to a liquid or a solid to cause its vaporization and ionization. 

2.2.2 Plasma Type and Applications 

The plasma state exists in the cosmos or is created under unique conditions for specific 

purposes. It is customary to classify this state in terms of electron temperatures and electron 

densities, as shown in Fig. 6. The plasma density, ne, spans the range between 1 and 1020 cm"3, 

while the electron temperature, Te, can vary between 10"2 and 103 eV. 

m DKtm OiMtty UTS) 

Fig. 6 Classification of plasmas [Boulos etal, 1994] 
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Taking into account the wide ranges of parameters, the plasmas can be classified into several 

categories: CTE plasmas (plasmas in complete thermodynamic equilibrium), LTE plasmas 

(plasmas in local thermodynamic equilibrium) and non-LTE plasmas (plasmas that are not in 

any local thermodynamic equilibrium). CTE is related to uniform plasma, in which chemical 

equilibrium and all plasma properties are unambiguous functions of temperature. This 

temperature is supposed to be homogeneous and the same for all degrees of freedom, all 

components, and all possible reactions. However, plasma in CTE conditions cannot be 

practically realized in the laboratory. To imagine CTE plasma, one should consider a plasma 

with a volume so large that its central part is homogeneous and not sensitive to boundaries. 

Unlike CTE plasmas, the LTE plasmas are locally in equilibrium similar to that described for 

CTE with a single temperature T, which can differ from point to point in space and time. 

Thermal plasma is commonly considered as LTE plasmas. Non-LTE plasmas are also known 

as cold plasma because of the low temperature of the heavy species. Both of the LTE and non-

LTE plasmas are both produced for research or manufacturing purpose. 

Thermal plasmas that approach a state of LTE have the temperatures around 104 K with 

electron densities ranging from 1021 to 1026 m"3. An increase of pressure in the plasma lead to 

more frequent collisions between the electrons and the heavy species thus the pressure in the 

system increases toward to atmospheric pressure, as a result, the two subsystems tend to reach 

the same thermodynamic equilibrium. Normally, the temperature of the gas in the center of 

these plasmas can reach temperatures in the range of 20,000-30,000 K. 

For the cold plasmas, the system is in low-pressure discharge, so the thermodynamic 

equilibrium cannot be reached, even at a local scale, between the electrons and the heavy 

particles. In this kind of plasmas, the temperature of the electrons is much higher than that of 

the heavy particles. The electron can reach temperatures of 104-105 K (1-10 eV), However, due 

to the very low electrons' density and heat capacity, the amount of heat transferred by the 

electrons to the gas and to the walls of the container is so small that the temperature of the gas 

can be as low as room temperature. 
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Both of the thermal plasmas and cold plasmas have many applications in the research area or 

human's life environment. Thermal plasma technology can be applied to the area of material 

processing and waste material treatment [Boulos, 1991]. For instance surface modification and 

plasma spraying for depositing coatings, nanopowder synthesis and plasma chemical synthesis 

of ultrafine and high purity materials. Because of the nonequilibrium properties and ability of 

reacting with the gas at a relative low temperature, cold plasma can be used for 

microelectronic devices fabrication and also for coatings. Thermal plasmas are used for the 

material processing at CREPE of Universite de Sherbrooke. 

2.2.3 Induction Plasma Technology 

Induction heating has become an advanced technology after hundred-year development. The 

cardinal principle of induction heating is that a conductive metallic piece inside a high-

frequency coil is "induced" before being heated to a high temperature. While for induction 

plasma, the medium, such as gas, is induced before it reaches the plasma state when the 

temperature is high enough. 

A plasma torch is a device designed to heat gases to very high temperatures by taking 

advantage of the high conductivity of an ionized gas [Reed, 1961]. An induction plasma torch 

is the core of induction plasma technology, which contains three essential parts: a coil, a 

confinement tube and gas distributors. Fig. 7 shows the configuration of a ceramic tube R.F. 

induction torch developed at CREPE of the Universite de Sherbrooke [Boulos, 1992]. The 

ceramic tube has an internal diameter of 35-70 mm and a length of 150-200 mm. It is water-

cooled and used to confine the plasma. The tube is surrounded by a three- to five-turn 

induction coil connected to the RF power supply through the "tank" circuit. The head of the 

torch, namely gas distributor, is responsible for the introduction of different gas streams into 

the discharge zone. Generally, there are three gases passing through the torch head. These 

three gas streams are named carrier gas, central gas and sheath gas, respectively, according to 

their distances from the center of the coil. The carrier gas is responsible for conveying the 

precursor into the plasma through an atomization probe. The central gas is used to form the 

plasma while the sheath gas is used to stabilize the plasma discharge. Besides, the sheath gas 
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keeps the plasma centered and away from the walls in order to keep them cool. Normally, 

sheath gas also participates in the chemistry reaction, providing the reducing or oxidising 

environment. 

The R.F. induction plasma power is supplied by an oscillator frequency in the range of 2-4 

MHz for low and intermediate power units (<100 kW), or 200-400 kHz for high powder (100 
t 

kW) units used in larger installation. The minimum power to sustain an induction plasma 

depends on the pressure, frequency and gas composition. All the plasma conditions including 

chamber pressure, gas flow rate and power can be controlled by the control console of the 

system. Another important part of the torch is the exit nozzle. By altering the nozzle diameter, 

the rates of plasma jet can thereby be changed according to the different density requirements 

of the deposited coatings [Boulos, 1992]. 

Following the evolution of the induction plasma technology in the laboratory, it exhibits 

distinctive advantages: 

POWOER+CARRER GAS 

SHEATH GAS 

'TORCH IOOV 

INDUCTONCOH PLASMA CONPHHeUQ 
TUIE 

Fig. 7 Schematic of ceramic tube induction plasma torch [Boulos, 1992] 
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1. Without the problem of erosion or contamination since there are no electrodes, compared 

with the conventional DC plasmas. 

2. The possibility of the axially feeding precursors (solution, suspension and powder), which 

overcomes the difficulty in exposing the materials to the high temperature plasma. 

3. The possibility of selecting versatile chemistry to work in reductive, oxidative, or even 

corrosive environment. 

4. The possibility of complete reaction because of its relatively long residence time of the 

precursor in the plasma plume (1 ms-100 ms). 

5. Relatively large plasma volume. 

With these advantages, the induction plasma has been used in several industrial and research 

aspects. One of the most successful is in the nano-material processing, which is now carried 

on in our lab with radio frequency generated induction plasmas. 

2.2.4 Induction Plasma Spraying 

Currently, the process of the SOFC components and the fabrication of entire cells can be 

mainly categorized into the conventional processing, represented by "Wet Powder 

Processing," and the new processing method characterized by "Deposition Processes Making 

Use of Thermal Plasma Spray". The "Wet Powder Processing", including tape casting, screen 

printing and sintering steps, needs high processing temperature and relatively long periods. 

The long processing time leads to the material and structure alterations and hence limits the 

selection of the materials. As one new technique, plasma processes are not only time efficient, 

generally without or with only slight post-processing of the products, but also cost efficient. A 

large number of materials can be utilized to produce the SOFC components with controlled 

composition and porosity. Cheap substrates can be used since the deposition cost is relatively 

low and short in time [Henne, 2007][Tekna Plasma Systems Inc., 2009]. Therefore, the plasma 

technology gets increasing attentions on the way to the commercialization of SOFCs. 

Plasma spraying, as part of thermal spraying, is a material processing technique for producing 

coatings and free-standing parts using a plasma jet. Because of its high temperature, any 
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material can be melted or decomposed, such as metals, ceramics, polymers and composites. 

The feedstock for coating deposition or nanopowder synthesis is introduced into the plasma jet 

and then emanates from a plasma torch. After melted and propelled toward a substrate where 

the molten droplets flatten, it rapidly solidifies to a deposit or produce the free-standing part. 

There are three well-known kinds of the plasma spraying. They are categorized by the varied 

injection precursors in the form of powder, solution and suspension. 

(1) Powder Plasma Spraying (PPS) 

In the PPS process, precursors are in the form of powder, like coarse oxide powders, which are 

conveyed into the injection probe by a powder feeder. Those powders are vaporized in the 

plasma and condensed to form nanosized, spherical particles by quenching. The complete 

evaporation of the input powders is the key to get nanopowders of good quality. The best 

operating conditions are determined by investigating the influence of the precursor's grain size, 

the injection mode and the feeding rate on the morphology of the synthesized powders, the 

particle size and the particle size distribution. 

However, the drawback of the PPS process is that the particulate materials injected in the 

plasma possibly go through a partial decomposition under the condition of the high 

temperature of the plasma discharge [Gitzhofer et al, 1997], The degree of decomposition 

depends on the plasma composition and the contact time. Moreover, there are always some 

feeding problems associated with the powder systems. It is not possible to inject the small 

particle (less than 5 |im) without drastically perturbing the plasma jet by the high carrier gas 

flow rate which is necessary to give them a sufficiently high momentum. 

(2) Solution Plasma Spraying (SolPS) 

For the solution plasma spraying, the precursor injected is a kind of solution, normally formed 

by dissolving salts in a solvent. Once the solution is injected into the plasma plume, the 

droplets go through several chemical and physical reactions. 
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In the process, the solution is generally gas atomized in the expanding plasma jet by an 

atomization probe (Fig. 8) which is confined in the center and a few centimetres upstream of 

the induction coil. This atomizing probe is cooled by a cooling fluid flowing in an annular 

chamber centered on the longitudinal axis of the probe. The chamber is composed of an outer 

cylindrical tube and an inner cylindrical tube, which enables cooling water to run between the 

two cylinders. The atomizing probe also includes a cylindrical precursor injection tube 

centered on the longitudinal axis. A pump supplies the injection tube with the material, in 

solution form, to the plasma to be sprayed. Between the injection tube and the inner tube is 

defined as an annular chamber supplied with an atomizing gas through a gas inlet. The 

function of this gas is to atomize the solution into a stream of fine droplets and injects this 

stream of droplets generally to the center of the plasma plume. The atomization probe is 

capable of producing a narrow distribution of droplet diameters (1-10 |im) which is beneficial 

for forming uniform and nano-scale products. 

Fig. 8 Schematic illustration of the atomization probe 

The advantages of SolPS are [Ma et al, 2003]: 

1. High deposit purity 

2. Excellent control of chemical uniformity and stoichiometric control in a mixed or doped 

compound 

3. Ready adaptation to a standard industrial thermal spray process 

4. High versatility in coating types (single or multi-component system) and forms 

(homogeneous or graded system) 

5. Cost savings over more capital intensive methods 
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6. Thick coating viability 

However, the drawback of this process is that it consumes too much energy to evaporate the 

solvent. 

In SolPS process, the glycine can be added into the solution. It will cause the combustion at 

180°C, following the evaporation of the excess water. The combustion reaction occurs so 

rapidly that nitrate decomposes to the oxide immediately in the flame temperature (1100-

1450°C) [Chick et al., 1990]. In this process, glycine is introduced for two purposes: one is 

that the glycine molecule has carboxylic acid group at one end and amine group at the other 

end. Both of the two groups can participate in the complexation of metal ions, inhibiting 

nitrates from the successive precipitation during the water evaporation process; the other is to 

serve as a fuel for the combustion reaction with the nitrate species as the oxidant. All 

introduced nitrates are thus decomposed completely and simultaneously, producing the 

powder with the desired phase present. In a nanopowder synthesis process, the glycine 

concentration in the solution can be adjusted to change the nanoparticle size. 

(3) Suspension Plasma Spraying (SPS) 

An alternate process is the suspension plasma spraying which allows injecting a suspension of 

micrometer or submicrometer particles dispersed within a liquid suspension to produce a 

finely structured coating. Like solution feeding, the suspension fed into the atomization probe 

results in the formation of the microdroplets (10~20 um), which dry in the plasma plume 

promptly and then melt and finally impact on a substrate or get quenched and collected as 

ultrafine powders. The whole SPS process, consists of several steps as illustrated in Fig. 9. 

The precursor in the form of suspension or slurry is fed into and immediately atomized by the 

probe before being injected into the plasma plume. Finally, by means of the plasma discharge, 

the carrier substance is vaporized so that the small particles in the suspension become 

partially melted drops. These drops are accelerated and projected on the substrate to deposit a 

coating or to form spherical powders without the substrate [Gitzhofer et al., 1997]. 
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Fig. 9 Summary of the SPS process for powder elaboration and deposition [Bouyer et al., 
1997] 

The advantages of the SPS are [Gitzhofer et al., 1997] [Fauchais et al., 2005]: 

1. Consuming less energy to evaporate the solvent compared with the SolPS 

2. Enabling injecting nano-particles or micro-particles into plasma flame without increasing 

the carrier gas flow rate 

3. Eliminating the numerous, complex and time consuming steps involved in the preparation 

for costly powders in the conventional plasma deposition techniques 

4. Increasing the deposition rate 

5. Multiple injections and chemical synthesis 

2.2.5 Induction Plasma Deposition 

Induction plasma deposition takes the spraying form to synthesize and then deposits a given 

compound in a single step. The process takes advantages of the principal feature of induction 

plasmas, the high level of purity maintained in the reaction zone as compared to other 

technologies [Boulos, 1997]. The typical induction plasma installation used for all three types 

of depositions as mentioned above includes: the plasma torch and plasma deposition chamber 

shown in Fig. 10. 
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Fig. 10 Installation of plasma spraying deposition 

Plasma spraying may lead to rapid solidification phenomena in the process of depositing 

droplets on a surface, resulting in metastable crystalline phases and amorphous structures. 

Spraying may also be accompanied by some chemical reactions, for instance by preferential 

evaporation of some particulate composition components, and the spraying atmosphere may 

also induce particle oxidation or reduction. Consequently, the major factors affecting the final 

phase composition of the plasma sprayed coatings are: (a) phase, chemical composition and 

morphology of the feedstock and (b) spraying conditions, particularly the spraying atmosphere 

and spraying parameters which influence the rapid solidification and cooling processes. 

Plasma spray depositions are widely used to provide surfaces resistant to corrosion, heat and 

wear for alloy and metal components to prolong their lifetime. In most cases, the 

microstructure of the as-sprayed coating consists of a complex inter-locking network of 

individual droplet splats or lamellae. The quality of plasma-sprayed coatings, in terms of their 

adhesion, porosity and roughness, is determined by the trajectory and thermal history of the 

plasma particles in the plasma plume, which in turn is controlled by manipulation of, for 

example, the plasma gas flow rate, particle How rate, chamber pressure and spraying distance. 
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In the area of the SOFC fabrication, plasma spray deposition potentially provides a pretty 

simplified and cost-effective choice for fabricating SOFC components and integrated cells. 

Electrode materials with low melting point but high activity can be deposited directly onto 

electrolytes without detrimental inter reaction. The plasma spray deposition also allows the 

fabrication of the entire multilayer SOFC in consecutive spray processes within a few minutes 

using only a piece of equipments. In addition, it is capable of achieving considerably higher 

deposition rates than those obtained through conventional physical or chemical vapour 

deposition techniques, and of scaling up in terms of individual cell sizes and volumes of 

production [Hui et al., 2007]. 

For the SOFC cathode fabrication, almost all the cathode coatings made by wet ceramic 

processing use specialized electrode powders with suitable phase structure, fine particle sizes 

and inks of suitable viscosity to obtain a high performance. However, plasma spray 

depositions enable a much wider range of feedstock materials. PPS, SPS and SolPS have been 

employed to fabricate the cathodes [Henne, 2007]. Zhen has deposited LSC cathode by PPS 

with air plasma technology [Zheng et al., 2005]. The precursor powder had a little 

decomposition during the spraying. However, after a slight sintering for 2 hours at 800°C, the 

cathode exhibited a fine perovskite and a the polarization resistance of 0.52 £2cm2. By simply 

changing the suspension precursor stoichiometry, LaMn03 cathode with only 5wt% 

decomposition was obtained by Monterrubio [Monterrubio-Badillo et al., 2006]. As the pure 

LaMn03 perovskite is the easiest cathode material to decompose, it was estimated that the 

strontium doped cathode material could be fabricated with totally eliminated decomposition. 

Also, using metal nitrate as raw material, the LSM and LSC porous cathode coatings were 

deposited on the YSZ electrolytes by SPS with low pressure plasma. The adhesion between 

the cathode and electrolyte was quite strong [Rousseau et al., 2007]. 

Among the various plasma technologies, induction plasma spray deposition technology is a 

quite new technique compared to others, such as vacuum plasma spraying (VPS) and air 

plasma spraying (APS) [Henne, 2007]. However, because of the intrinsic properties of the 

induction plasma spray as mentioned in §2.2.3, it is getting increasing attention. The 

technology is capable of producing thin and gas tight electrolyte as well as porous electrodes. 
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In the lab of CREPE, 5 jim gas tight GDC electrolytes were successfully obtained by SPS 

process [Jia et al, 2010]. It turned out that the SPS method had more benefit in depositing 

dense electrolyte coating compared to the SolPS method. In addition, the perovskite LSM 

cathode has been produced by using SPS method with a suspension of micron scale MnC>2 

powder in a saturated ethanol solution of LaCh with a 1 to 1 molar of lanthanum and 

manganese. Although the coating was kind of dense, it showed the possibility of the 

deposition of perovskite cathode without serious decomposition by induction plasma SPS 

method. Later, this group had fabricated porous LSC and LSCF cathode by SolPS and the 

cathodes showed low polarization resistances without any post heat treatment [Bouchard, 

2006]. 

2.2.6 Induction Plasma Nanopowder Synthesis 

Plasma processes are a special variety of gas phase processes with a bundle of essential 

advantages. The most important ones are the high efficiency with respect to energy 

consumption and the narrow particle size distribution. Due to the high product quality and 

quantity, numbers of variants of plasma processes were developed [Vollath, 2008]. 

Induction plasma has been used for the synthesis of a wide range of nanopowders of metals, 

ceramics and composites. Because of the high temperature (T > 8000 K) prevailing in the 

center of the discharge, reaction rates are much faster and simplified than those encountered in 

conventional processing [Boulos, 1997]. The advantage of induction plasma system is that 

there is no risk to obtain impurities from the electrodes. On the other hand, consumable 

electrodes as precursors are excluded [Vollath, 2008]. Due to the high purity of the 

environment and long residence time, the precursors can be well treated, thus resulting in the 

good quality of the final product. The high quench rates encountered at the exit of the reactor, 

typically of the order of 104 tolO5 K/s, prevent the dissociation of the products and are 

responsible for its condensation as ultrafine powder, with typical particle sizes in the 

nanometer range (10 - 100 nm). Also, the capacity of these systems can reach from gram to 

kilogram per hour. [Tekna Plasma Systems Inc., 2009]. 
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There is limited published work of induction plasma nanopowder synthesis for SOFC 

materials, as this technology is a new participant setting foot in the SOFC domain. The most 

recent work is from CREPE group, University de Sherbrooke. They have synthesized a series 

of LSM (M= Mn, Co, Fe) O3 phases. It turned out all the nanopowders were globular in shape 

and the nanoparticle size distributions of those three nanopowders were exactly the same, from 

20 nm to 300 nm. In addition, most of the particles had a size around 63 nm [Bouchard et al., 

2006]. 

2.3 Characterization Instrument Fundamentals 

2.3.1 Physical Characterizations 

(1) Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 

SEM is quite useful for characterizing the microstructure and morphology of the SOFC 

components and materials due to its high spatial resolution. Scanning electron microscope 

current enables high-resolution images of sample surfaces, revealing details about 2.5 nm in 

size. 

The scanning electron microscope generates a beam of electrons in a vacuum chamber. The 

beam is collimated by several electromagnetic condenser lenses, focused by an objective lens, 

and scanned across the surface of the specimens. After the electrons interacted with the 

specimen, secondary electrons (SE) are released from the specimen and then detected by a 

scintillation detector. In addition, some emitted electrons go through an elastic interaction with 

the sample and are reflected from the sample, resulting in a backscattered electron (BSE) 

image. 

Since the SEs have low energy and originate within a few nanometers from the sample surface, 

they are able to provide quite detailed information about the surface of the sample. 

Alternatively, the BSE image gives the information about the distribution of different elements 
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in the sample since the intensity of BSE signal is strongly related to the atomic number of the 

sample. 

Transmission electron microscopy is another kind of electron microscopy. Unlike the electron 

beam in SEM, the electron beam in TEM system is transmitted through an ultra thin sample 

and hen magnified and focused onto an image device. Therefore, the high voltage beam carries 

the image of the sample. TEM can achieve a resolution around 0.05 nm, higher than the SEM. 

Therefore, it is quite a useful method to characterize nanopowders. 

(2) X-rav Diffraction Method 

X-ray diffraction method is able to reveal detailed information about the chemical composition 

and crystallographic structures of natural and manufactured materials. A crystal lattice is 

composed of an array of ordered atoms. The arranged atoms form a series of parallel planes 

separated by a distance d. For different crystals, lattice planes present characteristic 

orientations with intrinsic d-spacing. 

When a monochromatic X-ray (wavelength X) beam is incident onto a crystalline material at 

an angle of 0, constructive diffraction occurs only when the distances traveled by the X-rays 

reflected from successive planes have the difference of an integer number of wavelength. As 

shown in Fig. 11. This condition is called the Bragg's Law, which can be described by a 

simple equation [5]. 

2dSin0 = nX [5] 



33 

A€B«2dsiiie 

2 

C 

Fig. 11 Illustration schematics of Bragg's Law 

By varying the angle 0, the Bragg's Law is satisfied by different d-spacings in polycrystalline 

materials. The characteristics of the sample are presented by a pattern with diffracted radiation 

peaks in the plot of the angular positions and intensities. For a mixture of different phases, the 

peaks are formed by the addition of the individual patterns from each phase. 

(3) Laser Diffraction Measurement 

The laser diffraction measurement is used to determine the particle size distribution. The 

measurement is based on two theories, Fraunhofer theory and Mie theory. Usually, the 

Fraunhofer theory is applicable to large particles compared to the wavelength. In this theory, 

only diffraction is taken into account, however, diffusion and absorption are not considered 

Mie theory is more appropriate for the smaller particles. It also takes the consideration of both 

diffraction and diffusion of the light around the particle in its medium. To utilize this theory, 

the complex refractive indexes of the sample as well as the medium are required. The 

intensity-angle relationship is a function of particle size, the wavelength of incidence light, 

and the relative refractive index of the suspension fluid and particle. 

The system of laser diffraction can be described using the following schematics (Fig. 12). A 

monochromatic and collimated light passes through the liquid sample container and 

illuminates the dispersed particles in the liquid in which the scattering and diffraction 

phenomenon occur. The diffracted or scattered light passes through Fourier lens to form a 
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light pattern on the focal plane. The smaller particles lead to larger diffraction angles resulting 

in a bigger radius of the light ring (Fig. 13). By circularly arranging the photoelectric receiver 

on focal plane, the scattering and diffraction light signal can be detected and then transferred 

to the computer through an A/D transfer. Afterwards, the data will be processed using the 

theory mentioned above. 

Wkte angta 

Flow eel 

Red Laser (He-Ne) 

Fig. 12 Schematic illustration of the laser diffraction system 

Fig. 13 Schematic illustration of the diffraction of particles with varied sizes 

(4) BET Specific Areas 

BET theory, named after the last name of Stephen Brunauer, Paul Hugh Emmett and Edward 

Teller, is a rule for the physical adsorption of gas molecules on a solid surface and now it 

plays an important role in the measurement of the specific surface area of a material. This 

theory is extended from the theory for monolayer molecular adsorption to multilayer 

adsorption. Based on this theory, one can estimate the number of molecules required to cover 

the adsorbent surface with a monolayer of adsorbed molecules, Nm. Multiplying Nm by the 

cross sectional area of an adsorbate molecule yields the surface area of the sample. Nm can be 

estimated from the BET equation [6] and BET plot (Fig. 14), shown as follows: 
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P and Po are the equilibrium and the saturation pressure of adsorbates at adsorption 

temperature, v is the adsorbed gas quantity and x>m is the monolayer adsorbed gas quantity, c is 

the BET constant. um and c can be calculated by using the value of slope and the y-intercept 

from the BET plot. And finally the specific area Stotai is calculated as: 

S,o,oal=Hm-S = 

C — total 
° BET 

v _ » N » s  

a 

[7] 

[8] 

s is the cross sectional area of the adsorbate molecule; N is the Avogadro's number; V is the 

molar volume of adsorbent gas and a is the mass of the adsorbent sample. 

1 
v[(Pe/P)-i] 

® Relative Pressure (P/Po) 

Fig. 14 BET plot 

2.3.2Electrochemical Characterizations 

(1) Electrochemical Impedance Spectroscopy (EIS) Theory 
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The resistance is defined in terms of the ratio between voltage E and current I. Its use is 

limited to only one circuit element, the ideal resistor. An ideal resistor follows Ohm's Law at 

all current and voltage levels and is independent of frequency. Alternative current (AC) 

current and voltage signals through a resistor are in phase with each other. However, the real 

world contains more complex circuit elements. We use impedance to describe them. It is also 

a measure of the ability of a circuit to resist the flow of electrical current but is not limited by 

the simplifying properties as the ideal resistor. Electrochemical impedance is usually measured 

AC potential to an electrochemical cell and measuring the current through the cell. 

We assume the excitation signal is a sinusoidal potential excitation, having the form 

Et is the potential at time, E0 is the amplitude of the signal, and 6) is the radial frequency. In 

a linear system, the response signal, /, is shifted in phase (<j>) and has a different amplitude, 

We calculate the impedance of the system as 

z _ E, _ E0sin(OX) _ ̂  sin(CtX) 

I, I0sin(tiX + </>) 0 sin{OX + <j>) 

By using Eulers relationship, we can therefore express E, as E, = E0 exp(iax) and 

/, = IQ exp(i'G* -^). Hence, we can get 

Et = E0sin(ax) [9] 

lt — I0sin(OX + (/>) [10] 

Z = —L = Z0 exp(/^) = Z0 (cos <j> + i sin <f>) 
It 

[12] 
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Therefore, the expression for Z(A>) is composed of a real and an imaginary part. In a Nyquist 

Plot, the real part is plotted on the X-axis and the imaginary part is plotted on the Y-axis. Take 

a simple circuit unit of a resistor and a capacitor in parallel for example, shown as Fig. 15. 

C 

R 

Fig. 15 A circuit unit of a resistor and a capacitor in parallel 

The impedance of this circuit can be calculated as 

Z = 1 

- + itaC 
R 

1 1 
-i-

eoRC 

sIl + a?R2C2 n/iWk'C2 yjR2 + o/C2 yjR2 + G?C2, 

Assume cos<j> = ,  ̂ , sin<f> = • 
VlW/?2C2 ' Vl + 6?R2C2 

[13] 

Re(Z) = R 
\I\+g?R2C2 J l + a ?R2C2 

: RC0S<j)C0S<f> [14] 

Im(Z) = -R CORC 

VL + FI/^C2 VL+A?R2C2 
= —Rcos0sin0 [15] 

Therefore, we can get the Nyquit Plot of this circuit as follows (Fig. 16). 
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-Im(Z) 

Fig. 16 Nyquist plot of the circuit unit in Fig. 14 

Nevertheless, capacitors in EIS experiments often do not behave ideally. Instead, they act like 

a constant phase element as expressed as formula [16]. The constant phase is always -~-

and n varies from 0 to 1. When n=0, it is an ideal resistor and when n=l, it resembles an ideal 

capacitor. 

Z = (—)(ia>r =—i—e 
.nx •i— 

2 [16] 

The Nyquist Plot of a solitary constant phase element (CPE) is just a straight line with an 

angle of — with the x-axis. And the plot for a resistor R in a parallel with CPE (Fig. 17) is a 
2 

depressed semicircle with a intercept equal to R on the X-axis. The center of the semicircle is 

on the line perpendicular with the straight line of a solitary CPE, as shown in Fig 18. 
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Fig. 17 A circuit unit of a resistor and a CPE in parallel 
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Fig. 18 Nyquist plot of the circuit unit in Fig. 17 

A very limited amount of the electrochemical cells can be modeled using a single equivalent 

circuit element. Instead EIS models usually consist of a number of elements in a network. 

Both serial and parallel combinations of elements occur. There are simple formulas describing 

the impedance of circuit elements in the parallel as well as series combination. For the 

impedance in series (Shown in Fig. 19), the impedance can be calculated as 

^totoai - Z, + Z2 + Zj [17] 
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While for the impedance in parallel, it can be calculated as 

^totoal ~ j j- l^] 
1 1 

^1 Z2 Z3 

(a) Impedance in Series 

<b) Impedance in Ifcnlfcl 

Fig. 19 Schematic illustration of impedance in series and parallel 

(2) Cell Configuration for EIS Testing 

The polarization resistance of the cathodes can be obtained by measuring the current and 

potential relationship using direct current (DC) or AC methods by configuring particular cells. 

Currently, the most popular configurations enabling the measurement were among the 3-

electrode set-up measurement [Bentzen et al., 2009] [Guo et al., 2009] [Murray et al., 2002], 

symmetrical cathode measurement and some other particular means. 

The 3-electrode configuration is commonly used to quantify the overpotential of anodes or 

cathodes in SOFCs. In this technique, a reference electrode (RE), a working electrode (WE) 

and a counter electrode (CE) are fabricated. The function of the RE is to isolate the 

overpotential of the working electrode from the potential drop of the entire cell, allowing the 

characterization of the WE only. The CE simply provides current. The variation in frequency 

response of the working electrode impedance allows the separation and quantification of the 
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electrochemical processes occurring at the electrode/electrolyte interface. Currently, most 

common used 3-electrode geometry for SOFC cathode EIS test is made by fabricating the 

studied cathode on one side of an electrolyte and symmetrically positioning a counter 

electrode, always a platinum or silver electrode, on the side opposite to the WE. The WE and 

CE have the same surface area. The RE is placed on the same side of the electrolyte as the WE 

and kept a certain distance from the WE, such as described in Sun's work [Sun et al., 2007]. 

Although this kind of geometry is relatively simple to fabricate, it has high possibility of 

introducing several distortions during the EIS test. It was noted the misplacement of the 

reference electrode will lead to distortions in the EIS measurement. Additionally, the ohmic 

resistance between working electrode/electrolyte interface and the reference electrode may 

vary with frequency when the working electrode and the counter electrode are not perfectly 

aligned in planar cells or the two electrode areas are not the same. To overcome these 

problems, three theoretical designed geometries in which EIS distortions are negligible have 

been selected by Cimenti [Cimenti, Co et al., 2007; Cimenti et al, 2007]. 

The symmetrical cell configuration is also capable of giving a sight of the cathode 

electrochemical performance. It is much easier to configure compared to the 3-electrode set-up. 

Two identical SOFC cathodes are fabricated on both side of the electrolyte. The final 

measured data, therefore, on the cathode half-cells were corrected for the electrode area, and 

divided by two to obtain the actual polarization resistance [Hart et al., 2002; Murray et al., 

2002; Holtappels and Bagger, 2002; Charpentier et al., 2000; Hwang et al., 2005; Hombrados 

et al., 2005; Hsu and Hwang, 2006; Lin and Barnett, 2008]. 

There are also some other special configuration to accomplish the EIS test of the electrode. 

For example, In Lee's work [Lee et al., 2009], the electrochemical properties of a dense 

LSCF6428 film were determined in a cell using a dense LSCF6428 film as the working 

electrode, a GDC electrolyte membrane and a porous LSCF counter electrode. Since the 

polarization resistance of the porous film is much lower than the dense one, the EIS results 

generally show the information of the dense films. This kind of configuration can be used to 

fundamentally study the thickness, morphology and crystallinity of the cathode. Based on 
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these basic cell configurations, there can be numbers of designs, according to the targets of the 

researchers. 



CHAPTER 3 EXPERIMENTAL 

METHODOLOGY 

The main objectives of this work are to produce the nanocomposite powders and composite 

cathode for IT-SOFC by using induction plasma spray technology. Three kinds of cathode 

material nanopowders have been synthesized by SolPS method and cathode coatings have 

been deposited by SPS as well as SolPS method. 

Although Lao.8Sro.2M034 (M= Mn, Fe, or Co) has been successfully synthesized and 

characterized previously by solution plasma spray in our lab [Bouchard et al., 2006], no work 

has been done to synthesize the currently popular IT-SOFC cathode material LSCF. Therefore, 

pure LSCF6428 (Lao.6Sro.4Coo.2Feo.8O3) was synthesized as a standard, to guarantee that the 

perovskite phase can be obtained by plasma synthesis. Thereafter, GDC/LSCF nanocomposite 

powders have been synthesized. These composite nanopowders were synthesized by a single 

solution spray process as well. As proposed in a published work of the synthesis of mixtures 

of hydroxyapatite and yttria-stabilized zirconia nanoparticles by chemical co-precipitation 

[Sung et al, 2007], the prepared HAP and YSZ solution were mixed from the very beginning. 

After ageing for 17 hour, the nanocomposite powder HAP/YSZ was successfully precipitated. 

Similarly, the synthesis of GDC/LSCF nanocomposites was done using a mixed solution 

precursor as well. The phase and the morphology of GDC/LSCF were studied and compared 

to some other previous published works. In addition, some electrolyte material GDC were 

synthesized by glycine nitrate process (GNP). 

GDC/LSCF composite cathodes were then produced by both suspension plasma spray and 

solution plasma spray technology. In the present research, the work is more focused on 

optimizing the suspension plasma spray method since there was already a series of work on 

the solution plasma sprayed cathode production by Bouchard [Bouchard, 2006]. In my 

research, SolPS prepared GDC/LSCF nanocomposites were used and mixed with ethanol to 

prepare the suspension precursor. By doing this, the uniform particle size and the 

homogeneous mixing of the powders could be obtained. The experimental parameters 
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thereafter were optimized to fabricate homogeneously porous composite and nanostructured 

cathodes. According to Bouchard's results, the cathode without sintering showed better 

electrochemical results. Therefore, in this study, the cathode was not sintered after deposition. 

To simplify the test process, the symmetrical-cathode half cell has been used to test its 

polarization resistance by EIS instruments. 

3.1 Cathode Material Nanopowder Synthesis 

Three nanopowders, pure LSCF6428, nanocomposite GDC6/LSCF4 (60wt% of Gdo.2Ceo.8O1.9 

mixed with 40wt% of Lao.6Sro.4Coo.2Feo.8O3) and GDC3/LSCF7 (30wt% of Gdo.2Ceo.8O1.9 

mixed with 70wt% of Lao.6Sro.4Coo.2Feo.8O3) powders were synthesized by solution plasma 

synthesis using induction plasma technology. 

3.1.1 Solution Preparation 

For the LSCF6428, nitrates such as La (N03)3 • 6H20 (99.9%, Alfa Aesar), Sr (N03)2 (98%, 

Alfa Aesar), Co (N03)2 • 6H2O (97.9% min, Alfa Aesar) and Fe (N03)3 • 9H20 (98+%, Alfa 

Aesar), were dissolved into distilled water to obtain a concentration of 1.1 M solution. For the 

GDC, metal nitrate solution, Gd(N03)3 * 6H20 (99.9%, ALDRICH) and Ce(N03)3 • 6H2O 

(99%, ALDRICH), were added to the previous LSCF6428 metal nitrate solution according to 

the theoretical mass ratios of GDC to LSCF in GDC6/LSCF4 and GDC3/LSCF7. Finally, 

Glycine (98.5%, Alfa Aesar) was added to the solution at a concentration of 1.45 M. The 

procedures are shown in the streamline illustration (Fig. 20). 
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Fig. 20 Solution precursor preparation methodology for the nanopowder synthesis 

3.1.2 Solution Plasma Spray of the Cathode Nanopowders 

The induction plasma synthesis technique via solution plasma spraying was used to synthesize 

nanopowders. Figs. 21 and 22 present the induction plasma powder synthesis system. The 

plasma was generated by a Tekna Plasma Systems (Sherbrooke, Quebec, Canada) PL-50 torch, 

Fig. 7. The torch is connected to a LEPEL HF power generator. The plasma plume is formed 

inside the torch by partially ionizing the central gas (Argon) and the sheath gas (Oxygen). The 

intermediate quartz tube is used to separate the sheath gas from the central gas. A 50 mm 

ceramic tube is used as the plasma confinement tube followed by an exit nozzle with a 

diameter of 45 mm. The system also contains a reactor, a filter unit set with porous metal 

filters inside. Both of them are continually water-cooled with a double wall system. 

The nitrate solution is injected into the plasma flame by a peristaltic pump and directly 

atomized by a centrally located probe. After the chemical reaction, the nanopowders will be 

deposited on the inner-faces of the reactor and filter unit as well as on the surface of porous 

metal filters. The plasma operating conditions for the nanopowder synthesis are presented in 

Table 4. During the synthesis process, the solution feeding rate was kept at 5ml/min. 
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Fig. 21 picture of the induction plasma system 
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Fig. 22 Induction plasma nanopowder synthesis system 

Table 4 Plasma parameters during SolPS nanopowder synthesis 

Plasma Power 35kW 
Central gas (Argon) 27 slpm 
Sheath gas (Oxygen) 80 slpm 
Chamber pressure 13.3 kPa 
Atomized gas flow rate (Argon) 11.4 slpm 

3.2 GDC Nanopowder Synthesis by Glycine-Nitrate Process (GNP) 

With the GNP, single- or multicomponent oxide powders can be prepared rapidly and simply. 

When the stoichiometry is properly adjusted, gaseous combustion products are 

environmentally attractive, being composed of HfeO, CO2, and N2. Moreover, the GNP powder 

exhibits good flow and low apparent density, which is good for dry pressing of thin films. This 
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process is very successful in producing ceria-based SOFCs for laboratory research [Fergus et 

al., 2008]. 

In this work, The GNP installation (Fig. 23) is based on the nanopowder synthesis 

experimental set-up. The reactor was sealed by a stainless steel plate and the vacuum pump 

was connected to the filter unit to evacuate the steam and explosion gases as well as to keep 

the pressure in the chamber at around 300 Torr during the synthesis. In this case, warm water 

around 70°C circulated in the double wall system to prevent steam from condensing on the 

walls. Therefore, the synthesized powders could stay dry. 

Nitrate and glycine solution were put in the cup which was connected to the synthesis system 

and then was gradually heated up and stirred by a device with double functions as heater and 

magnetic stirrer. In the meantime, a thermocouple was used to measure the temperature of the 

solution. After a certain time of heating, the water in the solution was evaporated, followed by 

an explosion to produce the GDC powders. 

t 

.Thermocouple 

Nitrate and glycine 
solution 

Heater&Stirrer 

Fig. 23 GNP powder synthesis system 

Recipe of the solution precursor is shown in Table 5. The oxidant-to-fuel ratio was kept at 

1:1.6. To make sure the explosion could be completed, 20 ml of solution were added in the 
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cup every time and the powder was collected after several explosions have been done. 

Chemical reaction taking place in the cup can be described by the following equation: 

0.2 Gd(N03)3-6H20 + 0.8 Ce(N03)3-6H20 + 1.6 NH2CH2COOH + 0.05 Ch Ceo.8Gdo.20,.9+ 

2.25 N2 + 3.2 C02 + 10 H2Q 

Table 5 GNP GDC powder synthesis precursor composition 

Cerium Nitrate 34.73 g 
Gadolinium Nitrate 9.03 g 
Glycine 12.01 g 
Distilled water 100 ml 

3.3 Nanopowder Characterization and Analysis 

The structural analyses of the nanopowders were conducted by X-ray diffraction (XRD) using 

a Philips X'Pert Pro MPD X-ray diffiractometer (Eindhoven, Netherlands). The morphologies 

of the nanopowders were observed using a Hitachi S4700 Field Emission Scanning Electron 

Microscope (FE-SEM) (Tokyo, Japan), a Hitachi 7500 and a Jeol JEM-2100F Transmission 

Electron Microscopes (Tokyo, Japan) (TEM). The BET specific areas of the powders were 

determined by a Quantachrome Autosorb-1 automated gas sorption system with Nitrogen 

(Quantachrome Corporation, FL, USA). Energy Dispersive X-Ray Spectroscopy (EDS) 

composition measurement was done locally with a 2 nm resolution on the nanocomposite 

powders using the Jeol JEM-2100F in order to locally measure the composition of the 

nanopowders. 

3.4 Cathode Coating Deposition 

Both of the solution plasma spray and suspension plasma spray method were used to deposit 

the composite cathode coatings. Experimental parameters of suspension plasma spray method 

have been optimized to produce cathode coatings with homogeneous cauliflower 
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microstructures which have uniformly distributed pores and enough open porosity for oxygen 

gas transportation. These kinds of structures are expected to have enlarged TPBs and thus high 

electrochemical performances. 

3.4.1 Suspension and Solution Precursor Preparations 

The as-synthesized SolPS nanopowders of GDC6/LSCF4 and GDC3/LSCF7 were loaded into 

the ethanol to obtain a concentration of 12wt%. Before the deposition, the suspension was 

treated with an ultrasonic processor for 10 minutes to break the agglomerated particles. During 

the deposition, a magnetic stirrer was used to stir the suspension to prevent the settling. The 

solution composition is the same as that used for the nanopowder synthesis. 

3.4.2 Suspension/Solution Plasma Spraying of the Cathode Nanopowders 

The cathode coating was produced by a suspension/solution spraying method. In this process, 

the induction plasma system is the same as described in § 2.2.4. However, the deposition is 

carried out in a vacuum chamber (Fig. 24) with a programmable sting, which moves the 

substrate. The substrate was fixed on the sample holder, moving back and forth under the 

plasma plume to build up the cathode coatings. Its moving speed, numbers of translating loops 

as well as the distance between the substrate and the torch nozzle can be adjusted easily. 
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Fig. 24 Induction plasma deposition system 

Table 6 Plasma parameters during SPS/SolPS cathode deposition 

Plasma Power 35 kW 
Central gas (Argon) 27 slpm 
Sheath gas (Oxygen) 80 slpm 
Chamber pressure 20.0 kPa 
Spraying distance 220 mm 
Suspension flow rate 15 ml/min 
Atomized gas flow rate (Argon) 11.4 slpm 

3.5 Cathode Coating Characterization 

3.5.1 Characterization Technology 

Morphologies and microstructures of the deposited cathode coatings were also examined by a 

Hitachi VPSEM S3000N SEM (Tokyo, Japan) and the higher resolution FE-SEM. The 

porosity of the coating was determined by image analysis of five pictures taken at different 

places on polished sections of the sample, according to the magnification used. Using 
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SigmaScan Pro from Systat Software Inc. (San Jose, CA, USA), an image analysis software, a 

threshold method was used to obtain the darker percentage of the picture which indicates the 

porosity [von Bradke et al., 2005]. 

3.5.2 Cathode Specimen Preparation for SEM Characterization 

(1) Preparation of a Specimen for Taking Surface Micrographs 

Because the SOFC cathode is an electronic conductor, it is easy to prepare it for the 

characterization. Just stick the cathode on a SEM sample holder by a double side 

sticker. 

(2) Preparation of a Specimen for Taking Cross-sectional Face Micrographs 

1. Vertically stick the sample on the cup-base by a sealant (Fig.25 b). 

2. Weigh accurately 5 parts of Resin 20-8136-128 to one part of Hardener 20-8138-032 

using disposable cups. 

3. Blend gently but thoroughly by mixing the Resin and Hardener for about 15 minutes till 

the gel becomes transparent. 

4. Fill the sample cup to near capacity for best results. 

5. Pull out the air in the specimen by a vacuum pump for about 5 minutes. 

6. Cure mold at room temperature until it hardens. 

7. Remove mount when completely cooled by prying off base cap and pressing the sample 

out from the shoulder end of the cylinder. 

8. Cut the sample with a cutting machine (Fig. 26, BUEHLER ISOMET 2000) and polish 

(Table 7, BUEHLER ECOMET 3, Fig. 27) the cut section till it looks like a mirror (Fig. 

25c). 

9. Sputter a coating of gold and palladium on the polished surface with a HUMMER VI 

Sputtering system. 

10. Use a copper sticky band to link the surface and the back surface of the sample. 

surface 

carbon 
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11. Stick the prepared specimen on the surface of the holder with carbon stickers. The carbon 

stickers serve as current connectors. 

12. Put the sample holder into the SEM vacuum chamber for characterization. 

(a) (b) (c) 
Fig. 25 (a) mount and cup (b) the way to put the sample (c) cut and polished specimen 

Table 7 Polishing procedures 

SiC PSI coated abrasive discs Grid 180 By hand 1 min 
SiC PSI coated abrasive discs Grid 240 By hand 1 min 
SiC PSI coated abrasive discs Grid 320 By hand 1 min 
SiC PSI coated abrasive discs Grid 400 By hand 1 min 
SiC PSI coated abrasive discs Grid 600 By hand 1 min 
6 micron polycrystalline permanent diamond 
suspension (Black), Trident polishing cloth By hand 10 min 

1 micron polycrystalline permanent diamond 
suspension (Grey), Trident polishing cloth By hand 10 min 

0.04 micron colloidal Silica polishing suspension, 
Microcloth By hand 5 min 
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Fig. 26 Cutting machine 

Fig. 27 Polishing machine 

3.6 Symmetrical Cathode Fabrication for Electrochemical Tests 

The electrolyte supports for cathode electrochemical characterization were pressed. In this 

work, three different Gdo.2Ceo.sO1,9 ceramic powders have been used. One is synthesized by 

induction plasma spray method (provided by Ph.D. Lu Jia), another one is synthesized by 
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glycine nitrate process (GNP) and the third one is purchased commercial nanopowder with 

<100 nm diameter and > 100 m2/g (SIGMA-ALDRICH, USA). The pressed pellet was white 

using the plasma sprayed nanopowders, however, there were numbers of cracks on their 

surface after sintering. The GNP powders were very fluffy therefore it was quite hard to get 1 

mm thick pellets. Compared to the two powders, commercial GDC nanopowders gave better 

results. 

The commercial nanopowders were pressed at 500 MPa for 10 min by using a CARVER 

Laboratory Press (Fig. 28) and designed dies (Fig. 29). The pressed green pellets afterwards 

were sintered at 1400°C for 10 h. The heating rate of the sintering was 2 °C/min and the 

cooling rate was 3°C/min. 

Fig. 28 Picture of the press 
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Fig. 29 Picture of the die 

For the electrochemical evaluation of the SPS cathodes, the pellet was fixed on the sample 

holder (Fig. 30) and then was used as the electrolyte substrate to build the cathode coatings on 

both sides. A mask with a 7 mm diameter hole was used to cover the electrolyte to obtain two 

symmetrical cathodes (Fig 31). 

•o 

Fig. 30 Picture of the sample holder and mask for cathode-cathode symmetrical cell 
production 
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Fig. 31 Schematic illustration of cathode-cathode symmetrical cell 

3.7 Electrochemical Test of the Cathodes 

The cathode-cathode symmetrical cells were put between two platinum current collectors (Fig. 

32). In the meantime, two small springs were used to provide a force in order to keep a good 

contact with the current collectors. After finishing the set-up, the unit was put into a tubular 

oven (Carbolite) and then heated up to 800°C. The electrochemical testing was carried out 

with EIS measurements (1255B frequency response analyzer coupled with an electrochemical 

interface SI 1287, Solartron Analytical) to determine the electrodes' polarization resistances. 

Tests were performed at five temperatures between 600°C and 800°C with an interval of 50°C 

in the air atmosphere. Impedance measurements were carried out at open circuit voltage (OCV) 

with an AC voltage amplitude of 20 mV over a range of frequencies between 0.1 Hz and 1 

MHz. 
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Measurement side 

Fig. 32 Picture of the unit for cell impedance test 

3.8 Bench Test of the Full Cells 

In this work, several full cells were fabricated and tested utilizing a home-made bench test 

system 1-B (Fig. 33). The tested full SOFCs were placed in an oven and supplied hydrogen on 

the anode and air on the cathode. The temperature of the oven was controlled by a computer 

program. When the oven reached the required temperature, a current was applied to the cell by 

a galvanostat. The current, controlled by a Labview program, could be either fixed or varied. 

The open circuit voltage of the cell could be obtained and collected at every given current by 

the computer. Consequently, by multiplying the current and voltage, the generated power of 

the cell could be determined. 
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Fig. 33 Picture of the bench test of the full cell 
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Fig. 34 Schematic illustration of the cell test system 

This system enables 4 full cells to be studied simultaneously. The schematic illustration of the 

experimental set-up of the cell is shown in Fig. 34. No sealing materials are used in this test 

system in order not to damage the tested cell. The mullite tube 1 and 2 are used to prevent the 

air from mixing with the hydrogen. Also, the central gas is used to dilute the hydrogen gas 
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leaking from the cells and it is recommended to be nitrogen. Two nickel grids were used to 

make hydrogen well dispersed and collect the current on the anode as well. The current on the 

cathode is collected by platinum wires. 



CHAPTER 4 RESULTS AND DISCUSSIONS 

4.1 Synthesized Nanopowders 

4.1.1 Cathode Nanopowders 

Pure LSCF6428, nanocomposite GDC6/LSCF4 and GDC3/LSCF7 powders have been 

successfully synthesized by induction plasma technology. All the three nanopowders were 

synthesized using the same plasma operating parameters. The morphologies and sizes of the 

three nanopowders have no significant variations, as discussed in this section. The powders 

phases have been analyzed. The separated GDC and LSCF6428 phases in the composite 

powders have been identified. 

Part of the work has been published in the Journal of Thermal Spray of Jan. 2011 (20). 

(1) Morphology Characteriztion of the SolPS Nanopowders 

Three cathode material nanopowders, pure LSCF6428, nanocomposite GDC6/LSCF4 and 

GDC3/LSCF7 powder, have been successfully obtained by solution plasma spray process. 

From the SEM and TEM micrographs (Figs. 35-36, 40-41 and 43-44), all the nanopowders 

synthesized by plasma spray are spherical without strong agglomeration. Compared to the 

results of [Bouchard et al., 2006], our synthesized nanoparticles show less agglomeration. It is 

partially due to the low feeding rate (5 ml/min) applied in our work. Moreover, as mentioned 

in their work, the morphologies and sizes of the synthesized nanoparticles are independent of 

their compositions. The same observations apply to our results. Whether the powders are pure 

or mixed, the particle sizes of the powders seem similar. This is related to the low feeding rate, 

high temperature and the long residence in the induction plasma. When the feeding rate is low 

enough, the metal nitrate concentration variations in the precursor solution don't have a strong 
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influence on the thermal history in the plasma. Therefore, the morphologies and sizes of the 

final synthesized nanopowders are similar, as expected. 

The particle size distribution of the as-synthesized pure LSCF6428 nanopowders is shown in 

Fig. 37. The average particle size is around 60 nm. However, after calcination (Fig. 38), the 

nanopowders were quite agglomerated with a measured average size around 1.5 nm, much 

larger than that of as-synthesized nanopowders. Up to now, the size distribution of the 

nanocomposite powders cannot be obtained by laser diffraction method because the effective 

indices of the nanocomposite powders could not be determined easily. It can be seen from the 

TEM pictures that the particle size of as-synthesized GDC6/LSCF4 (Fig. 41) and 

GDC3/LSCF7 (Fig. 44) are mostly between 10 nm and 60 nm. After calcination (Figs. 42 and 

45), they became quite agglomerated like the pure LSCF6428 nanopowders. It can be 

expected that the particle size distributions of these two nanocomposite powders are 

approximately the same as the pure LSCF6428 nanopowder. 

The density of LSCF6428 is 5.52 g/cm3 [Guo et al., 2009] while that of GDC is 7.13 g/cm3 

(close to the density of CeQj [Jiang et al., 2004]). The densities of GDC6//LSCF4 and 

GDC3/LSCF7 can be estimated as 6.5 g/cm3 and 6.0 g/cm3, respectively by using the mass 

ratio and the densities of GDC and LSCF6428. The densities of these two powders are not 

significantly different from each other. The BET specific areas of GDC6/LSCF4 and 

GDC3/LSCF7 nanopowders were also determined. They are 20.8 m2/g for GDC6/LSCF4 and 

19.6 m2/g for GDC3/LSCF7, which demonstrates the similar particle size distribution of the 

nanocomposite powders since they have similar densities and particle morphologies. 
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Fig. 35 SEM picture of as-synthesized pure LSCF6428 

Fig. 36 TEM picture of as-synthesized pure LSCF6428 nanopowder; magnifications of X50k 
(A) and X200k (B) 
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Fig. 37 Particle size distribution of as-synthesized LSCF6428 nanopowder 
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Fig. 38 SEM picture of calcined pure LSCF6428 nanopowder 
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Fig. 39 Particle size distribution of calcined (1000 °C for 2 h) LSCF6428 nanopowder 
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Fig. 40 SEM picture of as-synthesized GDC6/LSCF4 nanopowder 

Fig. 41 TEM picture of as-synthesized GDC6/LSCF4 nanopowder; magnifications of XlOOk 
. (A) and X400k (B) 
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Fig. 42 SEM picture of calcined GDC6/LSCF4 nanopowder 
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Fig. 43 SEM picture of as-synthesized GDC3/LSCF7 nanopowder 
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Fig. 44 TEM pictures of as-synthesized GDC3/LSCF7 nanopowder; magnifications of XI 00k 
(A) and X400k (B) 
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Fig. 45 SEM picture of calcined GDC3/LSCF7 nanopowder 
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(2) Composition and Phase Analysis of the SolPS Nanopowders 

By SolPS induction plasma spraying technology, the perovskite of LSCF6428 nanopowder 

was obtained, according to the result of Leng and et aL [Leng et al., 2008]. However, in the 

XRD pattern of the as-synthesized LSCF6428 nanopowders (Fig. 46), some undesired phases 

with limited quantities were revealed. A small amount of La2C>3 has been formed during the 

plasma synthesis. La2Os was also found in Bouchard's work when Lao.gSro.2Fe03^ 

nanopowder was synthesized by SolPS. However, it was mentioned in his work, that the 

amount of free lanthanum oxide in plasma-sprayed powders is much lower, compared to some 

other research groups' work [Bouchard et al., 2006]. The subsequent annealing of LSCF6428 

nanopowder at 1000°C for 2 hours showed the formation of an almost pure perovskite phase 

(Fig. 47), meaning the absence of preferential evaporation of one of the elements as well as the 

proper ratio of nitrates in the precursor solution. However, it also points out that the 

temperature or the reaction time during the plasma synthesis was not sufficient for complete 

perovskite formation. 
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Fig. 46 XRD pattern of LSCF6428 nanopowder; (+), La2C>3 phase; (A), denotes perovskite 
structure of LSCF 
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Fig. 47 XRD pattern of LSCF6428 nanopowder after calcination at I000°C for 2 h; (A), 
perovskite structure of LSCF 

It is not possible to point out the different phases of the GDC and LSCF from the normal TEM 

pictures of GDC6/LSCF4 and GDC3/LSCF7 nanopowders. Therefore, in order to get access to 

the local composition, EDS has been used in the Jeol TEM. Figures 48 to 51 and Table 8 show 

the results of local EDS composition analysis of selected particles. Some typical EDS spectra 

of GDC, LSCF and GDC/LSCF are also presented in Fig. 52. Separated GDC and LSCF 

phases can be identified from those pictures. However, some of the nanoparticles indicate 

mixed phase of GDC/LSCF. Obviously, most of mixed compositions are the consequences of 

overlapping particles, such as particles denoted by * in Fig. 48 to 51. Some of them show 

strong brightness in the particle regions and the others show distorted spherical shapes. 
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Eliminating the overlapping effect, the mixed phases of the particles are quite limited and 

almost disappeared in the nanopowders after calcinations. The phase segregation of the 

nanopowders becomes more obvious after the calcination. In addition, the LSCF and GDC 

phases are homogeneously distributed. This has the benefit of potentially increasing the TPB 

of the cathodes as the ion and electron conductors will be in close contact at the nanoscale. 

Fig. 48 TEM EDS local analysis figure of as-synthesized GDC6/LSCF4 nanopowder 
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100 nm 

Fig. 49 TEM EDS local analysis figure of calcined (1000 °C, 2h) GDC6/LSCF4 nanopowder 

50 nm 

Fig. 50 TEM EDS local analysis figure of as-synthesized GDC3/LSCF7 nanopowder 



Fig. 51 TEM EDS local analysis figure of calcined (1000 °C, 2h) GDC3/LSCF7 nanopowder 
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Fig. 52 EDS spectrum of the GDC (a), LSCF (b) and GDC/LSCF (c) phaises (Cu is from the 
mesh for TEM characterization); (T), residual Sr from neighbouring particles 
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Table 8 EDS local composition analysis of synthesized nanopowders (Fig. 48-51) 

Composition 
EDS Label# 

Composition 
Fig. 48 Fig. 49 Fig. 50 Fig. 51 

GDC 
3,4, 5, 6, 9, 
11, 15, 16 

1,2,3,4,6, 
8 (see Fig. 52a), 

9, 10, 11 
6, 12 6, 8, 10, 11, 

12, 15 

LSCF 2, 14, 17 7 1,2, 5, 7, 8, 9 
2, 3, 7, 9, 

13 (see Fig. 
52b), 14, 16 

GDC/LSCF 
1,7*, 8, 10, 

12, 13 5* 
3 (see Fig. 52c), 
4, 10,11* 13, 
14*, 15*, 16* 

1*, 4*, 5* 

* Denotes overlapping nanoparticles 

The XRD patterns of nanocomposite powders of GDC6/LSCF4 and GDC3/LSCF7 are 

presented in Figs. 55 and 56. Combining the results with local EDS analysis, the patterns 

before and after calcination exhibited mainly a perovskite structure of LSCF and a fluorite 

structure of GDC (Fig. 53), according to the results of [Jia and Gitzhofer, 2010] . However, 

before calcinations, limited amount of undesired phase also has been formed in both of the two 

nanocomposite powders. The undesired peaks appear at the same position in the XRD pattern 

in Figs. 55 (a) and 56 (a). Compared to the XRD pattern of pure LSCF6428, the undesired 

phase is not La203. Additionally, the amount of this phase was relatively much lower than 

La2C>3 in pure LSCF6428 nanopowders. The phase has not been determined yet either by 

seeking from the existing 2004 spectra library LCPDS (ICDD, Newton Square, PA, USA) or 

other published papers. However, considering GDC6/LSCF4 nanopowders for an example, as 

shown in Fig. 54, the undesired phase became much less after 2 hours calcinations at 300°C 

and even disappeared after 2 hours calcinations at 1000°C. These are probably some 

metastable phases related to the mixed GDC/LSCF composition particles indicated in EDS 

analysis figures. They appear during plasma spray and are back to equilibrium after the heat 

treatment. Moreover, before calcinations, some peaks of GDC are not quite separated from 

LSCF, especially in the nanopowder composite GDC3/LSCF7, because of the lower GDC 

concentration in GDC3/LSCF7. Nevertheless, the peaks in the XRD patterns became much 

sharper and the two phases of GDC of LSCF became pretty purer after the calcination at 

1000°C for 2 hours. It demonstrates the right ratio of the metal nitrates in the precursor 
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solution and the possibility of synthesizing nanocomposite powders of GDC/LSCF in a one-

step solution plasma spray. 

3000 

2500 

| 2000 
O o 
* 
11500 

S 
1000 

500 I 

• fluorite of GDC 

30 40 50 60 70 
Two-Theta (dag) 

• # * 
J u  * , ,  J U  K 
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Fig. 53 XRD pattern of GDC28 nanopowder synthesized by solution plasma spray; • fluorite 
structure of GDC phase 
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Fig. 54 Phase changing of GDC6/LSCF4 nanopowder after calcinations, (+) fluorite structure 
of GDC, (I) perovskite of LSCF; (a) as-synthesized; (b) calcined for 2 hours at 300 °C; (c) 

calcined for 2 hours at 1000 °C. 
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Fig. 55 XRD patterns of GDC6/LSCF4 nanopowder, (+) fluorite structure of GDC, (I) 
perovskite of LSCF; (a) as-synthesized and (b) calcined nanopowders at 1000°C for 2h 
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Fig. 56 XRD patterns of GDC6/LSCF4 nanopowder, (+) fluorite structure of GDC, (I) 
perovskite of LSCF; (a) as-synthesized and (b) calcined nanopowders at 1000°C for 2h 

The contributions of this work are as follows: 

1. The composite nanopowders are synthesized using a single-step solution plasma spraying. 

This method makes the experiment much faster, compared to other methods, such as co-

precipitation, solid-state reactions and Pechini method. 

2. This method has a lower risk of introducing contaminants compared to conventional 

mechanical mixing of nanocomposites. 

3. The composite nanopowders are nanosized with a narrow range of particle size distribution 

(10-60 nm) and have relatively higher BET specific areas of -20 m2/g, compared to the 

commercial composite GDC/LSCF powders (3-7 m2/g) . 

4. The composite nanopowders are mixed with well recognised SOFC materials (GDC and 

LSCF). These two phases are uniformly distributed at the nanoscale, which has the benefit 

of enlarging the triple phase boundaries. 

5. Some unknown phases have been discovered and not identified. In the future work, the 

use of Rietveld analysis of the XRD spectra should help the assignation of that phase. 
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4.1.2 GNP-GDC Powders 

In our case, using 20 ml solution took almost 30 min to totally complete one explosion. By 

using a thermocouple, the temperature of the solution was measured during the synthesis. The 

temperature of the solution rose 1°C per 5 seconds before water began to evaporate and kept 

the increased rate of 1°C per 15 seconds during the water evaporation. As soon as the 

temperature reached the point of 100°C, the temperature went up extremely fast to 320°C 

almost in a minute along with dramatically increased pressure, indicating the occurrence of the 

explosion. 

The morphology of the GNP powder is like foam with high porosity (Fig. 57), quite different 

from plasma sprayed ones. The pore size ranges from tens of nanometers to several 

micrometers. The structure seemed to result from the great amount of gases released by the 

reaction. Because of this type of structure, the apparent density of the powder can be expected 

to be quite low. The low density makes it possible to prepare thin film by dry pressing. 

However, pellets of GNP GDC powders for plasma deposition of the cathode (1 mm thickness) 

could not be pressed without cracking upon sintering. Moreover, the as-synthesized GNP 

powder showed a pure phase of fluorite structure in its XRD pattern (Fig. 58), showing the 

proper ratio of nitrates in the solution and no need to do the calcination. It is shown in [Jia, 

2010] work that the GNP-GDC powder can be used to deposit dense and thin (~ 5 nm) film by 

SPS method with induction plasma technology. 
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Fig. 57 SEM picture of GDP-GDC powder 
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Fig. 58 XRD pattern of GDP-GDC powder 
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4.2 Cathode Coatings 

The composite cathode coatings have been deposited both by solution plasma spray (SolPS) 

and suspension plasma spray (SPS) method. Cathodes made by these two methods were 

compared. SolPS cathode material GDC6/LSCF4 and GDC3/LSCF7 nanopowders have been 

deposited on the substrate by SPS processes. Metal nitrate solution precursors for 

GDC6/LSCF4 and GDC3/LSCF7 nanopowder synthesis were used to deposit cathodes 

directly by SolPS processes. 

4.2.1 Microstructure and Morphology Characterization of Cathode 

Coatings 

(1) Optimization of the Parameters for SPS Cathode Deposition 

The SPS deposition parameters have been optimized to obtain a cauliflower-structure cathode. 

In the SPS process, we found that the nanopowder property, spraying distance and chamber 

pressure had strong influences on the structures of the cathodes. 

Here are presented the SEM surface pictures of six representative GDC6/LSCF4 samples with 

different SPS parameters as presented in Table 9. In addition, all the coatings were deposited 

on a 1 nm porosity hastelloy substrate. Since we just needed to check the surface 

microstructure of the coating, the supports do not play such an important role. 

Table 9 SPS varied experimental parameters (constant parameters are listed in Table 6) 

Sample 
number # 

Spraying 
Distance (mm) 

Suspension flow 
rate*(ml/min) 

Chamber 
pressure (kPa) 

Precursor 
nanopowder types 

1 (Fig.59) 210 15 13 C' 
2 (Fig. 60) 210 15 27 
3 (Fig.61) 210 15 13 N 
4 (Fig. 62) 210 15 20 N 
5 (Fig 63) 220 10 20 N 
6 (Fig 64) 220 15 20 N 
1: C denotes calcined nanopowders; 2: N denotes the as-synthesized nanopowders 
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I I I ! I I I I i I 1 
20.01-V 12.0mm x100 SEfM) 500um 

90.0l-V 12 0mm x5 OOI SEI.MI 

Fig. 59 SEM surface picture of Sample #1; magnifications of XlOO (1A) and X5.00k (IB) 
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20.0\ V 11 .Omm x100 SEi'M) 
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10 Oum 

Fig. 60 SEM surface picture of Sample #2; magnifications of XlOO (2A) and X5.00k (2B) 
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Fig. 61 SEM surface picture of Sample #3; magnifications of XlOO (3A) and X5.00k (3B) 



85 

4A 

20 01- V' 10 Omrn x100 SEi M i 

4B 

i i i i 
50'Jum 

20 Ot- V 11.0mm xE 001- SEi Ml 10 Oum 

Fig. 62 SEM surface picture of Sample #4; magnifications of X100 (4A) and X5.00k (4B) 
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5C 

20 01- V 10.9mm x5 00k SE(M) 
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10 Oum 

Fig. 63 SEM surface picture of Sample #5; magnifications of XlOO (5A), Xl.OOk (5B) and 
X5.00k (5C) 

20 vV-J 10 9mm x100 SEiMi 
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I I l l I I I 1 I i I 
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20 01-V 11 Omm x5 00I- SEiMj 10 Oum 

Fig. 64 SEM surface picture of Sample #6; magnifications of XlOO (6A), Xl.OOk (6B) and 
X5.00k (6C) 
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Sample #1 vs Sample #3: coating deposited by using nanopowders after calcination at 1000°C 

for 2 hours showed much denser structure than the ones deposited using the as-synthesized 

nanopowders. 

Sample #2 vs Sample #3 vs Sample #4: when the chamber pressure increased from 13 kPa to 

27 kPa, the particles in the cathode coating became looser and more separated. The substrate 

of Sample #2 seems less covered by the cathode material particles compared to the other two 

samples. 

Sample #5 vs Sample #6: the flow rate of the suspension did not have such a strong influence 

on the coating structures as the other parameters. However, it is possible to see that the 

agglomerated particles in Sample #6 are larger than in Sample #5. This may be explained by 

the fact that due to the higher injection flow rate, the atomization droplet becomes larger thus 

the related deposited particles in the coatings are bigger. As measured by Mastersizer, the D 

(50) of the droplet size of water is 12.76 fim at 10 ml/min and 13.29 |im at 15 ml/min. 

Sample #4 vs Sample #6: the support at the spraying distance of 220 mm seems to be covered 

by cauliflower cathode particles with more melted cathode particles at the spraying distance of 

210 mm. When the spraying distance is shorter, the cooling of the sprayed droplets is reduced, 

thus improving the coating density. 

Compared with the other five samples, the Sample #6 showed the most desired microstructure. 

Therefore, the parameters of sample #6 were used as the optimized parameters for the 

following SPS cathode productions. The details of the SPS cathode and SolPS and their 

comparisons will be discussed in the next section. 

(2) Microstructure and Morphology of SPS and SolPS GDC6/LSCF4 Cathode 

The thermal expansion coefficient of LSCF6428 is equal to 17.5 * 10"6 K"1 in the temperature 

interval extending from 30 to 1000°C [Petric et al, 2000]. The same coefficient for the ceria 

oxide-based electrolytes is somewhat smaller. For Ceo.8Gdo.2O19, the value is 12.5* 10"6 K 
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given by [Mogensen et al„ 1994]. For La(Sr)Ga(Fe,Mg)03, the value is about 13.6* 10"6 K 

[Enoki et al., 2006]. 

The substrates for SPS GDC6/LSCF4 cathode were provided by Daniel Calabretta, a Ph. D. 

candidate. The substrate was made of a hastelloy support with four successive layers deposited 

on top of it. Those successive four layers were deposited by suspensions of 8 wt% NiO-Fe2C>3, 

3 wt% GDC, 8 wt% LSGM8282 (Lao.gSro.2Gao.8Mgo.2O) and 8 wt% LSGFM 

(Lao.8Sro.2Gao.7Feo.2Mgo.1O3) respectively, using induction plasma spray. The diameters of the 

powders used for the precursor suspension were all below 25 |im and the solvent of the 

suspension was mineral oil. 

I i I I 1 I I t I I I 

200um 10.0kV 12.3mm x250SE(Mj 

Fig. 65 SEM surface picture of GDC6/LSCF4 SPS cathode; magnification of X250 
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Fig. 66 SEM surface picture of GDC6/LSCF4 SPS cathode; magnification of X 1.00k 

i i i i i i i i i i i 
2.00um IQ.OkV 12.2mm x200k SE(M) 

Fig. 67 SEM surface picture of GDC6/LSCF4 SPS cathode; magnification of X20.0k 
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Fig. 68 SEM cross section pictures of SPSGDC6/LSCF4 cathode 

Homogeneous cauliflower structure cathodes were obtained by both SPS and SolPS method. 

The micro-cauliflower particles in SPS cathode have diameters of 10-40 jim and are made by 

a number of sub-micro cauliflower particles, which should favor the fine oxygen rich gas 

distribution (Figs. 65 and 66). In addition, micron channels are provided between the micro-

size "cauliflower plants", which facilitate the gas diffusion. In the pictures with high 

magnification at 20.0k (Fig. 67), even the nanosized and spherical particles can be seen, which 

originated from the nanosized powders in the suspension precursor. 

The contact between the SPS cathode coating and LSGFM electrolyte seems quite good (Fig. 

68). No delamination was found at the interface. Furthermore, the electrolyte after cathode 

deposition was free from cracks, showing that the experiment parameters for the cathode had 

no bad influences on the electrolyte. According to the previous work of Bouchard [Bouchard, 

2006], the contact problem appeared at the interface between the cathode and the pressed 

electrolytes when there was no preheat treatment during the SolPS cathode deposition. 

However, in our case, the contact was still good without any heat treatment. It may be due to 

the fine nanoparticles in the suspension precursor. When the particle size is nanometric, it is 
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easy to be partially melted resulting in better adherence on the electrolyte surface. 

Additionally, the nanocomposite particles were extremely well mixed, so the TEC of the 

composite powders, between the high TEC of LSCF and low TEC of GDC, was close to that 

of LSGFM. 

i i i i i i i i i i i 
500um S.OkV 8.5mm x100 SE(M) 

Fig. 69 SEM surface picture of GDC6/LSCF4 SolPS cathode at magnification of X100 
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5.0kV 8 2mm x1,00k SE(M) ' 50.0um ' 

Fig. 70 SEM surface picture of GDC6/LSCF4 So IPS cathode; magnification of XI.00k 

5.0kV 8.2mm x20.0k SE(M) ' ' 2'odum 

Fig. 71 SEM surface picture of GDC6/LSCF4 SolPS cathode; magnification of X20.0k 
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Fig. 72 SEM cross sectional face picture of SolPS GDC6/LSCF4 cathode; magnification of 
X100 

Fig. 73 SEM cross sectional face picture of SolPS GDC6/LSCF4 cathode; magnification of 
X500 
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Compared with SPS cathode, the "cauliflower particles" have larger diameters of 50-200 (am 

and are more agglomerated in SolPS cathode (Fig. 69-73). It is not possible to see the 

spherical nanometric particles in the SolPS cathode. Because of the bigger particles, it is hard 

to see the "cauliflower plant" structure within 50 nm along the thickness. However, when the 

thickness of the cathode increased to 400-500 pm, the cauliflower structure becomes more 

obvious. As mentioned above, the average size of cauliflower particles in SolPS coating is 

almost five times larger as those in SPS coatings. Therefore, the similar "cauliflower plants" in 

SolPS cathodes were four times larger than SPS cathodes. From Fig. 73, it is obvious to see 

that the porosity at the "root" of the "cauliflower plant" is lower than at the upper part. This is 

good for the electron transport since enough current connections probably exist at the interface. 

In addition, as determined by image analysis, the average porosity of the SPS cathode is 51% 

and 40% for SolPS cathode. 

It is easier to get thicker coatings by SolPS than by SPS within the same time. The average 

deposition rate is 1.7 (imper loop for SPS deposition and 17 |jm per loop for SolPS deposition. 

Considering the precursor concentration (0.1 g/ml for SPS and 0.6 g/ml for SolPS), coating 

porosity and precursor injection flow rate, SolPS deposition efficiency is 1.7 times that of SPS 

deposition. However, this efficiency can be varied according to the spraying parameters. 

(3) Microstructure and Morphology of SPS and SolPS GDC3/LSCF7 Cathode 

Purchased SIKA-Hastelloy X supports (GKN Sinter Metals Filters Company, Naperville, IL, 

USA) were used as the substrates to deposit SPS GDC3/LSCF7 cathodes to check their 

microstructures. Seen from the SEM surface pictures (Figs. 74 and 75), the GDC3/LSCF7 SPS 

cathode was made of "cauliflower particles" and agglomerated particle size is around 30-40 

jim, almost the same as for the GDC6/LSCF4 SPS cathode. This is expected since 

GDC6/LSCF4 nanopowders were similar to GDC3/LSCF7 nanopowders both in particle size 

distribution and particle shape in the suspension precursors. Additionally, the nanoparticles 

followed similar trajectories in the plasma plume. However, the agglomerated "cauliflower 

particles" with smaller size were not obviously seen in SPS GDC3/LSCF7 cathode and the 

thickness of SPS GDC3/LSCF7 coatings made with the same experimental parameters was 
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smaller than SPS GDC4/LSCF6 coatings, indicating more materials have been evaporated in 

the plasma during the GDC3/LSCF7 deposition. Since the boiling point of LSCF is lower than 

GDC, GDC3/LSCF7 is easier to be evaporated during the plasma spraying process. Some 

agglomerated particles were small enough to be evaporated leaving larger "cauliflower 

particles" deposited on the substrate. As a result, a thinner coating with a thickness of 15 nm 

was deposited. The porosity of the SPS GDC3/LSCF7 coating shown in Fig. 76 was 36% as 

measured using image analysis. 

Fig. 74 SEM surface picture of GDC3/LSCF7 SPS cathode; magnification of X250 
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Fig. 75 SEM surface picture of GDC3/LSCF7 SPS cathode; magnification of X200 

20.OkV 13 1mm x1 00k YAGBSE 4/21/2010 10 25 ' ' 50 Oum ' 

Fig. 76 SEM cross section picture of GDC3/LSCF7 SPS cathode; magnification of X200 
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In general, the microstructure of SolPS GDC3/LSCF7 coating (Fig. 77-79) quite resembled the 

SolPS GDC6/LSCF4 coating. Both of them have the "cauliflower particles" with hundreds 

micron meter diameters. However, compared to the microstructure of SolPS GDC6/LSCF4 

cathode, the average cauliflower particle size is smaller and the particles became tighter in 

SolPS GDC3/LSCF7 cathode and the thickness of SolPS GDC3/LSCF7 cathode was much 

smaller. This was because the concentration in solution precursor for GDC3/LSCF7 was 

smaller than GDC6/LSCF4. In the solution precursor, the molar concentration of nitrates of 

LSCF was kept the same. Therefore, the total weight of the deposited GDC3/LSCF7 can be 

calculated at around 57% of that of GDC6/LSCF4. As seen, the thickness of 30 loops SolPS 

GDC3/LSCF7 coating thickness is around 180 jim while for 30 loops GDC6/LSCF4 the 

coating thickness is around 500 fim The purpose of depositing such thick coating was to 

check the microstructure of the coating and get an easy comparison between the SPS and 

SolPS coatings. Also, for the GDC3/LSCF7, the SolPS coating has a lower porosity of 31% as 

determined by image analysis. 

I I I * I I I I I I I 
500um 5.0l<y 8.8mm x100 SE(M) 

Fig. 77 SEM surface picture of GDC3/LSCF7 SolPS cathode at magnification of XI00 
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5.0kV 8.4mm x1 00k SE(M) ' ' 50.0um ' 

Fig. 78 SEM surface picture of GDC3/LSCF7 SolPS cathode; magnification of XI.00k 

Fig. 79 SEM cross section picture of GDC3/LSCF7 SPS cathode; magnification of XI20 
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4.2.2 Phase Characterization of Cathode Coating 

The phase of as-deposited SPS GDC6/LSCF4 coating was almost the same as that of as-

synthesized GDC6/LSCF4 nanopowders (Fig. 80), indicating that there was not any additional 

decomposition during the suspension plasma spray. However, it also points out that the 

temperature or the processing time during the plasma spray deposition was not sufficient for 

pure phase formation. After 30 loops (155 seconds) post heat treatment with a plasma 

consisting of 75 mol% oxygen, the amount of the undesired phase became relatively smaller. 

Compared with SPS cathode, SolPS cathode showed less crystalline phase. The undesired 

phase showed more peaks and relatively larger amount in SolPS cathode. It can be seen from 

both GDC6/LSCF4 and GDC3/LSCF7 XRD patterns of the cathodes (Figs. 81 and 82). 

as-deposited SPS GDC6/LSCF4 coating 

post-heated SPS GDC6/LSCF4 coating 

in t* 

as-synthesized GDC6/LSCF4 nanopowder 

I undetermined phase 

Two-Theta (dag) 

Fig. 80 XRD patterns of as-deposited, post-heated SPS GDC6/LSCF4 cathode and as-
synthesized GDC6/LSCF4 nanopowder; (j), undetermined phase 
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Fig. 81 XRD patterns of SPS, SolPS GDC6/LSCF4 cathode and as-synthesized 
nanopowder; (|), undetermined phase; (O), substrate 

GDC6/LSCF4 
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Fig. 82 XRD patterns of SPS, SolPS GDC3/LSCF7 cathode and as-synthesized GDC3/LSCF7 
nanopowder; (j), undetermined phase 

4.2.3 Microstructure Characterization of Full Cells after Bench Test 

The full cell with SPS GDC6/LSCF4 cathode was tested using bench test 1-B, which was 

performed with the help of Veronica A. B. Almeida, a Ph. D. candidate. The optimized 

parameters mentioned previously were used to produce the cell and all the substrate 

information was the same as the one previously presented. A full SOFC cell and a commercial 

cell were simultaneously tested. The commercial cell was used as a reference to see if the 

system was functional. The system was heated up from 25 °C to 500°C at the rate of 2 °C/min. 

During the heating up process, 10 ml/min hydrogen was fed at the anode and 30 ml/min air 

was fed at the cathode as well as 40 ml/min central air was fed to prevent hydrogen explosions. 

During this step, the nickel oxide in the anode was supposed to be reduced. When the 

temperature in the oven reached 500°C, the test was started with an increased hydrogen flow 
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rate at 60 ml/min and an air flow rate increased to 160 ml/min. The flow of the central air, 

however, was decreased to 20 ml/min. The working temperature then was increased gradually 

to 800°C. 

From the SEM pictures of the tested fall cell, serious delamination between the electrolyte and 

the anode (Fig. 83) are seen. Compared to the coating without bench test (Fig. 68), the 

delamination appeared after test. It might result from the thermal stress appearing during the 

test. In addition, the anode was too dense to let the hydrogen pass through. However, no 

delamination is present at the interface between the cathode and the electrolyte. This indicates 

that this cathode material is mechanically matched with a plasma sprayed LSGFM electrolyte. 

Furthermore, after the bench test operation, the cathode coating still provided sufficient paths 

for air to pass. 

(  i i t l iudi '  
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Cathode 

Fig. 83 SEM cross section picture of SPS GDC6/LSCF4 cathode on LSGFM electrolyte after 
bench test; the magnifications of X400 (A) and XI .5k (B) 

SPS LSCF6428 cathode was also deposited on the previously prepared half cell support to 

complete the full cell fabrication. The pure LSCF6428 coating showed a cauliflower structure 

as well (Fig. 84). However, in this case, some vertical cracks appeared after the bench test, 

probably as a consequence of the large TEC difference between LSCF and LSGFM. 

Comparing the pictures of the composite GDC6/LSCF4 and LSCF6428 cathode, the SPS 

cathode can be deposited on the induction plasma sprayed electrolyte without introducing any 

damages. Furthermore, the adhesion between the cathode and electrolyte seems extremely 

satisfactory. However, some problems have to be solved at the interface of the anode and the 

electrolyte. 
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B 

Fig. 84 SEM cross section picture of SPS LSCF6428 cathode on LSGFM electrolyte after 
bench test; the magnifications of X200 (A) and X400 (B) 
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4.2.4 Electrochemical Test of Symmetrical SPS GDC/LSCF Cathodes 

This is the preliminary work of electrochemical tests of the SPS composite cathodes. In our 

study, the polarization resistance test was performed on two-cathode symmetrical cells. Half 

of the measured 2Rp (Fig. 85) is used as an average value in order to estimate the single 

cathode performance, as mentioned in [Holtappels and Bagger, 2002]. 
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Fig. 85 Nyquist plot of the cathode-cathode symmetrical cell [Holtappels et Bagger, 2002] 

However, up to now, we have not got any good results of the cathodes. The polarization 

resistance of the GDC6/LSCF4 cathode was quite large, around 6.7 £icm2 (Fig. 86) at 800°C. 

It was slightly lower for the GDC3/LSCF7 cathode, which has a polarization resistance around 

5.2 Qcm2 (Fig. 87) at 800°C. The Arrhenius plots of GDC6/LSCF4 and GDC3/LSCF7 

cathodes are presented in Fig 88. 
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Fig. 86 Nyquist plot showing the results of EIS for symmetrical GDC6/LSCF4 cathode in air 
at (a) 650°C, (b) 700°C, (c) 750°C, (d) 800°C. 
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Fig. 87 Nyquist plot showing the results of EIS for symmetrical GDC3/LSCF7 cathode in air 
at (a) 650°C, (b) 700°C, (c) 750°C, (d) 800°C. 

5.0 

4.5 

„ 4.0 
CN 

e 
t 3-5 
Q£ 
c" 
_J 

3.0 

2.5 

2.0 
1 

Fig. 88 Arrhenius plot of GDC6/LSCF4 (•) and GDC3/LSCF7( A) cathodes 

• SPS GDC6/LSCF4 Cathode 
A SPS GDC3/LSCF7 Cathode 

Linear Fit of InRp 
Linear Fit of InRp 

• 

.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 

1000/T (K) 



110 RESULTS AND DISCUSSIONS 

The problem of the large polarization resistance probably came from the bad contact between 

the electricity collector and the cathode. Holtappels and Bagger [Holtappels and Bagger, 2002] 

also found the Pt-layer, used as current collector, had a significant impact upon cathode 

polarization resistance. They indicated the overall electrical contact to the sintered cathode is 

of importance and the effects of the cathode thickness and porosity were generally weaker 

than the uncertainty arising from to the non-optimized measure set-up. The optimization of the 

current collection was assumed to dominate residual losses e.g. gas transport limitations in the 

porous structures. 

Considering our case, the set-up for the EIS test was not quite ideal, as illustrated by the 

schematics of Figs. 89 and 90. Since the recently existed platinum current plate has been used 

for different kinds of tests for a long time, some other pastes, like the silver paste, have been 

stuck on the plate, resulting in an un-flat surface. The un-flat surface reduced the actual 

contact surface between the current collector and the cathode. Therefore the area specific 

resistance (ASR) measured may not be the actual value. Another problem of the set-up came 

from the location of Pt wire joint since it is not centrally located. As drawn in the schematics, 

the Pt wire was jointed at the side of the Pt-layer collector, which leads to a biased force 

applied to the platinum collector by the alumina tube. Actually, the Pt-layer was a little tilted 

instead of being parallel to the cathode surface. In addition, the plasma sprayed cathodes do 

not have such a smooth surface as the ones made by wet ceramic method. In future work, we 

will do a Pt paste directly on the cathode and replace the old Pt-layer current collector by a Pt 

bead. 
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Fig. 89 Schematic illustration of the contact problem in cathode polarization resistance test 

Fig. 90 Picture of the coarse platinum current collector 





CHAPTER 5 CONCLUSION AND FUTURE 

WORK 

In this work, pure LSCF6428, composite GDC6/LSCF4 and GDC3/LSCF7 nanopowders were 

synthesized by SolPS process using the induction plasma spray technology. Thereafter, with 

the suspensions made with the SolPS nanopowders and ethanol, it was possible to deposit and 

optimize the cathode coating by the SPS processes. In addition, for comparison purpose, we 

deposited the cathode by SolPS with the same precursor used for nanopowder synthesis. The 

morphologies and phases of the nanopowders have been characterized. The microstructures 

and morphologies of the SPS and SolPS cathodes have been characterized as well. In addition, 

the SPS LSCF6428 and GDC6/LSCF4 cathodes have been deposited on the half cell (LSGFM 

electrolyte and NiO based anode) and their microstrucutres after bench test have been checked. 

Also, the polarization resistances of SPS GDC6/LSCF4 and GDC3/LSCF7 cathodes have been 

tested by EIS. 

Using induction plasma technology and one-step SolPS process, it is possible to achieve a 

homogeneously mixed nanosized composite GDC/LSCF powder without consuming long time 

on mechanical mixing. In addition, contaminations in this one-step SolPS process can be 

avoided since there are no electrodes in the induction plasma technology. The synthesized 

nanopowders mainly exhibit a perovskite structure of LSCF and a fluorite structure of GDC 

before calcination, although limited amount of undetermined phases appeared. These 

undetermined phases are likely metastable and related to the mixed GDC/LSCF phases which 

appear during plasma spraying and reach equilibrium after calcination at 1000°C for 2 hours. 

All the as-synthesized nanopowders are spherical with diameters between 10 and 60 nm. By 

applying a low feeding rate of 5 ml/min, it is possible to synthesize nanopowders with 

different compositions by only adjusting the metal nitrate concentrations in the precursor 

solution, so there is no need to change the plasma operating conditions. Due to the low feeding 

rate, high temperature and the long residence time of the plasma, variations of the nitrate metal 

concentrations in the solution precursor are less likely to impact the thermal history of the 
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particles in the plasma. Hence, the morphologies and sizes of the nanopowders are similar for 

all the conditions tested. 

Homogeneous cauliflower-structure composite cathodes were obtained by both SPS and SolPS 

methods. It turned out that the spraying distance and chamber pressure had a strong influence 

on the microstructures of the cathodes in the SPS depositions. The biggest cauliflower 

particles in the GDC6/LSCF4 SPS cathode have diameters in the range of 10-40 jim and are 

made of a number of sub-micron cauliflower particles or even nanosized particles. In addition, 

the micron sized channels existed in the coating, which could facilitate the gas flow. The 

contact between the GDC6/LSCF4 SPS cathode and LSGFM looks extremely good before and 

after bench testing. Compared to the GDC6/LSCF4 SPS cathode, the average size of the 

cauliflower particles in GDC6/LSCF4 SolPS coating is bigger, almost five times that of SPS 

coatings. By image analysis of the cross faces of the coatings, we can get a porosity of 51% 

for GDC6/LSCF4 SPS coating and 40% for GDC6/LSCF4 SolPS coating. The similar 

observations were found between GDC3/LSCF7 SPS and SolPS cathodes. Therefore, as a 

conclusion, the SPS coatings has a finer structure and higher porosities than the SolPS 

coatings with the same material deposited under the same operating conditions. Moreover, 

some differences have been observed between GDC6/LSCF4 and GDC3/LSCF7 SPS/SolPS 

cathodes, e. g. the average cauliflower particles are smaller in GDC3/LSCF7 SPS/SolPS ones. 

Phases of the as-deposited GDC6/LSCF4 and GDC3/LSCF7 SPS and SolPS cathode coatings 

were checked by XRD. SPS coatings have purer phases than the SolPS coatings. The XRD 

pattern had no obvious variations between the as deposited SPS coatings and the nanopowders 

used as the precursors, showing that no additional severe decompositions happened during the 

plasma spraying. 

The polarization resistances of the GDC6/LSCF4 and GDC3/LSCF7 SPS cathodes were tested 

by using the symmetrical cathode-cathode half cell configurations. The polarization 

resistances of GDC6/LSCF4 and GDC3/LSCF7 SPS are 6.7 and 5.2 £2cm2, respectively, not 

sufficiently high to be qualified as cathodes. Therefore, in the future work, diagnostics will be 

done on the origin of those problems. Following this, it will be possible to determine if there is 
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the need to do any post sintering step for the coating after deposition. Also, the need of 

optimizing sintering conditions will be studied. 

The electrochemical results of the SPS cathodes will also be compared with those of the SolPS 

cathodes as well as with silk screened cathodes processed using plasma synthesized 

nanopowder based pastes. In addition, GDC6/LSCF4 together with GDC3/LSCF7 

nanopowders will be used to fabricate functionally graded and nanostruetured composite 

cathode layers by SolPS/SPS process. This part of work is planned to begin in 2011. 
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CHAPTER 6 CONCLUSION ET TRAVAUX 

FUTURS 

Dans ce travail, nous avons synthetic la phase LSCF6428 pure, ainsi que la phase composite 

GDC6/LSCF4 ainsi que des nanopoudres de composition GDC3/LSCF7 par plasma inductif. 

Les technologies employees sont la synthase par plasma inductif en utilisant des precurseurs 

en solution et en suspension. Ensuite, avec les suspensions faites avec les nanopoudres 

produites par SolPS et l'6thanol, nous avons depos6 par SPS la cathode. En parall&le, nous 

avons 6galement d£pos6 la cathode par SolPS avec le meme pr6curseur utilise pour la synthase 

de nanopoudre dans le but de comparaison. Les morphologies et les phases des nanopoudres 

ont caract6risees. Les microstructures et les morphologies des cathodes produites par SPS 

et par SolPS ont 6t€ aussi caract6ris6es. En outre, les cathodes LSCF6428 et GDC6/LSCF4 ont 

ete deposees sur une demi-cellule (LSGFM et anode basee par NiO) pour faire des essais au 

banc de mesure. En outre, les resistances de polarisation de SPS GDC6/LSCF4 et les cathodes 

GDC3/LSCF7 ont et6 examinees par EIS. En utilisant la technologie SolPS par plasma 

inductif, il est possible de realiser un melange homog&ne de poudre composite de GDC/LSCF 

sans utiliser la technologie de broyage mecanique qui consomme beaucoup de temps et 

peuvent introduire des contaminations. Les nanopoudres montrent principalement une 

structure de perovskite et une structure de fluorite aussi bien que du GDC et LSCF s6par6s des 

phases avant la calcination, tout en ayant une faible quantity de phases indeterminees. Ces 

phases inconnues peuvent-etre des phases m£tastables qui sont relives aux phases composites 

de GDC/LSCF qui sont apparues aprfcs une calcination h 1000°C pendant 2 heures. Les 

contaminations dans ce proc£d6 en une 6tape de SPS sont inexistantes en utilisant la 

technologie des plasmas inductifs qui n'a aucune electrode. Toutes les nanopoudres 

synthetisees sont spheriques avec un diam&tre entre 10 et 60 nanometres quelque soit leurs 

compositions. II semble aussi qu'en utilisant un faible debit de 5 ml/min, il est possible de 

synthtfftiser des nanopoudres avec differentes compositions en ajustant seulement les 

concentrations en nitrate de m£tal dans la solution de pr6curseur sans changer les conditions 

de fonctionnement de plasma. Pour expliquer ceci, la temperature du plasma combin£e au long 

temps de residence des mat^riaux dans le plasma et du faible d6bit d'injection font que les 
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variations de composition du precurseur de solution ne peuvent pas avoir une influence 

marquee sur l'histoire thermique des particules dans le plasma. Par consequent, les 

morphologies et les tailles des nanopoudres finalement synth6tises sont semblables tel que 

prevues. Ceci demontre le potentiel significatif de la synthase de nanopoudres par plasma 

inductif. Les memes param&tres sont appropri6s pour differentes synthases de nanopoudres ce 

qui facilite facilite les operations de traitement. Des cathodes composites de choufleur avec 

une structure homogfcne ont ete obtenues par des m&hodes de SPS et de SolPS. II s'est av6r6 

que la distance et la pression de projection dans la chambre ont eu l'influence forte sur les 

microstructures des cathodes dans les depots de SPS. Les plus grandes particules de chou-fleur 

dans la cathode de SPS GDC6/LSCF4 ont des diam&tres dans la gamme de 10-40 nm et sont 

constitutes de particules submicroniques de chou-fleur ou meme de particules nanometriques. 

En outre, il existe des canaux dans la structure, qui pourrait faciliter l'ecoulement de gaz. Le 

contact entre la cathode de SPS GDC6/LSCF4 et le LSGFM a sembie extremement bon avant 

et apr<Js l'essai au banc. Compart k la cathode de SPS GDC6/LSCF4, la taiile moyenne des 

particules de chou-fleur dans le revetement de GDC6/LSCF4 SolPS est plus grande, presque 

cinq fois celle dans des revetements de SPS. Par l'analyse d'image de coupes des revetements, 

nous pouvons mesurer une porosite de 51% pour le depot de SPS GDC6/LSCF4 et de 40% 

pour le depot de GDC6/LSCF4 SolPS. Des observations semblables ont ete faites avec les 

revetements produits par SPS de GDC3/LSCF7 et les cathodes produites par SolPS. Par 

consequent, il est possible de conclure que les revetements de SPS ont des structures plus fines 

et des porosites plus eievees que les revetements de SolPS avec le meme materiel depose dans 

les memes conditions de fonctionnement. Par ailleurs, nous avons observe quelques 

differences entre les cathodes de GDC6/LSCF4 et de GDC3/LSCF7 SPS/SolPS, les particules 

moyennes de chou-fleur sont plus petites dans GDC3/LSCF7 SPS/SolPS. 

Les phases de SPS GDC6/LSCF4 et GDC3/LSCF7 et les revetements de cathode de SolPS ont 

ete verifies par XRD. Les revetements de SPS ont des phases plus pures que les revetements 

de SolPS. Les resistances de polarisation des cathodes du SPS GDC6/LSCF4 et 

GDC3/LSCF7 ont ete examinees en employant les demi piles de cathode-cathode symetriques. 

Cependant, les resultats sont mauvais. 



119 

Les resistances de polarisation de SPS GDC6/LSCF4 et GDC3/LSCF7 sont 6.7 et 5.2 Qcm2 

respectivement, trop grandes pour etre des cathodes qualifies. Cependant, ceci pourrait n'etre 

pas du aux probtemes des cathodes elles-memes. Le probfeme pourrait etre reli£ aux systdmes 

d'essai. Par consequent, pour le travail futur, nous verifierons d'ou proviennent les probtemes. 

Puis, selon les resultats, nous d6terminerons s'il y a la necessity de faire des traitements 

thermiques aprfcs la deposition. En outre, s'il y a le besoin, les conditions de frittage seront 

etudiees. 

Les resultats electrochimiques des cathodes de SPS seront egalement compares aux cathodes 

de SolPS et aussi aux cathodes produites par serigraphie. En outre, les nanopoudres 

composites GDC6/LSCF4 ainsi que les nanopoudres GDC3/LSCF7 seront employees pour 

fabriquer des composites grades fonctionnellement et nanostructures des couches composites 

de cathode par les procedes SolPS et SPS. On estime que ce travail commencera en 2011. 
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