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Abstract 

The main objective of this thesis was to explore, characterize and evaluate different 

Ce02-based electrolyte materials that could be employed to replace the existing yttria­

stabilized zircorua oxide used as the electrolyte component of intermediate temperature solid 

oride fuel ceUs (SOFCs). The electrolyte materials were synthesized using a radio frequency 

inductively coupled plasma reactor. Ce02-based fine powders doped with different 

compositions of Gd, Sm or Y were synthesized from nitrate salts dissolved in water. The 

powders were analyzed using X-cay diffraction, inductively coupled plasma (lCP), SEM and 

EDS (energy dispersive spectroscopy). It was demonstrated that the concentrations of Ce 

and dopants fed in the solutions were retained in the synthesized powders. The products 

were aIl crystalline and had multimodal size distributions. The effect of plasma synthe sis 

parameters, i.e. plasma power, reactor pressure, and plasma flow rate on partide size 

distribution was studied. This analysis provides fondamental understanding of the 

mechanism of particle formation and collection in thermal plasma environments. 
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Résumé 

L'objectif principal de cette thèse a été d'explorer, caractériser et analyser différentes 

céramiques à base de Ce02 J qui peuvent être utilisées pour substituer le zircone stabilisé par 

l'yttria existant comme matériau électrolytique de base pour le SOFC (solid oxide fuel cell ou 

pile à combustible à électrolyte solide) de température intermédiaire. Les matériaux 

électrolytiques ont été synthétisés en utilisant un réacteur de plasma de solution RF-couplé 

inductivement. Les poudres céramique à base de Ce02 dopées avec différentes compositions 

de Gd, Sm et Y ont été synthétisées à partir des sels de nitrate dissous dans de l'eau. Les 

poudres ont été analysées par diffraction à rayons-X, l CP, microscopie électronique à 

balayage (MEE), et EDS (spectroscopie d'énergie dispersive). Il a été démontré que les 

concentrations de Ce et de dopant dans les poudres synthétisées restent égales à celles dans 

la solution injectée. Les produits étaient tous cristallins et avaient une distribution de taille 

multimodal. L'effet des paramètres de synthèse de plasma, par exemple la puissance du 

plasma, la pression du réacteur et le débit de gaz de plasma sur la distribution de taille de 

particule a été étudié. Cette analyse fournit une compréhension fondamentale du mécanisme 

de formation de particules dans le plasma. 
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Chapter 1 1 ntroduction 

" ... We learn more about power when we lose il... "(Time 2003) 

The generation of electrical energy by dean, efficient and envimnmental-frienclly 

means is now one of the major challenges for engineers and scientists (Stambouli et a!, 2002). 

One of the best ways to generate that energy 1s by the use of solid oxide fuel ceUs (SOFCs). 

These ceUs convert chemical energy of a fuel gas directly into electrical work without the 

need of combustion. Therefore much lower emissions ofhydrocarbon pollutants, sulfur and 

nitrogen oxides and carbon ruoxide are acrueved. Fuel cells have been applied successfully in 

J apan, U.S.A. and Europe. Electrical-generation efficienc1es of 70% are possible nowadays, 

along with the recovery of residual heat, mostly in the form of steam (SiIPeira et a4 1999). 

SOFC research has extended worldwide. It has been noted, reccntly, that about 40 

comparues are working on SOFC. These companies indude Global Thermoelectric's Fuel 

Cell Division, Cermatec-Advanced Ionie Technologies, and Siemens Westinghouse. The fuel 

ccU built by Siemens Westinghouse combined with the microturbine supplied by Northen 

Research and Engineering Corporation is a case of particular importance, because the 220 

kW SOFC running on natural gas acrueved an efficiency of 60% in a year of operation. 

Further, other prototype cells have operated for 8 years demonstrating the ability to 

withstand more than 100 thermal cycles with a voltage degradation of less than 0.1 % per 

thousand hours (Stambouli et al, 2002). 

1 t is only in the last two decades that fuel cells have offered a realistic prospect of 

being commerciaUy viable, des pite being fust demonstrated over 160 years ago (Ormerod, 

2003). The major factor impeding the progress of fuel ceU technology has been its cost 

However, significant advances in the development of both materials with imptoved 

properties and different manufacturing processes in the last 20 yeats have made fuel ceUs a 

realistic proposition to compete with conventional power generation technologies. 
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1. A Problem definition 

The main concem regarding SOFCs is that there are severe demands on the 

materials that are used for the principal cell components, i.e. the e1ectrolyte, anode, cathode 

and interconnect An components must possess chemical and physical stability in the 

appropriate chemical environment (oxidizing and/or reducing), be chemically compatible 

with the other components and have proper conductivity (either ionic or electronic) 

(Ormerod, 2003). In addition, these components must have similar coefficients of thermal 

expansion to avoid separation or cracking during fabrication and operation. Each 

component serves a particular function and must be tailored to achieve this function without 

interfering with the encire cell operation. For instance, the electrolyte and the interconnect 

must be dense to prevent gas mixing, whereas the anode and the cathode must be porous to 

allow gas transport to the reaction sites (Minh, 1993). As a consequence of the severe 

restrictions in the materials of construction, the choice of materials employed to build SOFC 

has been very limited and ooly relatively weak and brittle components have been used. 

Almost all SOFCs currently being developed employ an yttria-stabilized zirconia 

(YSZ) electrolyte with a strontium-doped lanthanum manganite (La1_,.$r)v1n03) cathode and 

a mixed nickel/yttria-stabilized zirconia (YSZ) cermet anode, and use doped lanthanum 

chromite (LaCr03) as the interconnect Conventional zirconia based SOFCs have an 

optimum performance when operated at temperatures above 850 oc. These re1ative1y high 

operating tempe ratures place further demands on the materials used as interconnects, for 

manifolds and sealing. Further, high celi temperatures affect celi components by: 1) 

promoting the sintering of the nickel partides present in the anode which affects its 

mechanical stability and electronic conductivity, 2) favoring the reaction of cathode materials 

such as manganese and/or cobalt with the electrolyte, and 3) increasing the thermal 

mismatch between the electrolyte and the electrodes. Moreover, the long time that is 

required to heat up and cool down the system could also be decreased if the SOFC is 

operated at lower temperatures. It 1S also of great interest to replace the LaCr03-based 

interconnects with inexpensive metallic interconnects (in particular by ferritic stainless steel 

composites), which can ooly be implemented at temperatures lower than 700 oC (Ormerod, 

2003). 

2 
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There are also inconveniences associated with the production of the ceIls, mainly the 

great number of steps required to manufacture SOFC cornponents. This increases both the 

cell production cost and the rime to manufacture its components. Currendy, SOFCs are 

produced using conventional ceramic processes such as tape casting, screen prinring, wet 

powder spraying, and sintering. Ali these processes are rime-consuming and sorne occur at 

high temperatures, far above ceIl operaring temperatures, i.e. 1,000 oC (Schiller et a!, 2003). 

Hence, not only the ceIl components but also the SOFC manufacturing routes must be 

improved. 

The heart of the SOFC is the electrolyte and the operating temperature of the œIl is 

governed by its nature, i.e. its oxygen ionic conductivity and thickness. Therefore, there are 

two possible approaches to decrease the œll operaring ternperature. The fttst is to reduce the 

electrolyte thickness while the second is ta search for alternative materials with higher 

oxygen ion conducrivities at lower temperatures. Fine spherical parrides with a narrow size 

distribution and uniform microstructure are desired as precursors to reduce electrolyte 

thickness. This type of powders provides high reactivity and high packing density (Minh 

1993). 

The development of ultra-thin, dense and non porous electrolyte ftlms composed of 

doped ceria or of lanthanum gallate are the most promising alternatives. Gadolinia-doped 

ceria (CGO or Cel_xGdx02_x/z) offers excellent pmmise as a potenrial electrolyte for lower 

temperature SOFCs (Ormerod, 2003; Stee!e, 2000; mainly due to its higher ionic conductivity 

than YSZ at lower temperatures, and to its inertness towards the cathode and anode 

materials. Unfortunately, at sufficiently high tempe ratures (above 700 0q and under 

reducing conditions, such as those present in the anode, ceria undergoes partial reduction to 

ee3+, which leads to electronic conductivity. This significantly lowers the efficiency of the 

SOFC, and leads to an undesired structural change. If the operaring temperature of the 

CGO 1S lowered to 500 oC, then any electronic conductivity can be neglected, but at such 

low dectrolyte temperatures the main problem lies with the development of sufficiently 

active cathode materials (Ormerod, 2003). Nonetheless, gadolia-doped ceria along with 

3 



samarium-doped ceria and yttria-doped ceda remain the most promising e1eettolyte materials 

and have been used in the present study. 

In terms of the SOFC manufacturing routes, the use of thermal plasma synthe sis and 

thermal plasma spraying from nquid precursors has demonstrated very good results in the 

production of SOFC components (Gitzhrifer et al, 2000). This is because thermal plasma 

synthesis allows the production of homogeneous and dense spherical partides of different 

materials and compositions. These synthesized particles are used to produce low porosity 

oxygen ion conducting e1ectrolyte layers of reduced thickness with low œU resistanœ. 

Further, thermal plasma spraying permits rapid partide deposition at rates that are higher 

than those obtained with other approaches such as physleal or chemical vapor deposition 

Finally, no further thermal post-tteatment is required after the SOFC layers are deposited 

(Schiller et al, 2003). 

1. B Scope of the project and objectives 

It has been stated that the production of SOFC must consist of an improvement of 

their individual components as weil as an improvement of the œU manufacturing techniques. 

In 1999, researchers at the CRTP (Centre de Recherche en Technolgie des Plasmas) began a 

projeet to investigate the combinatorial chemistry production of the different eeU 

components (cathode, anode, electrolyte and internal reformer) using thermal plasma 

technology (ŒI, 1999). The project also encompasses the diagnosis and evaluation of the 

individual components of the œU and of the overall œU performance; ultimately, the 

projeds aim is an automated, quick and tenable in-line manufacturing of SOFCs for 

indus trial applications. Thermal plasma technology was proposed as a novel alternative to 

manufacture each œli eomponent due to the short rime required to produœ the components 

in a plasma environment 

This interdisciplinary project was subdivided and each subdivision will carry out 

research on the four major œli components, i.e. cathode, anode, electrolyte and internal 

reformer. The curtent the sis is concerned with the e1ectrolyte subdivision. 

The main objective of fuis the sis was to obtain electrolyte powders of different 

compositions with swtable dopants using appropriate starting materials. The powders were 

to be of the most promising electrolyte compositions based on the known SOFC electrolyte 
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requirements, i.e. maximum ionic conductivity and dense layers of tighdy packed partides. 

The powders will be the starting material for the production of electrolyte layers by either 

other plasma treatment or by conventional sintering methods. 

The different electrolyte powders were synthesized from liquid precursors using a 

radio frequency inductively coupled plasma (RF-ICP). In addition, the investigation of the 

synthesis mechanism for oxide formation from liquid precursors was studied. Most of fuis 

analysis was based on the charactenzation of partide size and how partide size could be 

correlated to plasma processing parameters. 

Thereby, the objectives of this research can be stated as foUows: 

1. The production of doped Ce02-based powders from liquid precursors using RF-lCP. 

2. The charactenzation and evaluation of the produced partides as possible raw materials 

for SOFC electrolyte production. 

3. The study of the formation mechanism of Ce02-based powders from liquid precursors 

in an oxidizing plasma environment. 

4. The evaluation of the effect of plasma operating parameters on partide size and 

morphology. 

1. C Thesis outline 

This thesis tS divided into 6 different chapters and 3 appendices. The appendices 

indude equipment calibration, some physical data of the materials used, and the 

mathematical formulae employed to calculate relevant experimental data. The source code of 

the in-house software developed 1S also induded. A brief description of each chapter is now 

gwen. 

Chapter 1: Introduction. 

This chapter indudes an introduction, a de finition of the scope of the the sis and a statement 

of objectives. 

Chaptu 2: Literamre review. 

The literature review 15 divided ioto four major parts. First, solid oxide fuel ceUs (SOFC) are 

described, i.e. their components and ceU operation. Second, the nature and composition of 
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electrolyte materials is discussed. Third, an explanation ofhow the radio frequency 

inductively coupled plasma operates is enunciated as weIl as how it can be applied to the 

production of ceramics. Finally, the application of thermal plasmas in SOFC research is 

reviewed. 

Chapter 3: Experimental techniques and methodology. 

The different experimental techniques used to characterize the materials produced in this 

work are described. Also, the experimental setup used and its operation is discussed. 

Chapter 4: Experimental results. Part 1. 

The results obtained from the characterÏ2ation of the different Ce02 based powders 

synthesized using thermal plasma are presented, i.e. X-ray diffraction, inductively coupled 

plasma (lCP), SEM, and energy dispersive spectroscopy (EDS). 

Chapter 5: Experimental results. Part 2. 

The analysis of the size distribution of the synthesized powders is presented in fuis chapter. 

A detailed partide formation mechanism starting from liquid droplets and ending with solid 

powders is described. Finally, partide collection mechanisms related to the synthesized 

powders are discussed 

Chapter 6: Conclusions, future work and recommendations. 

This chapter summarizes the major contributions enumerated in this study and provides 

recommendations for future research endeavors. 
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Chapter 2 Literature review 

The literature review consists of four sections. The ftrst tS a concise description of 

the solid oxide fuels ceUs, their operation and main components. The second is an analysis 

of the chemical composition of SOFC electrolyte materials as well as of the suitable 

precursors for plasma synthesis. The third describes radio frequency inductively coupled 

thermal plasmas (RF-lCP), and their applications towards the production of oxides and 

oxide coatings. Finally, the last section discusses applications of radio frequency thermal 

plasmas to the production of SOFC components. 

2. A Solid oxide fuel ceUs (SOFCs) 

2.A.l History 

Despite their modem high-tech allure, fuel ceUs have been known for more than 160 

years. The solid oxide fuel cell was fifst conceived foUowing the discovery of solid oxide 

electrolytes in 1899 by Nerst. He reported that the conductivity of pure metal oxides rose 

only very slowly with temperature and remained relatively low, whereas mixtures of metal 

oxides can possess dramatically higher conductivities. Many mixed oxides which exhibit high 

conductivity at elevated tempe ratures were quickly identifted, induding the particularly 

favorable composition of 85% zirconium oxide and 15% yttrium oxide patented by Nerst in 

1899. In 1905 Haber ftled the ftrst patent on fuel ceUs with a solid electrolyte, using glass and 

porcelain as the electrolyte material, and platinum and gold as the electrode materials. 

Despite a very signiftcant search by Baur and other researchers for suitable mate rials for 

SOFC operation, the development ofSOFC was hindered until the 1960s. In the early 1960s 

a rapidly increasing number of patents was @ed associated to SOFC technology. Advances 

in preparation and production methods through the 1970s led to the development 0 f 

considerably thinner electrolytes, which significantly increased œli performance (Ormerod, 

2002). In the last two decades, a major effort has been devoted to develop commercial 

SOFCs in research centers and indus trial power generation facilities. 

2.A.2 Types offuel cells tmd environmenüd impact 
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Fuel ceUs are generally dassified by the chemical characteristics of the electrolyte 

used as the ionie eonductor in the ceU, as summ.arized in Table 2.1. The first five types are 

eharacterized by their low to medium tempe rature of operation (50 to 210 oC), their 

relatively low eleetrical generation efficiencies (4D to 50 % when operated on read:ily ava:ilable 

fuels such as methanol and hydrocarbons, 50 % when pure hydrogen fuel is used). The latter 

three types are characterized by their high temperature of operation (600 to 1000 oC), their 

ability to utilize methane directly in the fuel ceU and their higher efficiencies (45 to 60 % for 

common fuels such as natural gas or methanol and 70 % with heat recovery) (Stambou/i, 

200Z). 

Table 2.1 Tedmical ch.aracteristics ofselected fuel cells 

Teclmical cbamcteristics of different fucl ceUs 

Types of fuel cell Electrolyte Operating T Fuel Oxidant Efiiciency 

Alkaline (MC) potassiwn hydroxide (KOHl 5{}-2O!rC pure hydrogen, or hydrazine WAir 5G-55% 
Direct methanol (DMFC) poJymer 6O-200"C liquid melbanol O/Air 40-55% 
l'llosphoric acid (l'AFC) phosphoric acid I6Q-ZIO°C hydrogen ftom hydroalrbons WAir 40-50% 

and alcohol 
Sulfuric aOO (SAFC) solfuric acid 8O--9O'C alcohol or impure hydrogen OiAir 40-50% 
ProlDn·exchange membrane polymer, proton exchange 5a-80"C less pure hydrogen from OiAir 4G-5(lO/o 
(l'EMFC) membrane hydrocar1xms or methanol 
Molten carbonate(MCFC) molten snJt suc.b as nitrate, 630-6SOOC hydrogen, carbon lIIOIIoxide, CO/WAir 50-60"/0 

sulphate, caIbonates ... naturaI gas, propane, marine 
diesel 

Solid onde (SOFt) ceramic as stabilised zirconia 6OO-IOOO·C natoral gas or propane OlAir 45-60% 
and doped perovsldte 

l'rolOJÙc œramic (PCFC) tlùn membrane of barium 600--100°C hydrocarbons O.jAir 45-60% 
ceriwn oxide 

Among these ceUs, SOFCs are the most promising alternative because they have a 

wide range of operation and can ron on natural gas. SOFCs are also resistant to carbon 

monoxide, which is electrochemicaUy oxidized to CO2 at the anode. In contrast, PEM fuel 

cells are highly susceptible to poisoning by CO, and thus requite complex and expensive 

extemal processing of hydrocarbon feeds to convert aU the CO to CO2 (Ormerod, 2003). 

AdditionaUy, SOFCs are liquid ftee whieh eliminates potential problems such as corrosion 

and 10ss of electrolyte. 

The environmental impact of SOFC implementation depends upon the souxce of 

fuel used. If puxe hydrogen 1S used, fuel ceUs have virtuaUy no emissions except water and 

heat. However, hydrogen is rarely used due to problems with storage and transportation. 

The most common fuel, especially for stationary applications, 1S natural gas, which 1s cheap, 

abundant and read:ily available. Hydrogen must be extracted from natural gas through a 
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senes of reforming reactions and it 1S during this stage that most of the pollutant emissions 

associated with SOFCs operation are generated 

Compared to other fuel cens or power generation units, SOFC have a much lower 

fuel consumption to produce a given amount of electricity, even if they mn on natural gas, as 

a result of their higher energy efficiency. Also, emissions of NO", SOx and particulates are 

very low wruch greatly decreases the formation of acid rain and the emission of smog­

causing pollutants. Further, if pure hydrogen is used as fuel, less COz is produced, and near­

zero levels of CO2 could be achieved (Table 2.2). 

Table 2.2 Typical SOFC air emissions from one year of operation (Stambouli et al, 1(01) 

Fossil fl.1elled plant 12,740 
SOFC fo}'Stem (1 

18,850 
o 

co 

12.797 
32 

Partid.es 

228 
o 

• legs of emissioos pet 1650 1\>1\\'h tram one year full operation 

l.A.3 Operation, configuration and applications 

213 
Cl 

1.840,020 
846,300 

A fuel celI consist of two electrodes (the anode and the cathode) separated by an 

electrolyte (Fig. 2.1). Fuel (e.g. hydrogen or natural gas) is fed to the anode where it is 

oxidized and electrons are released to the extemal circuit. The electron flow (from the anode 

to the cathode) through the extemal circuit produces direct-current electricity. The 

electrolyte conducts ions between the two electrodes. SOFCs are connected in e1ectrica1 

senes to build voltage and a senes of cells is referred to as a stack Stacks are connected 

through components called bipolar separators or interconnects, which have the dual 

function of distributing the fuel and air to the anode and cathode respectively, as weil as of 

providing the electrical contact between adjacent cells (Minh, 1993). 
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Oxygen (Air), <l.! 

Figure 2.1 Schematic diagram showing the operating principles of a SOFC running on natural gas 
(Ormerod, :ZO(3) 

To minimize sealing requirements, many intermediate temperature solid oxide fuel 

cells (IT-SOFCs) stacks have adopted a circular design in which the fuel and air are 

introduced by means of an appropriate manifold at the centre of cathode-electrolyte-anode 

structures. Arrangements are made to distribute the air and fuel gases over the cathode and 

anode, and the flow rates are adjusted to ensure almost complete conversion of the fuel by 

the rime it reaches the stack periphery. Unreacted fuel and air are then combusted without 

large tempe rature changes. This design featuees minimum sealing pro blems and allows 

limited thermal cyc1ing for start-up and maintenance. One particular example is the Sulzer 

Hexis micro-CHP (combined heat and power) conftguration designed for residential 

accommodation Fig. 2.2. 

(!) Stack repeat clemem ® Air !nlet 

Exhaust ® Internai h€;at exc!umger ® Primary l'leal exchal1geT Exhaust 
® Ceramlc PEN clement ® Afiar burllef 

Figure 2.2 Schematic view of the SuIzer Hexis micro-CHF (combined heat and power) stack for 
residential applications (Steele et al, ]oo1) 
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The potential applications of fuel cells in society are ever increasing and range From 

very small-scale ones requiring orny a few Watts to a large-scale distributed power generation 

ofhundreds ofMWatts. SOFCs are especially suited for highly-populated urban areas where 

localized pollution tS a major issue as a result of their better utilization of fossil and 

renewable fuels, such as biomass and landfill gas. Further, SOFCs can provide both all the 

power and hot water From a single system to individual households, large! residential units 

and business and industrial facilities. This offers a greater efficiency than the current 

situation where electricity tS distributed from a small number of centralized power stations, 

while heating 1S supplied by decentralized boller units. In the short term, SOFCs can cope 

with the developing market where there is a real need for high quality, uninterrupted power 

supply. Su ch applications indude information technology companies, airports and hospitals 

(Ormerod, 2003). 

Two flowsheets showing how SOFCs could meet the present needs for electricity 

and heat for both industrial and commercial applications are provided in Fig. 2.3 and 2.4. 

The fttst depicts the decentralized power and heat supply in the 1 MW range. The second is 

to be used to generate power for a central power station. In this case a gas and steam turbine 

combined cycle is added so that an electrical efficiency of about 70 % could be achieved. 

Natural 
Gas 

Steam forward Flow 

flec~~~==== __ ~==-= __ ~ __ ~-==-==== __ 
Wattt 

Figure 2.3 Flowsheet ofSOFC for electrici.ty and heat suppiy to an administration building (Silveira 
etai,1999) 
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Figure 2.4 Flowsheet ofSOFC for industrial applications (maximum electricity geueration) (Silveira 
et al, 1999) 

2.A.4 Components 

2.A.4.1 Electrolyte 

For a better understanding of the ensuing discussion a brief review of the 

conductivity of an ionic material is presented here. An electric current results from the 

motion of e1ectrically charged partides in response to forces that act on them from an 

extemally applied electric field. Within most solid materials a current arises from the flow of 

electrons, wruch is termed electronic conduction. In addition, for ionic materials it is 

possible that a net motion of charged ions (both cations and anions) pro duces a current; this 

is called lOniC conduction. Thus an electric current will result from the net movement of 

charged ions and from any electron motion. Of course, anion and cation migrations will be 

in opposite directions. The total conductivity (or dectrical conductivity) of an ionic material 

is thus equal to the sum of both e1ectronic and ionic contributions (Ca!lister, 1997). A 

complete description of the phenomena affecting ionic materials was compiled by Sorensen 

(Sorensen, 1981) 

Stabilized zirconia (ZrOJ, especially yttria-stabilized zirconia (YS2), 1S the most 

common electrolyte in SOFCs because it possesses an adequate level of oxygen-ion 

conductivity and exhibits desirable stability in both oxidizing and reducing atmospheres. It is 

also unreactive towards other components used in the SOFC. Pure ZrOz is monodinic at 

room temperature and undergoes phase transition to a tetragonal structure above 1,170 oC 
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and to the cubic structure above 2,370 oC (see appendix A for structures). Yt:tria, along with 

some other aliovalent oxides commonly referred to as dopants (e.g CaO, MgO, G~Os, 

SCzOs, Sm20 S' and other rare earth oxides) shows a high solubility in Zr02. Yttria also allows 

the stabilization of the zirconia in the cubic fluonte structure from room temperature to its 

melting point (2,680 0q. Further, dopant addition increases the concentration of oxygen ion 

vacancies in the Zr'02 solid structure, wruch in tum inereases its ionie eonductivity. Despite 

the success of YSZ, many studies have been performed with other matenals looking for 

alternative oxides. This is a result of the high operating temperatures (>800 oC) required to 

obtain the desired ionie conductivity ofYSZ for SOFC operation. The ionic conductivities 

of seleeted solid oxide eleetrolytes are shown in Fig. 2.5. 

o 
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.. 
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" -2-
\:) 

C) 
o 
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0.6 tH 

T/"C 

0.8 

Figure 2.5 Ionie comiuctivity offJuonte oxides (lnaba et al, 19(6) 

500 

1.2 

It can be seen that Biz03 and yttria-stabilized Bi20s are the most ionically conductive 

oxides. However, these oxides are not structurally stable and are easily reduced under 

reducing atmospheres and therefore they are not suitable as SOFC electrolyte matenals. 

Second after BizOs mate rials are CeOz-based electrolytes. The difficulty tS now to decide 
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which dopants and concentrations should he added to best increase the ionie conductivity of 

the eleetrolyte. The addition of too little dopant will not significantly increase the ionic 

conductivity and too much will induce a "hole ordering" phenomenon, wruch lowers the 

eonductivity (Bonneau, 2001). Hole ordering results when the oxygen ions have only few 

paths to "jump" or "hop" within the electrolyte lattice as opposed to severa! paths when the 

holes or vacancies are randomly distributed, in wruch case, the oxygen ion mobility increases. 

l t has been almost unanimously accepted that the dopant cation radius wruch most 

dosely approaches the criticallattice radius ls the best dopant. This critical radius 

corresponds to the ionic radius of the dopant whose substitution for the host cation causes 

neither expansion nor contraction of the solid lattice (Inaba et al, 1996) (see appendix A for 

CeOzlattice structure with Ca acting as dopant). Fig. 2.6 shows that Gd3
+ and Sm3

+ are 

cations whose radii are very similar to the critical radius of M3
+ metals (i.e. between 0.10 and 

0.11 nm) and therefore Ce-based electrolytes doped with Sm or Gd present the highest 

conductivities, as shown below (Note that Fig 2.6 shows a mistake in the radius of dopant 

cation, 1.e. the radius must be in nm) 

2.0 .-.. 
~ . 
E l8 
(J . 

00 1,6 
~ 
'0 ......... 1.4 
(.!) 

9 0 

·~(I.2 
0.13 0.14 

Radius of dopant cation/mm 

Figure 2.6 Ion clOnductivity lOf dlOped ceria at 1073K against the radius of dlOpant catilOn, rc ShOWD the 
homolltai axis is the critkaH of the divaHellt or trivalent cation. (Inaba et al, 1996) 

Upon addition of either Gd or Sm, it ls thought that the conduction paths within the 

crystallattice become less rustorted. It has also been suggested that two factors are 
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influenced by the size of the dopant cation, which directIy affect tonie conductivity, i.e. the 

mobility of the oxygen ions "hopping" From site to site and the bonding strength of the 

dopant-vacancy associates or traps typically formed at low to intermediate temperatures 

(Kimpton et al, 2002). Furthermore, it is elucidated that the substitution of larger dopants, (ie. 

larger than the critieal radius), into the lattice blocks the path of the migrating oxygen ions 

more effeetively, thus inereasing the ion-migration enthalpy and deereasing the ionie 

eonduetivity. For a complete description of the theory of ionie conductivity in fluorite mades 

see appendix A 

Recent thermodynamic and electrical conductivity data showed that the CeOZ-Sm01.5 

and Ce02-Gd01.S systems are superior ionic conductors at intermediate temperatures (-500-

800 oC) than almost aU of the binary zirconia-based systems (Badwal et a~ 2000). In addition, 

Steele has shown that Gd3
+ is the preferred dopant when compared to Sm3

+ and y3+ at 500 

oC, in particular Ceo.9Gdo.l01.95 and CeO.SGdo.201.9 are mentioned to be the best options Table 

2.3 (Steele, 2000) (Note that 0;, is independent of temperature and 1S constant A in Eg. 4 in 

Appendix A) 

Table 2.3 Ionie conductivity data for selected electrolyte compositions 

COOlposilion Dopant l'. lA) r&-r, rd-re. M"leVl UG u,50(}-'e u,6OO"c IF, 700't 
(Sem-ij (Sem'; (San l

) 

Ct\,~Gdo 10t.,< Q( 1.053 oms 0.003 0.64 1.09 x 10$ 0.0095 00153 0.0544 
Ce';'9SI1lo 101 '5 

Sml
' 1.079 0.041 0.100 0.66 5.00 x 104 o.oon 0.009\1 0.0100 

Ce{j~ Yr,mOI 'lm yI' 1.019 -0.019 O.G49 0.87 ll6xl06 O.00B7 0.0344 0.1015 
CeÙ8Gd.10j9 Gd l . 1.053 0,015 0.083 0.78 ;,OXWl 0.0053 0.0100 il04ïO 

It is worth noting that by co-doping with appropriate ratios of Gd3
+ !y3+ or 

Sm3
+ !y3+ it 1S possible to match the critical dopant radius exactl.y. Reported results for a 

series of co-doped compositions provided evidence that for compositions such as 

CeO.94Sffio.04YO.OZ01.97 at 500 oC the double doping did not appear to confer anyadvantage 

(Stee!e, 2000). A recent publication by van Hede also conftrms that compositions such as 

Ceo.8sGdo.04SmO.04YO.0401.94 have comparable conductivity at 500 oC to the values reported in 

Table 2.3 for the simpler Ceo.9Gdo.101.95 (Jtede, 2000). Therefore, double doping of the CeOz 

seemed unnecessary. 
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A major disadvantage associated with cena-based systems should be mentioned. At 

low oxygen partial pressures the presence of significant levels of electtonic conductivity due 

to the Ce4+ to Ce3+ reduction reaetion are observed. Itwas demonsttated that the volume 

expansion associated with the Ce 4+ to Ce3
+ reduction reaetion eaused mieroerack formation, 

which significantly decreased the ionie conduetivity within the CeO.SGdo.201.9 electtolyte 

(Badwa~ 1999). This may be prevented by a thin layer of fully stabilized yttria-doped zirconia 

added to the electtolyte on the anode side (Kimpton, 2002). 

Another significant difficulty that has restricted exploitation of Ce-Gd onde systems 

at 500 oC has been the need to develop alternative cathode compositions that function 

effectively at lower temperatures. However, reœnt developments have shown that 

appropriate materials for composite cathodes can be fabricated with good performance 

(Ralph et a~ 2001). Composite anodes such as Ni-CGO also provide adequate performance at 

500 oC for simulated syngas fuels, indicating that IT-SOFC (i.e. intermediate tempe rature 

SOFC) stacks at 500 oC are now a viable option (Steele et al, 2001). 

Another electtolyte, doped LaGa03 (LSGM), is also atttacting much attention for 

IT-SOFC applications. Although its conductivity is slightly smaller than CGO at 500 oC, lts 

ionic domain is wider and it could be more appropriate to use this electtolyte at tempe ratures 

around 600 oC, where the reduction of Ce4
+ to Ce3

+ becomes significant in CGO cells. 

However, it has been difficult to fabricate pure single-phase ceramic electtolytes, and second 

phases such as SrLaG~07 and La4G~09 are often detected at the grain boundaries (Steele et 

a~ 2001). Further research is needed in this field. 

In the following sections, only a brief account of the most significant work carried 

out in the anode, cathode and interconnect materials tS reported, as these materials were not 

investigated in the present work. For a complete survey of cathode and anode materials for 

cerame fuel cells, see the work by Steele (Steele, 1996). 

2.A.4.l Anode 

In SOFCs, the fuel arriving at the anode is reducing in nature and thus metaIs can be 

used as anode materials. However, the chosen metaI must not be oxidized under the 
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operating conditions of the SOFC, in particular at the fuel out1et where the gas composition 

is more oxidizing. At the e1evated temperatures of the SOFCs, this effectively limits the 

choice to nickel, cobalt and noble metals. Nickel anodes are preferred based on cost 

considerations. 

The anode must have a porous structure, which must be maintained at the high 

operating temperatures. This 1S achieved by dispersing the nickel within the solid electtolyte 

material to form a cermet (usually Ni/YSZ cermet). This maintains the anode porosity by 

preventing the sintering of the nickel partides during operation and also gives the anode a 

thermal expansion coefficient comparable to that of the solid electrolyte. The anode must be 

electrically conductive to function as an electrode. The conductivity of the nickel! solid 

electrolyte cermet depends on the nickel content The threshold for electrical conductivity is 

about 30 % in volume of nickel; below this level, the conductivity of the cermet is effectively 

that of the solid electrolyte (i.e. ionic in nature). The conductivity of the anode depends on 

its microstructure, in the partide size distribution of the nickel partides, and the connectivity 

of the nickel partides in the cermet The thermal expansion coefficient of a nickel/yttria 

stabilized zuconia cermet increases linearly with the nickel content, and thus the higher the 

nickel content of the anode, the greater the thermal mis match with the electrolyte. Thermal 

mismatch favors electtolyte cracking and anode delamination. Various means have been 

developed to tolerate and minimize the thermal mis match. These indude improving the 

fracture toughness of the electrolyte, varying the thickness and the thickness ratio of the cell 

components and adding minor constituents to the anode formulation. Another reason for 

wishing to lower the operating temperature of SOFCs 1S that at the higher operating 

temperatures sintering of the nickel partides over time 1S potentially a problem. 

A number of researchers have studied nickel/ ceria cermet anodes for ceria-gadolinia 

based SOFCs. These anodes have been shown to still give sufficiently good performance at 

temperatures as low as 500 oC (Ormerod, 2003). It 1S now believed that it will be necessary to 

develop a composite anode for IT-SOFC applications conslsting of CGO and an electronic 

conducting oxide as current collector to replace the nickel. One of these anodes was copper­

based and incorporated significant quantities of ceria in addition to YSZ. The development 

of such anodes 1S very active area of current research (Ormerod, 2003). 
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lA.4.3 Cathode 

The cathode must be stable in an oxidizing atmosphere and it must be e1ectronically 

conductive and have a porous structure like the anode. These must be maintained at the high 

cell operating temperatures. Additionally, cathodes must possess a thermal expansion 

coefficient comparable with that of the solid electrolyte and not show any tendency to react 

with the electrolyte. 

In the early 1970s the porous composite Lal.xSr~03-yttria stabilized zirconia 

(LSM-YSZ) electrode became established as the most appropriate to use with zircorua 

electrolyte fuel ceUs. LaMn03 is generally produced with a lanthanum deficiency to prevent 

formation of L~03 which can cause the cathode layer to disintegrate through hydration to 

La(OH)3' The conductivity of La1_xSrxMn03 varies with strontium content, with an apparent 

optimum strontium level. Strontium doping of LaMn03 progressively increases the thermal 

expansion coefficient compared to undoped LaMn03, and therefore increases the mismatch 

with the zircorua electrolyte. In practice, two cathode layers are often employed, with the 

first layer being a mixture of LSM and yttria-stabilized zircorua. This improves the thermal 

match of the cathode with the zircorua e1ectrolyte, and results in improved porosity and 

reslstance to sintering. The second cathode, often called the electrical coUect layer, is then 

pureLSM. 

The development of cathodes for ceria based electrolytes was not seriously addressed 

until the early 1990s with the development of Lal_xSr"C01_fey03-x (LSCF) mate rials by 

Anderson (Steele, 2000). Lanthanum ferrite cathodes are very promising alternatives that are 

under current investigation (Simner et a!, 2003). Doped-LaCo03 has a superior electrical 

conductivity to LaMn03 under equivalent conditions as it exhibits high oxygen diffusivity, 

but it shows much greater reactivity towards zircorua at high temperatures (GOdickemeier et a!, 

1996). Therefore, LSC 1S the preferred cathode material for both ceria based electrolytes or 

lanthanum gallate electrolytes, operating at Iow tempe ratures (500-600 oC). 

l.A.4.4 Intercoimect 

The mterconnect 1s a very important component, which has two functions: first to 

provide the electrical contact between adjacent ceUs, and second to distribute the fuel to the 

18 



"." > 
,\ 

> ': 

Il < ',; 

anode and the air to the cathode. Therefore, the interconnect must posses a rugh electronic 

conductivity, be stable and impermeable in both oxidizing and reducing atmospheres and 

must not react with any of the other celi components. 

Most groups decided to use doped LaCrO, interconnects for high temperature 

SOFC stacks, although the optimal composition for this component remains controversial. 

Unresolved issues indude fmding the best composition to minimize the lattice expansion 

associated with the 10ss of oxygen under anoruc conditions and increasing thermodynamic 

stability of SrO and CaO doped LaCr03. Thermodynamic stability becomes an issue at the 

CO2 partial pressures generated in the anode at large fuel conversion levels. Westinghouse 

initially overcame many of these problems by using an electtochemical vapor deposited 

(EVD) MgO doped LaCr03 interconnect. Recenrly, this interconnect has been changed to 

CaO doped LaCr03 to facilitate a cheaper processing route. 

For SOFCs operating in the intermeruate tempe rature range, 500 to 700 oC, it 

becomes feasible to use certain ferritic staIDless steel composites wruch fulfrll the necessary 

criteria as SOFC interconnects. The use of metallic interconnects offers very substantial cost 

benefits compared to LaCr03, but their use 1S presenrly preduded in SOFCs operating at 

higher temperatures. For a complete review of the CUITent interconnect mate rials used in 

SOFC see the work by Quadakkers (Quadakkers et al, 2003) 

2. B Nature and composition of electrolyte powders and their 
material precursors 

2.B.l Nature and composition of electrolyte powders 

Doped-CeOz based powders emerged as the most promising alternatives as 

electrolyte materials according to the lite rature review (see previous section). Three dopants 

were ehosen: samarium (Sm), gadolinium (Gd) and yttrium (Y). The amount of dopant 

added to the CeOz was selected to maximize the tonie eonductivity of the doped electrolyte 

powders. 

Fig. 2.7 shows that the amount of Sm dopant added to Ce02 that maximized the 

conductivity had a range that was dependent on temperature. It appeared that the higher the 
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temperature, the broader the range and the flatter the maximum. At lower temperatures, i.e. 

at 500 oC, the maximum ionie conductivity of Sm-doped-CeOz oeeurred in the range of 

x=0.1-0.2 and was comparable with that of doped CaO-Zr02, a conventionally used 

electrolyte material. The ionic conductivity of the Ce1."Gd,,02.x/2 mixture was also examined 

at 500 oC by Steele (Steele, 2000) and it is shown in Fig. 2.8. He found that the ionic, bulk or 

lattiee conductivity of the Cel.xG~02-x/2 mixture presented a maximum in the 10% mol 

vicinity (i.e. x = 0.1) and that maximizing the total mate rial conductivity would lead to an 

erroneous result. This was because the total material conductivity was dommated by the 

grain boundary eonductivity of the oxide and the bulk (not the total conductivity) has to be 

maximized* for an optimum SOFC eleetrolyte operation This is why a composition of 

dopant of 10 % mol is preferred over 25 % mol Gd01.s' 

ytrium was also induded as a possible dopant mainly as a result of its wide use as an 

eleetrolyte component. It has been known for many years that the dopant concentration that 

maximizes the bulk ionie conductivity lies in the 4 to 8 % mol range ofYz03 oxide (i.e. 

CeO.92YO.0801.96 to CeO.84YO.1601.9;)' In particular a 6 % mol of yttrium oxide has been reported 

to give maximum lattice conductivity (Tian et al, 2000). This is further illustrated in Fig. 2.9 in 

which the lattice and grain conductivities are shown at two different temperatures. 

*This differenee in conductivities between grain boundaries and bulk is a result of grain boundary defects and 
Si02 impurities that significantly decrease the total materiaI conductivity. The distinction between the lattiee 
and grain boundary conductivities is possible thanks to both a technique ca1led impedanee spectroscopy 
(MacDonald, 1987), and the use of a mode! that represents the lattice, grain boundary and electrode 
contributions as equivalent electrical circuits (Bauerle, 1969) 
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Figure 2.7 Composition dependence of 
conductivities for (Ce01h-,.(Smût.s)n 0 

900 oC, A 800 oC, 0 700 oC, • 600 oC, Ai. 

500 oC, broken Une (Z.r01)1_x(Caû)x at 
800 oC (Eguchi, 1997) 
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Figure 2.8 Isothermal conductivity ofCel_xGdxÛ2-
II2 at 500 oC as a function of Gd concentration 
showing data for the tattice conductivity, grain 
boundary and total contributions (Steele, 20(J(J) 
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Figure 2.9 Laffice and gram boundal')' conductivities at 500 "C and 700 oC for Y~doped Ce02 samp~es 
(Tian et al, Z(J(JO) 

2.B.2 Nature and behavior of eledrolyte material precurso1'S 

2.:8.2.1 Type of feeding 

To introduce the dopants (Sm, Gd and Y) and the cerium three possibil.ities were 

considered, i.e. solid, solution or suspension feeding. A suspension is detined as a mixture in 
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which small solid or liquid partides are suspended in liquid or gas (Dictionary ofPhysics). 

The term suspension in this work refers to a mixture of small solid partides in liquid media. 

There are several advantages in using liquid precursors. First, the rate and the 

composition of mate rial introduced to the plasma can be more easily and accurately 

controlled with solutions than with solids or suspensions. The composition of the solutions 

can be accurately adjusted by prope:rly weighing the solid materials prior to dissolution. 

Suspensions tend to dog the tubing through wruch they are fed into the plasma torch due to 

partide accumulation brought about by liquid evaporation and poor flowability. Thus 

controlling their compositions becomes problematic. Second, homogeneity 1s better 

achieved in solutions than in suspensions even if dispersant agents are used to stabilize the 

suspension. This is because homogeneity 1s an inherent property of solutions. Further, in the 

case of suspensions, apart from the initial mixing required to suspend the solids, mixing 

must be maintained while the suspension is being fed further complicating the feeding 

process. Solid partides have different size, shape and dens1ty, thus it is difficult to have a 

"uniform" and! or a "constant" solid feeding. If solid metals or metal oxides were to be 

introduced, partide fusion rather than partide reaction would govern the mechanism of 

doped oxide formation (Bonneau et al, 2001). 

The only drawback of solution injection 1S the undesired amount of solvent (water 

being the most common) introduced to the plasma. This reduces the amount of energy 

available for reaction and melting of the synthesized partides. Despite this drawback, 

solutions were preferred, chiefly to their homogeneity, ease of preparation and handle. 

2 • .8.2.2 Evaluation of different Uquid precursors 

Chlorides, nitrates, hydroxides, oxalates and organic salts have all been employed in 

the production of oxides from liquid precursors. Chlorides (Bonneau, 2001;Jurewiez! et al, 

2003; Lemoine et al, 2003) and nitrates (Schiller et al, 2003) have yielded acceptable results. In 

her work, Bonneau reported very similar reaction mechanisms for the formation of Zr02 

from bath hydroxides and chlorides. She also used nitrate salts of Ce, Y and La to prepare 

CeQ.sLao.1YO.l0x but no reaction mechanism was reported. The main drawback of employing 

either chIo rides or hydroxides was the formation ofhydroehloric acid, which is highly toxie 
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and very corrosive. Conversely, nitrates promo te the formation of NO" which is 

comparatively less harmful than H Cl. 

Oxalates due to their carbon content contaminate oxides and favor undesired side 

reactions (Mosse et al, 1995). Organic salts could be used but they are considerably more 

expensive than nitrates and chlorides. Further, nitrates are readily soluble in water, reducing 

the time required to prepare a solution. They are also the cheapest salts. 

2.B.2.3 Description of calcinations mechanisms of precursors 

The decomposition of different rare-earth salts was fttst investigated by Wendlandt. 

He analyzed the pyrolisis of a wide spectrum of rare-earth chloride and nitrate salts in air, 

induding Ce, Gd, Sm and Y salts (Wed/andtet al, 1956, 1951, 1959 and 1960. Itwas found 

that the thermal decomposition of the lighter rare earth metal chlorides and nitrates followed 

a general and very similar pattern with the notable exception of Ce and Sc. The general 

decomposition patterns are given below (M=Y, Sm, Gd). 

MCl3 • 6H 20 -? MCl3 • nH 20 -? MCl3 -? MOCI -? M 203 (1) 

M(N03 )3 ·6H20-?M(N03 )3 ·nH20-?M(N03 )3 ~MON03 -?M20 3 (2) 

In the case of Ce, neithet a basic nitrate intermediate (CeON03), not a basic oxy­

chloride intermediate (CeOC!) was found, and CeOz was obtained instead. This is of 

particular interest because the electrolyte powders produced were composed mainly of CeOz, 

and this oxide can be formed at temperatutes starting at 450 oC from nitrates (curve 2 in Fig 

2.10a) and beginning at 550 oC (curve D in Fig. 2.lOb) from chlorides. This fmding 1s of 

particular importance as CeOz can be produced in a plasma environment at a temperature of 

100 oC lower than that required for chlorides, and thus more energy couid be available for 

partide melting after calcination. This confttmed that nitrates were more favorable than 

chlorides as starting materials 
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Figure 2.10 a) Thermolysis curves of selected rare ea.rth nitrates, 1) La(N03).6Hl O, 2) 
Ce(N03).6H20, 3) Pr(NOJ)'~O, 4) Nd(NOJ).6HzO, 5) Sm(N03).6HzO, (WemJlandt, 1956) ; Il) 
Thermolysis curves of selected rare earth chlorides A) YCl3.6H10, H) LaCl3.6Hl O, Cl PrCll .6Hl O, D) 
CeCll .6Hl O, (Weudlandt, 1(57) 

Since nitrate salts for ail the rare--earth metals were employed, a summary of the 

thermal decomposition of the dopant salts 1S now given. 

Table 204 Summary of the thermal decomposition orthe dopants used (M=Y, Sm, Gd) (WendJand, 
1956& 1957) 

Metal M(N03)3 ~ M(N03h· ~ M(N03)3 ~ MON03 ~ M20 3 
.6H2O nH20 

yCOC) 25 30 Not stable 440-475 660 (begin) 
SmCOC) 25 50 Not stable 450 - 490 750 (begin) 
Gd~°C) 25 Not stable 75 455 - 480 730~ginl 

A detailed study of the thermolysis of Ce(N03)3.6HzO conftrmed the fmdings 

described by Wendlandt and proposed a new mechanism for the 10ss of waters ofhydration 

(EI...Adham et al, 1971). The abnormal calcination mechanism of cerium nitrate has also been 

observed by other authors (KmpPinen et al, 1989), but its mechanism remained obscured. 

Recent fmdings have suggested that the thermal decomposition of nitrate salts may be 

initiated through dissociation of the N-O bond. It was reported that the nitrate 

decomposition temperature was inversely proportional to the charge density of the metal 

ions. High density metal ions can polame nitrate ions and induce a sort of covalence bond 

between M and ° and, as a result, favor the nitrate decomposition. Ce(N03)3 has a charge 
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density of 0.66 x 10-3 (e/nm3) compared to Gd(N03)3 that has 0.57 x 10-3 (e/nm). Therefore, 

cerium nitrate has a starting decomposition temperature of -300 oC and gadolinium nitrate 

shows decomposition beginning at -370 oc. Data for samarium and yttrium were not 

reported but since those dopants had showed thermolysis curves similar to that of 

gadolinium, it was expected that they would also decompose at higher tempe ratures than the 

decomposition temperature of cerium nitrate. 

2. C Plasma processing of materials 

l.CI Thermal plasmas 

Thermal plasma technology has evolved over the past de cade into an advanced 

interdisciplinary science. Its principal applications are in materials processing, induding 

extractive metallurgy, melting and refining or metals and alloys, plasma chemical synthesis, 

plasma chemical vapor deposition, plasma and arc spraying, plasma waste destruction, and 

plasma synthesis of advanced ceramics. Plasma synthesis of fme partides down to the 

nanometer size range 1S one of the recent plasma applications, and it is still in its early stage 

of deve10pment (Boulos et al, 1994). 

The high energy-density combined with the high temperature of thermal plasmas 

leads to high reactivity and to mate rial heating and quenching rates in the order of 105_107 

K/ s. Moreover, the fact that the energy 1S generated through electrical coupling into the 

plasma and not through a combustion process also provides the additional means for the 

independent control of the chemistry of the reaction mixtures and its specifie energy level 

These are unique and important features of thermal plasma processing which allow the rapid 

synthesis of materials with unique and enhanced properties at high temperatures (Boulos, 

1991). 

2.C2 RF (radiofrequency) inductively coupled discharges 

An RF-inductively coupled dis charge was used in this project, among the different 

ways to genernte plasmas. In RF-induction plasma torches, energy coupling to the plasma is 

accomplished through the electromagnetic field of the induction coil. The plasma gas does 
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not come into contact with electrodes. thus elimIDating possible sources of contamination 

and allowing for the operation of such plasma torches with a wide range of gases, induding 

inert, reducing, oxidizing and other corrosive atmospheres. Pure argon or its mixture with 

other gases is still the usuaI choice as the plasma gas largely because of its ease of 10nization. 

The excitation frequency is typically between 200 kHz and 20 l\1Hz. Laboratory units mn at 

power levels of the order of 30-50 kW. In addition, induction plasmas are charactenzed by 

their large volume, low velocity and high energy density, and by their ability to offer injected 

partides a relatively long in-flight heating time of the order of 10 to 35 ms (compared to 0.5 

to 1.0 ms in the De plasma spraying units) (Boulos, 1992). The relatively low radial thermal 

and velocity gradients in the plasma core (m companson to the steep axial gradients) ensme 

a relative homogeneous treatment of a high reactant throughput injected in the central 

region of the plasma (J3ot{Ycr ct a~ 2001). 

The plasma torch is composed, as shown in Fig. 2.11, of a water cooled confmement 

tube, typically, 35 to 70 mm in internaI diameter and 150 to 200 mm long, for plasma torches 

with a nominal power rating in the range of 30 to 150 kW, respectively. 

QI 
j 

Figure 2.U Schematic diagram of the induction plasma toreiE (fekna PL-35 torch) (Merklwufet al, 
lOOO) 

26 



The confinement tube 1s surrounded by a three to five tum induction coil connected 

to the RF power supply. The coil is water-cooled with a rigid conflgUration to maintain a 

constant impedance matching to the power supply and to ensure optimum energy transfer. 

The upstream part of the torch is the gas distributor he ad, which 1S responsible for the 

introduction of the different gases. Three different gas streams are introduced into the torch. 

The sheath gas (Q;) serves to prote ct the wall of the plasma confmement tube from the high 

temperature of the dis charge and sometimes to favor the oxidation or reduction of the 

chemical species injected into the plasma (using either oxygen or hydrogen). The central gas 

(Q;), which has a swicl velo city component, serves to stabilize the plasma. The powder or 

atomizing gas (QJ serves as a carrier for the axial injection of the powder or as an atomizing 

gas. A water-cooled stainless steel probe, which penetrates through the torch head, is used to 

introduce the powder, suspension or solution axially into the center of the discharge. Due to 

the complexity of the flow pattem in the discharge region, the position of the tip of the 

powder injection probe is of critical importance. If located above the ftrst tum of the coil, it 

could result in the excessive deposition of the powder on the wall of the plasma 

confmement tube in the case of powder injection. In the case of suspension or solutions 

injection, it could result as possible recirculation and/or backflow of the atomized droplets. 

A low probe position will result in excessive cooling of the plasma and a reduction of the 

partide residence time in the discharge. This will give rise to a reduction of the ability of the 

plasma to completely melt the particles in-flight. A more detailed and technical description 

of the plasma system 1S provided in chapter 3, in which the experimental apparatus 1S 

described 

2. C3 Thermal plasma synthesis of ceramics 

Thermal plasma methods applied to ceramics began with the experiments conducted 

by Gilman (Gifman et a~ 19615). He reported that stoichiometric CeOz partides were 

spheroidized by an inductively coupled plasma torch. However, the use of thermal plasma to 

synthesized oxide partides from liquid precursors was ftrst developed in the early 90s. Fine 

powders ofYBazCu30 7_x were synthesized by injecting mixed nitrate solutions of yttrium, 

barium and copper into an argon RF thermal plasma (Zhu et a4 199(}). The use of thermal 

plasma to produce powders of different compositions was aIso successfully demonstrated 

for nanosized zinc ferrite spinel powders. Various compositions were recently produced in a 
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RF thermal plasma from co-precipated hydroxides (Mohai et al, 2001). The plasma chemical 

treatment of salts and their aqueous solutions was reported as a very promising alternative to 

synthesized rare-eaM oxides by Mosse (Mosse et al, 1995). He studied, numerically and 

experimentally, the production of oxides of rare-eaM clements from dispersed aqueous salt 

solutions in an electric arc plasma reactor. The use of a suspension instead of a solution to 

produce oxide partides was first applied to the production of hydroxyapatite (Bouyer et al, 

1997). This technique has also been employed to prepare yttria-stabilized zircorua and AlZ0 3 

coatings (De/bos et al, 2003) and to produce LaMn03 perovskite coatings (Montermbio et al, 

2003) using DC thermal plasma. 

2. D Conventional and plasma applications for the production of 
SOFC components 

The real disadvantage in the production of SOFC components using conventional 

methods 1s the great number of steps involved, and thus the overall process becomes 

expensive, rime consuming and prone to contamination. This has promoted the investigation 

of alternative processes. The aim of these processes 1S to allow the synthesis and deposition 

of SOFC components starting from suitable precursors (mostly liquid due to their ease of 

injection and facility to control their composition) in one step. These alternatives are 

chemical vapor deposition (CVD), electrochemical vapor deposition (EVD), and aerosol 

assisted metal-orgaruc CVD (l\10CVD) (Song et al, 2003). Both radio frequency and direct 

current thermal plasmas have been successfully applied to synthesize oxides and deposit 

ceramic coatings. The fust attempts to produce SOFC components using thermal plasmas 

emerged as a consequence of this success. In recent years, it has been demonstrated that 

both RF-inductively coupled and DC thermal plasma could be implemented to prepare 

SOFC components. The convention al methods for the production ofSOFC components 

are reviewed before describing the advances of RF thermal plasma in the production of 

these components. 

2.D.I Conventümal methof.!s for the production of SOFC components 

In general, the production of ceIl components using conventional methods is ruvided 

into three stages. The fmt one involves the production of cathode, anode and electrolyte 

mate rials of adequate compositions usually in the form of powders. The second stage is the 
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foonation of the solid layers of each of the components, and finally the third stage is the 

assembly of all the components in a single celi unit. 

Severa! methods have been employed in the production of the powder mate rials to 

he converted in SOFC components. The Pechini method has been extensively used to 

manufactw:e ceramic oxide powders for SOFCs (Ciinryt et a4 200(}). lt involves the formation 

of a polymerie resin, using citric acid and ethylene glycol at ~150 oC, from solutions (usually 

nitrates) of the desired metals. This resin upon constant heating forms a char. As the 

tempe rature is increased, the char undergoes calcination and the oxide powders are formed. 

The process involves a minimum of10 hours. Despite its length, gadolinium doped cerium 

electrolyte and perovskite-type cathode powders have been synthesized using the Pechini 

method with good results (Dos hi et a4 1999). Tsoga investigated several techniques to 

synthesize pure crystalline gadolinium doped cerium (GDC) powders, ie. ure a-nitrate 

combustion, spray-drying, and two strike co-precipitation methods using ammonia or oxalic 

acid, among these, the strike co-precipitation with oxalic aod was reported as the best 

alternative (Tsoga et a4 1999). The common denominator in the Tsoga study was the long 

rime involved to produce the powders as a result of the sintering and calcinations processes. 

Recently, two ceramic powders were synthesized at several dopant compositions by the 

oxalate coprecipitation route using cerium nitrate and gadolinium or samarium nitrate as 

starting materials with good results (Zha et a4 20003). Solid state reactions with solid powders 

have also been tried. Ce02 and Y20 3 powders were mixed and ballmilled with methanol as 

solvent to produce (Y0l.5)" (Ce0z)l_x powders (Xiong et a4 2001). ZrO.7SCeO.0814.1701.92 

(M=Nd, Sm, Gd, Dy, Ho, Y, Yb, Sc) powders were also prepared by solid state techniques. 

Milling of the solid materials in propan-2-01 was reported (Kimpton et a/, 2002). 

Regarding the second stage of SOFC production (i.e. the formation of solid 

electrolyte byers), conventional ceramic processing methods are usually involved, such as 

tape casting, screen printing and slurry coating. A typical case 15 the production of the anode 

supported electrolytes, which is manufactw:ed using tape casting foliowed br sintering to 

improve the anode-electrolyte contact. Cathodes are usually applied to the anode-supported 

e1ectrolyte by either slurry painting or screen printing foliowed by another heat treatment to 

ensure a praper contact between the electrolyte and the cathode. Other alternative methods 

commonly involved in the production of SOFCs are conventional ceramic techniques such 
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as warm pressing, vacuum slip casting, wet powder spraying, and screen printing (IWV, 

2003). These tedious processes for SOFC production provide a cheap alternative to 

manufacture SOFC components but have certain difficulties in obtaining MIy dense thin 

films during the removal of undesired compounds and during sintering. 

l.D.l Plasma metho(/s for the production of SOFC components 

Thermal spray methods have been applied to the production of SOFC components 

for more than 10 years: to make SOFC cathodes by the plasma spraying of perovskite 

powders (Schiller et a~ 1999); to produce dense zirconia electrolyte layers with the aid of 

Laval-type nozzles to accelerate the plasma flow (Müller et a4 2002), and to fabricate porosity­

controlled Ni/YSZ cermet truck anode layers (Lemoine et a~ 2003). Thermal-plasma 

technology, especially, plasma spraymg, offers several advantages, the most important of 

which is the ability to achieve considerably higher deposition rates than those that can be 

obtained with such approaches as physical or chemical vapor deposition (pVD or CVD). 

The other advantages are the reduction of the production cost for the present technology 

used in the manufacture of SOFCs (i.e. series of sintering processes) and the possibility for 

decreasing the thickness of the electrolyte oxygen-ion conducting layer, which in tum 

reduces the internal electrical resistance of the celi (Git:;fJo/er et a~ 2000). Further, the plasma 

produced SOFC layers requite no further thermal post-treatment after deposition (SchiUeret 

al, 2003). 

Thermal plasma chemical vapor deposition (TPCVD) has been employed to deposit 

Sr-doped La-(M:n, Fe, Co) perovskite cathodes with better results than suspension plasma 

spraying (SPS). This was because the thermal plasma chemical vapor deposited layers had the 

open porosity required for gas migration in SOFC electrodes, whereas the suspension 

plasma sprayed layers had a very low porosity. The difference in porosity was a consequence 

of the different microstructure provided by the two different methods. SPS favored a layered 

microstructure and TPCVD favored a columnar microstructure (MüUer et al, 2002). 

Deposition rates ofup to 25 !J.m/min were achieved with TPCVD which are orders of 

magnitude higher than most of the comparable values found in the lite rature for TPCVD of 

oxide layers (Schiller, 2003). 
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Suspension plasma spraying has been applied to the production of the YSZ and 

Ce02 electrolytes (Bonneau, 2001; Gutierrez et al, 2001) with excellent reswts. Bonneau 

surveyed severalliquid precursors and found that nitrate and chloride solutions were 

promising alternatives. It was also noticed that the suspension stability depended on the 

partide size, viscosity, homogeneity, mass-liquid ratio and type of solvent The ftnal 

suspension must contain as many solid partides as possible and yet it must have a 

sufficiently low viscosity to avoid partide dogging. yttria stabilized zirconia layers of 12% 

mass Y203 have been deposited at rates in excess of 100 J.!m/min. This was as efftcient as 

most of the traditional thermal spraying methods, and dense coatings with only 3% porosity 

cowd be achieved (MüUer et al, 2002). Finally, there has been a worldwide effort devoted to 

the production of SOFC components using different thermal plasma techniques to prepare 

the gas-tight, solid electrolyte yttria stabilized zirconia layer, the porosity controlled Ni/YSZ 

cermet thick anode layer and also the porosity controlled perovskite cathode. The techniques 

investigated were DC/RF -hybrid plasma spraying, RF-induction plasma spraying with and 

without supersonic nozzle, triple torch plasma spraying, and high-velocity-low-pressure DC 

plasma spraying. The results obtained dearly showed that SOFe components produced 

using thermal plasma technology performed among the highest SOFCs performance values 

reported for SOFC components manufactured employing conventional ceramic methods 

(GitZhoftr, 2000). 
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Chapter 3 Experimental techniques and methodology 

3. A Experimental setup 

The experonental setup used in this project has been successfully employed in the 

production of seve:ral materials; notable cases are the production of hydroxyapatite (Bouyer et 

al, 1991), and MoSi2 (Gutiemz et al, 2001) and SiC nanopowders (Guo et al, 1991). 

3.A.l Description 

The complete experimental setup consists of an induction plasma torch (PL-50 

Tekna Inc.), a 50 kW radio frequency power supply (Lepel generator with an oscillator 

frequency 3-5 MHz), two cylindrical stainless steel hermetically sealed water-cooled reactors, 

i.e. primary and secondary, three paralle15 I-tm porous metallic ftlters (Inconel600), and an 

atomizing probe (Tekna Inc. SA-792 x 0.8/1.0 mm in internal diameter x 260 mm long). 

The tip of the atomizing probe was located just below the fust induction coi! of the torch. 

The experonental setup is shown schematically in Fig. 3.1. 

3.A.2 Operation 

The procedure followed to synthesize all samples was the following. The primary 

and secondary reactors were water-washed before running any experiment. The system was 

mounted as shown in Fig. 3.1 and the vacuum started To ignite the plasma, a pressure 

reading of -10 torr (vacuum) should be obtained, but on occasion the vacuum desired was 

not achieved and the plasma was started at pressures below 30 torr but higher than 10 torr. 

The plasma must never be ignited if the pressure reading is higher than 50 torr which 

indicates major leaks in the system. The central gas (10 slpm Ar) and the sheath gas (45 slpm 

Ar) were used to ignite the plasma once the radio frequency power was turned on. The 

atomizing gas was then allowed to flow into the torch. The pressure was slowly increased to 

200 torr and then the oxygen sheath gas was fed to the torch at the same cime that the argon 

sheath gas flow was stopped The reactor pressure and the atomizing, central and sheath gas 

flow rates were finely adjusted to the desired experonental conditions. Finally, the peristaltic 

pump was tumed on and the precursor solution was fed to the plasma torch. The gas flow 

rates were stopped ~20 seconds after the feeding solution was depleted. This was done with 
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the intention of completely reacting left over solution in the feeding line. The partides were 

collected from different places, i.e. the reactors walls, the collector at the bottom of the 

primary reactor and at the metallic filters. A brush was used to remove the partides from the 

fdters and the reactors walls. 

Figure 3.1 Experimental semp 
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3.A.3 Recompilation of experlmental conditions 
The experimental conditions are shown in Tables 3.1 and 3.2. The atomization gas flow rate showed slight fluctuations (± 0.5 slpm) 

during operation but they did not significantly affect the experiments. These fluctuations resulted from smallleaks along the atomizing gas 

line as a result of constant disassembly of the equipment for cleaning purposes. Also, different atomizing gas flow rates resulted in different 

droplet distributions with minor variations of the order of 3 microns between the lowest and the highest flow rate, 5.0 and 6.5 slpm 

respectively. The central and sheath gas used were argon and oxygen respective1y. 

Table 3.1 Summary of experimental conditions 

No Synthesized DC Current Plate Central Sheath Atomizing Liquid Probe Reador 
produd voltage power gas gas gas flow rate aperture pressu.re 

. __________ .. ___________ .. __ ._. ___ ... _____ l~!1 ... ________ LA L ___ .1!wl._ .. __ ._. (s{l!..m } __ ... _l~!l!..m '-____ .. ___ . __ .lslp.1!}L." ___ ._1'!!!!.'!!Î!!L_ .. _. ______ l4!!JJ!..f!.~~ .. ____ . ___ l!9T!1_ 
l Ceo.aGdQ.201.9 6.3 5.5 35.0 9.5 39.0 6.560.5 6.0 2700 (open) 300610 
2 CeO.8SGdQ.lSOJ.92S 6.2 4.2 26.0 31.0 39.0 5.060.5 6.0 2700 (open) 300610 

.. }_._.f~9.~~~~:!.2l:~? __ ._ .. __ " __ ~.Q. ___ . __ ._ 5. 0 __ ._~2:9_._ .. ___ ~:? ___ .... _._._~~:Q. .. _ .. _. __ ~.?6CL? __ .. _____ 6·~_ ... _~~Q~.L_~~~._ ...... _ .. ~Q95?lQ_. 
4 CeO.8Smo.20J.9 5.0 3.0 15.0 9.5 39.0 5.060.5 6.0 2700 (open) 300610 
5 CeO.8SSmO.lSOJ.92S 6.0 4.0 24.0 9.5 39.0 5.060.5 6.0 2700 (open) 300610 
6 CeO.$mo.101.95 6.2 5.5 34.1 9.5 39.0 6.560.5 6.0 2700 (open) 300610 

-·'7-·-·--CeO.85 Y~~;6·;.925 -·--.. -----6~O-·------4:o--2ïfo---·-· .. 9:5 .. -·-.. ··_-39:O·--·-·-5~60~5-·-.. --·-.. 6:0--· .. 270or~p~~)-·-·-.. 10061O-· 
8 CeO.8SYO.1201.94 6.0 5.0 30.0 9.5 39.0 6.560.5 6.0 2700 (open) 300610 
9-.... -ëeÛ;--_·-.. _· .. -·---6.2-· 4.2 26.0 .------9.5-.-.---39.'0.---.-5560.5.--.--.-... 6:0--270°'( ... -~ë~)···-· .. -3006iO--

Table 3.2 Summary of solution preparation 

No Synthesized produd Precursors Precursors Water added Density of the solution 
_______ ... _ ..... _ .... _ .. _ ...... ___ .. _._ ..... ___ ..... __ ..... __ ......... __ .. __ ..... __ .. _ .. _ .............. _ ....... __ Llfl. ...... _ .. _ ............ _ ........ _ .... __ .... _ ................ LFSl. ................... _ .... __ ..... _ .................... .l1(l._ ... ___ ......... _ ........ _ .. _ ........ _ ... lg!.m.1l.~?.tS·L .. 

l CeO.SGdQ.201.9 Ce(N03h.6H20.. 41.84 Gd(N03)3.6H20 10.87 30.49 1.583 
2 CeO.8SGdQ.lS01.92S Ce(N03)3.6HzO 20.92 Gd(N03h.6HzO 3.84 14.18 1.657 
3 Ç.~9-'&~.191.9L _________ .. _Çe(Nq~t?H20 ._--±L~t!. ___ gdŒQ.~L~H20 __ ~.!~_._._ .. _ ... _~? .4~ .. _._ .. __ ._ .... __ .. _ ....... __ ._!:.§.92 __ 
4 Ceo.sSmO.ZOI.9 Ce(N03)3.6HzO 20.92 Sm(N03h6H20 5.35 15.19 1.637 
5 Ceo.8sSmo.1S01.92S Ce(N03h6H20 41.84 Sm(N03h6H20 7.56 28.28 1.616 
_~ __ .~~~.9S~JQ.t2i_ .. _" __ ....... __ g~(~.93h·~~Q ___ .~_~~<!... __ §m(~Q1Î3.6H20 _._±:Z~ ___ .. __ . ____ }~:~~_ .. __ . ____ ._ ... _ .. ____ ...... ___ .... L~.!.~ __ 

7 CeO.8SYO.lSOI.925 Ce(N03h.6H20 20.92 Y(N03)3.6H20 3.21 13.76 1.624 
_~._ .. __ C~9.:.88 y Q,gO 1.94 _. ___ .. _____ ~(N03)3. 6~2~_ . ....i!.~~ ..... _._ .. y.ili03)3 .?H2Q_._ .. _±:7.Q..._._" ___ . ___ .~~!_~ .. _._ .. _____ ._ .. _. __ ... _._ ... ___ ._ .. _!:.600 . 

9 Ce02 Ce(N03h6H20 20.92 11.62 1.666 
Ce(N03)3.6H20, Y(N03)s.6H20, Gd(N03)3.6H20, and Sm(N03)3.6HzO (from Alfa Aesar, stock No. 11330, 12898, 12917 and 12906, respectively) 
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3. B Electrolyte powder production and characterlzation 

The different techniques and methodologies that were employed for the partide 

production and analysis were the following. 

3.B.} Atomized drop/et size distribution 

The atornized droplet size distribution (DSD) was measured using a 

MalvernjINSlTEC In-Line EPCS (Ensemble Partide Concentration and Size) system. This 

system tS designed to continuously measure and display partide size distribution information 

from a pneumatically conveyed stream of powders or aerosols. The EPCS uses the laser 

diffraction technique to measure the partide or droplet size distribution. A general system 

layout is shown in Fig. 3.2. 

Figure 3.2 Ma.lvern atomized droplet sue analyzer sefup showing a different probe than the one used 
in this work (Courtesy of Linda Oukacine) 

The gas flaw rate was cantrolled using a calibrated rotarneter (see appendix B). A 

peristaltic pump (peristaltic Pump Easy Load II. Masterflex) was used (nat shawn in Fig. 
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3.2) to inject the liquid into the atomizing probe (see appendix B for calibration curve). The 

optimum distance between the probe nozzle and the laser beam was 3.0 cm. The atoroized 

spray was located 4-5 cm away from the detector minor. These parameters were chosen 

based on the real time droplet size distribution displayed by the computer. The spray must 

intercept the laser beam in such a way that bimodal DSD were not recorded by the 

computer. Bimodal distributions arose because the laser detector mirror was undean or 

because the spray intercepted the laser beam either too dose or too far away from the 

optimum position. Great care must be taken to prevent atomized droplets from contacting 

the detector mirror as this could easily change the DSD curve. If this happens, the data 

acquisition must be stopped, the mitror deaned and the system re-started. 

3.B.2 X-Ray diffraction 

The X-Ray diffraction analysis was done using a PHILIPS PWl710 Powder X-ray 

diffraction system. The Philips PC APD and Philips PC ldentify software were used with 

this system. The system 1S equipped W1th a fme focus copper x-ray source, operated at 800 

Watts. 

Prior to anaIysis, aU samples were air dried. Each sample 1S then tighdy packed into the 

sample holder (a sample volume of about 5 ml 1S required) and exposed to X-ray radiation. 

A detector attached to the system measures the intensity of diffracted rays at different 

angles. The information is reported in a graph of diffracted angles (20) versus intensities and 

it is then compare to a reference database build-in in the software in order to identify aU 

phases or compounds present in the sample. 

3.B.3 Inductively cou pied plasma (lep) 

An ultramicro balance (Sartorius S4 mode! 1990) with a precision of O.OOOlmg was 

used to measure 10.0 mg of sample. Weighingwax paper (Fisher 09-898-12B) was used as 

sample holder to facilitate the weighlng process. The samp1e was then dissolved in 10.0 ml of 

a mixture of nitiric acid (Fisher A200-500ml, -15M) and distilled wate! in a 3:1 volume ratio. 

Gende heat and moderate srirring was applied for 10 minutes to help in the dissolution. The 

solution was then transferred into a 100 ml volumetrie flask and distilled water was poured 

up to the 100 ml mark. The resulting solution concentration was 100 ppm (1 mg per liter of 

solution). The same procedure was followed for aU the samples. Simultaneously, solutions of 

36 



· '\, ~ ". ' 
" ',<,)" "'." 

100 ppm and 50 ppm were prepared from Y, Gd, Sm and Ce standard solutions (Fisher ICP 

standards, 1, 000 J..lg/ml) to generate a calibration curve. The lCP optical emission 

measurements were done using a Thermo Jarre! Ash Trace Scan ICP spectrometer. The 

liquid injection rate was 1.5 ml/min, the radio frequency power of the axial torch running at 

30 psi was 13.5 W and the torch gas flowand the auxiliary flow were 18 and 1 slpm, 

respectively. The wavelengths used for elemental identification were 335.0 nm for Gd, 442.4 

nm for Sm, 418.6 nm for Ce and 488.3 nm for Y. The elemental analysis at these 

wavelengths is highly recommended as it was found that using other wave!engths caused 

interterence among the Gd, Ce and Sm signals. The interference was especiaily significant at 

342.2 nm for Gd, 413.7 nm for Ce and 359.2 and 330.6 nm for Sm. Four independent scans 

were run for each sample. Each scan was programmed to identify ail four elements The 

reswts were reported with their respective standard deviations. The calibration curved was 

based on three points, 0, 50 and 100 ppm. The linear correlation coefficient was 0.999 

(R2=0.999) for the four elements. Ànother cahbration was done at the end of the runs to 

prevent de-calibration, the R2 dropped from 0.999 to 0.997 for yttrium and for the rest of 

the samples dropped to 0.998. 

3.B.4 Powder preparation for SEM 

Each sample was mounted on a silicon wafer that was taped using a double sided 

carbon tape to an SEM aluminum smb. The Sartonus ultramicro balance (used also for the 

ICP measurements) was employed to weight 5.0 mg of powder per sample. The powder was 

transferred to a 4-dram vial. Then, 2 ml ofDMF (N,N-Dimethyl formamide, Fisher D131-1) 

were added to the vial and the vial was capped and submerged in an ultrason1c bath (1510 

Branson ultrasonic bath) with water for 5 minutes to break up partide agglomerates. Several 

solvents were tried: ethanol, distilled water, acetone, DMF, hexane/water and toluene. DMF 

gave the best partide dispersion, as the partides dispersed with DMF took the longest time 

to settle down. A Pasteur pipette was used to deposit a droplet of the dispersed suspension 

onto the silicon wafer and then the sample was exposed to light (fungsten desk lamp) for 30 

min. to dry. The same procedure was followed for an the samples. Finally, the samples were 

analyzed using a Hitachi 4700 Field Emission Scanning Electron .M:icroscope (FE-SEM) in 

ultrahigh resolucion mode. Energy dispersive spectrometry (EDS) was done using an X-ray 
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detector (Oxford Instruments X-fay detectot. Model 7200) interfaced to an INCA 3.04 

software for data display and analysis. 

3.B.5 Laser diffraction for panicle size distribution 

The measurements were carried out using the Mastesizer 2000 (Malvern 

Instruments) with the Hydro 2000 S as the liquid injector. Each sample was dispersed in 

distilled water and subjected to 5 minutes of ultrasound It was observed that none of the 

samples re-agglomerated after sorucation. A dispersant agent (Sodium hexamethaphosphate. 

CAS 10124-56-8) was used to help stabilizing the de-agglomerated suspension. The 

concentration of the dispersant in the suspension was 0.1 % pet weight. Finally, the 

suspensions were injected to the analyzer and the results collected and displayed in the 

Mastersizer software. 

3. C Image analysis for particle size determination 

The partide slze distribution (PSD) analysis of the synthesized partides was based on 

SEM images of the various synthesized partides. This analysis involved two steps. First, the 

commercial software Scion Image for Windows © 2000 was employed to provide the values 

of the different grey levels along parallellines drawn on the SEM images. This information 

was stored in several ftIes. In the second step, the grey level data was retrieved and processed 

to generate number and volume PSD curves using a computational program written in 

MATLAB 6.0.0.88 Release 12 developed by the author of this thesis (for simplicity, this 

program will be teferred as the in-house PSD software). Five different images were analyzed 

per synthesized powder sample with the intention of having sufficient partides to measure 

and thus provide statistically valid results for each sample. A detailed description ofhow to 

manipulate the SEM images and ofhow to navigate through the Scion and MATLAB 

softwares is presented in appendix C. A general overview of the assumptions and steps taken 

to obtain partide s1ze distributions From SEM images tS now described. 

3.C.l Commercial software 

The Scion software was used to extract From SEM images all grey SCOlIe values along 

selected parallellines superimposed on SEM images. First, the image WOlS ftItered once to 

remove some noise. Then, a predetermined number of paralle11ines were superimposed on 
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the SEM image every certain number of pixels, which was detennined by an estimated size 

of the largest partide(s) visible on the SEM micrographs, i.e. if the largest partide was 20 

nm, then the distance between two parallellines was the equivalent of 20 nanometers in 

pixels. This conversion was based on the SEM micrograph scale; for most images a 1:1 ratio 

was taken. It was not always straightforward to determ1ne the largest partide on the SEM 

micrographs but the main idea was to avoid double counting of partides. Therefore, 

oveœstimating the largest(s) partide size and thus the line interspacing (i.e. the distance 

between two parallellines) did not significandy affect the results since more than 1,000 

partides were sampled in aIl cases. The Scion software was then used to extract the grey 

scale values of each pixel along these lines and the information of each line was stored in a 

text file. The same procedure was followed for all the images. Fig. 3.3 shows a typicalline 

across an image and its respective grey scale values as a function of position (in pixels). 

Three different regions are identified in the image as A, Band C. Regions A and C 

showed typical grey values of partides visible in the image whereas region B illustrates typical 

grey values of the image background. Defmed peaks of different broadness are observed. 

These represèht single or multiple partides, but in general an individual peak corresponds to 

a single partide. Therefore, measuring the peak's broadness gives a direct indication of 

partide sizes. 
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Figure 3.3 Scion software interface showmg the grey scaIe values along a characteristic superimposed 
Bine 

3. C.l Developed algorithm (ln-house PSD software) 

Four sepamte stages involving different tasks were carried out with the in-house 

software. There was an additional extra task involving data fitting that was only done once 

after the results for all the samples analyzed were obtained. These tasks were the following: 

1) data reading and organization, 2) grey scale value processing and binary matrix formation, 

3) binary matrix data processing and partide size counting, and 4) partide size distribution 

plotting, normalization, and elimination of the technique's artifacts. The additional task was 

the fitting of a log-normal PSD to the computed distributions to obtain characteristic 

pammeters for each sample. The computation al algorifum employed took advantage of the 

fact that individual partides had very similar grey level values, and that there was a sharp 

decrease of these values in between partides. Therefore, individual partides could be 

distinguished even though they appeared agglomerated. The different stages are now 

described: 
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Stage 1: The information gathered from the Scion software was retrieved and 

organized in a single matrix containing aU the grey scale values 

Stage 2: The computational algorithm analyzed the grey values at each pixel along the 

superimposed lines of the SEM images. There were two requirements to meet in order to 

assess whether a particular grey scale value associated to an individual pixel corresponded to 

a partide or not. First, if the grey values were below a certain threshold value, it was assumed 

that the pixel belonged to the background. Second, the grey scale value of a particular pixel 

along the line was compared to the grey scale values of the preceding and ensuing pixels. If 

the grey value difference among the three pixels was smaller than an arbitrary tolerance (i.e. 

typicaUy 10 units), then a value of one would be assigned to the analyzed pixel (i.e. the pixel 

between the preceding and the ensuing). Failure to meet this requirement would assign a 

value of zero to the analyzed pixel. Once the operation was completed, the ensuing pixel 

would now be the analyzed pixel. The entire line containing aU the grey values was thus 

evaluated in this fashion. At thé end of the line, the program switched to the next line and 

the examination would continue. At the end of the operation, a binary matrix would be 

formed, i.e. a matrix of one and zeros. 

Stage 3: This binary matr1x represented the different partides seen in the micrograph 

by continuous series of ones and the partide-partide and partide background separation was 

represented by at least one or more zeros. The smallest partide would be a particle in which 

a simple one was observed among zeros (ie. a pixel that had an assigned a value of one). 

Therefore, counting the number of consecutive ones would be a direct indication of the 

length and thus the size of the different partides. The number of consecutive ones was then 

counted and the values stored in a different matrix, in this way the total number of partides 

could be computed. This technique underescimates the partide size by exacdy two pixels and 

thus once the partide sizes (in pixels) were compute d, two pixels were added to aU partides. 

The underescimation was because at exacdy the pixels representing the partide edges either 

the preceding or the ensuing pixel (i.e. the pixel before or after the edges) was greater than 

the tolerance and thus the value assigned to the pixel corresponding to the edge of the 

partide was a zero; even though it did belong to the partide. Fig. 3.4 shows the results of 

three randomly selected parallellines, the left y-axis represents the grey scale values and the 

right y-axis represents the binary value assigned to each pixel. A dotted line was drawn after 

every one-zero or zero-one switch in the binary matrix to help visualize where partides begin 

or end. It can be seen that where sharp peaks delimited partides, the accuracy of this 
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technique 1S high in determining the partide length, and it diminished somehow as the peaks 

resemble the pattern of a noise signal, i.e. several up-and-downs of small magnitude. Even in 

this situation the algorithm showed a remarkable performance when the patterns were 

visuaUy compared to the analyzed image. This extra-check was done for all the samples, 

based on three random lines. 

Figure 304 Sample results of the in-house PSD software showing the grey values of three different 
pamDellines across the SEM micrograph Oeil y-axis) and showmg the resnlts representing the 
particles counted along the three lines (te. the number of ones) (right y-axis) as a function onocation 
(in pixels). The dotted lines represent the beginning or end of particles 

Stage 4: A histogram of the total number of partides counted was plotted. This 

histogram was a number based PSD. The number based was used to plot another histogram 

in which this distribution was converted into a volume based PSD (Fig. 3.5). In this f1gUre, it 

can be seen that partides of different lengths were computed (Fig. 3.Sa), and that the 

number and the volume PSD are remarkably different (Fig. 3.Sb and 3.5d). 

Stage 5 (after ail images were analyzed for a given powder sample): A log-normal 

distribution was fitted to the volume PSD based on its estimated parameters, i.e. median and 

standard deviation. These estimated parameters were obtained from a technique that has 

been used for partides present in atmospheric emissions (Nevers, 1995). Before estimating 
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the volume-based PSD parameters, this distribution was truncated at the lower and upper 

ends and then renortnalized 

Figure 3.5 Sample results of tbe in-bouse PSD software sbowing a) the lengtb of aU particles sampled, 
b) the number based PSD bistogram, and c) its correspouding cumulative PSD, 41) volume based 
PSD bistogram and e) its corresponding cumulative PSD 

The truncarion of the distribution was done to remove artifacts. There were two 

types of artifacts; the f11:st one was exceedingly long partides that were not observed after 

visually comparing the results to the raw image. These long partides were the result of a 

series of aggiomerated partides that had extremely dose grey scale values, and thus were 

considered a single unit by the algorithm. The other arrifact was the presence of very small 

partides, typically less than 5 nID or roughly 5 pixels. These parrides appeared as a 

consequence of an inadequate binary assignment of values from large parrides showing 

sharp grey scale contrasts, and they were thus removed from the original PSD. These two 

artifacts defmed the optimum tolerance in terms of grey scale values used in the analysis of a 

single image. A loose tolerance between adjacent parrides would favor exceedingly long 

partides when agglomerates were present (i.e. grey scale tolerance values greater than 15 

units), and a thigh tolerance would favor partide break-up within one individual partide (i.e. 

values lower than 7). Therefore, this optimum tolerance must be found for each image; 

typically the grey scale value tolerance was found between 10 to 12 uruts. This very narrow 
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range indicated that all the different images were comparable and that the technique was not 

especially sensitive to different grey scale values resulting from various levels ofbrightness or 

sharpness among images. 

3. Cl PSD methodo[ogy tlSsessment 

In general, commercial softwares count the number of objects in an image by first 

converting the image intensity (ie. the greyscale values of each pixel) into a binary image (ie. 

black and white). This implies that a certain threshold value must be selected and thus any 

objects below this value are ignored as they become part of the background, ie. either black 

or white. The objects observed in the black and white images are then labeled. The accuracy 

of this process usually depends on four parameters: 1) the sae of the objects, 2) whether or 

not any objects are touching, 3) the accuracy of the approximated background, 4) the level of 

connectivity selected (i.e. pixels of the same intensity, black or white, must touch along an 

edge to be considered connected). Finally, the area of the labeled objects is computed and 

the results are given in pixels. This could later be translated into any other scale by knowing 

the equivalence of a pixel in units oflength. 

The PSD commercial software approach was not adequate for the SEM micrographs 

taken for several reasons. First, the particles were agglomerated and thus many partides were 

superimposed, this meant that two or mote particles wete considered as one individual 

partide when labeling the numbet of objects. Second, background spots were observed 

within the particles as a consequence of adjusting the threshold of the image, therefore, 

when the partides areas were computed, these spots would not be induded. Third, the level 

of connectivity was not weIl defmed because most partides did not have dear separations 

among themselves and among themselves and the background. This significantly affected 

the apparent s1ze of the objects (i.e. partides). 

The method developed in tbis thesis was inspired by the technique described by 

Kaye (Kaye, 1999) and f:arst developed for studying the structure of holes and dispersed 

species in items made from powdet compacts, which use random ttacks drawn across a 

dispersed set of fmepartides to obtain a PSD. This type of evaluation is known as the 
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Rosiwal intercept method and yields excellent results for log-normal partide size 

distributions. 

The PSD methodology developed for this project offered significant advantages 

compared to other commercial PSD softwares used for image analysis. It took advantage of 

the fact that the grey scale values within partides were very similar but still sufficiently 

different among partides. Consequently, a binary conversion of the intensity of the image 

(i.e. black and white) was not required. The absence of this transformation permitted to 

differenciate partide boundaries adequately, sincc usually after conversion an parcide 

boundaries were lost. Further, the in-house method could also account for the agglomerated 

particles that were located on top of other partides to which they were superimposed. 

Finally, the grey leve1 tolerance that was required to defme whether or not adjacent pixels 

correspond to the same partide could be adjusted to tighter or 100ser (i.e. smaller or larger 

tolerance) values. This provided great flexibility for images in which agglomerated parcicles 

presented similar grey values, and thus the agglomerated partides were individually counted. 

There were only two scenarios in which the developcd software did not perform at 

its best. The first one was when large partides had significantly different grey scale values 

within the same particle; this situation however was minimized by consistently taking SEM 

micrographs with lower levels of sharpness and by smoothing the image to remove excessive 

noise and sharpness. The second scenario occurred when the drawn lines did not exactly 

intersect the particles through their centers or apparent centers. Despite this drawback, it 

was expected that due to large number of partides sampled (more than 1,000 partides in all 

cases), the results would be statistically representative. FinallY' adequate partide dispersion 

was observed to increase the algorithm accuracy because fewer agglomerates were present 

and thus it was easier to distinguish individual partides. 
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Experimental results (Part 1). SOFC electrolyte 
powders 

Cerium oxide based powders of different dopant compositions were produced using 

the experimental equipment described in chapter 3. Chapter 4 describes the results obtained 

from their characterization using: X-fay diffraction, inductively coupled plasma (lCP), 

scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). 

The targeted oxide compositions are given in Table 4.1 

Table 4.1 Selected oxide compositions for plasma synthesis 

Dopant 1 Seleded oxide composition 

o Ceo.gGdo.20 1.9 
Gd 0 Ceo.85Gdo.1501.925 

o Ceo.9Gdo.lOL95 

! 4» Ceo.8Smo.20 L9 
Sm i 4» CeO.85Smo.150L925 

1 4» Ceo.9Smo.lOL95 

y 1 0 Ceo.85 YO.l501.925 
1 0 Ceo.88 YO.120 L94 

4. A Atomization of the solutions 

A study was conducted to measure the droplet size distribution of three selected 

solutions (each containing a different dopant) using the laser diffraction setup for droplet 

atomization described earlier (see chapter 3). The purpose of fuis study was to achieve the 

proper atomization parameters that would give a predetermined median droplet volume 

diameter (all the atomization results are based on volume diameters which should not be 

confused with number or surface partide diameters (see Bernhardt, 1994)). 

The atomizing probe used was a modified version of the more general air blast 

atomizers which had been previously studied (Lifébre, 1989). From this study, an empirical 

correlation was found involving atomizing parameters and liquid and gas properties (see 

appendix A). A sensitivity analysis was camed out by varying ail the variables in the 

correlation by a factor of two (i.e. multiplied by two and divided by two). Fig. 4.1 dearly 
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shows that the gas flow rate is the dominant factor, as the droplet diameter greatly changed 

when this parameter was modified From this figure, the liquid flow rate appeared to have a 

significant effect but this was not observed in the experiments reported in this work, 

possibly as a result of different atomizing probe designs and droplet size distribution ranges. 
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Figure 4.1 Sensitivity amdysis for 2irblast atomizer based on a correlation proposed by Lefebre 
(Lefebre, 1989) 

The gas flow rate and the probe opening were two of the most important atom1zing 

parameters determining the atomizatl0n performance. The effect of these parameters is 

depicted in Fig. 4.2 where the tip of the atOm1zation probe 1S gready magnified. 

Atomizing gas injection Liquid u:' lH' ::cbon Atomizing gas injection 

A B 
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Fig. 4.2b shows an optimum combination of parameters in which the gas flow rate 

and probe opening provide a narrow distribution center over a certain dtoplet diameter. The 

gas passes through the gap between the tip of the center tube and the edges of the tip of the 

probe where it meets the liquid ftlm. and causes its rupture. This gap has a particular cross­

sectional area for a given probe aperture. When opening the probe, Fig. 4.2a, the gap area 

increases and the gas velo city decreases for a constant gas flow rate. Consequently, the 

energy for atomization 1S lower as the gas possesses less momentum and larger and broader 

droplet distributions are obtained. The picture 1S reversed when the gap decreases in area, 

the gas velocity greatly increases and a very fine atomization is obtained (Fig. 4.2c). Keeping 

the probe opening constant and changing the gas flow rate has the same effect on droplet 

atomization, i.e. the higher the flow rate the fmer the atomization and vice versa. 

The desired droplet diameter was calculated assuming that the spherical atomized 

dtoplet would follow the :reaction sequence described by Bouyer (B0'D'er et al, 1997). He 

suggested that the atomized dtoplet undergoes a reduction of size due to water evaporation, 

in-flight reaction, and solidification. However, the results obtained in the present work 

suggested that the mechanism proposed by Bouyer was incomplete. This will be addtessed 

later (see chapter 5). 

Previous fmdings showed that oxide partides of 10 f.!m in diameter were 

successfully used in the deposition of dense yttria stabilized zirconia coatings using induction 

plasma spraying (Mai/hot et al, 1997 and Theophik et al, 1999). Consequently, oxide partides of 

this diameter were taken as the basis of calculation. Table 4.5 illustrates that to obtain oxide 

partides of 10 f.!m in diarneter, the diarneter of the atomized dtoplets must be approximately 

27 f.!m (rounded up to 30 lJm for simplicity). These results also revealed that the choice of 

dopant did not significantly affect the calculated droplet diameter, as ail the values were very 

dose (M:e represents Gd, Sm or Y). 

The results presented in Table 4.2 assumed a complete reaction of the nitrate 

precursors, total water evaporation (i.e. water ofhydration and water in the solution), dense 

and spherical oxide partides (as the synthesized product) and spherical atomized dtoplets. 
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Additionally, the % wt of Ce in Ce(Nü3)3.6H2Û was 32.27 and the solubility in water was 1.8 

g. of cerium nitrate per gram of water. The algorithm to calculate droplet diameter is given in 

appendix A 

Table 4.2 Experimental and caicuBated properties seleded syndlesized products and liquid 
precurson 

Synthesized CalcuIated 0/0 wt of Solubility Measured Calculated 
sample p of the Mein of pof droplet 

oxide MeNitrate MeNittate solution diameter 
in water 

{g/mlj % %g. nitrate 
/ g.Hp 

{g/mlj [pm] 

Ceo.9Gdo.lOl .95 7.59 34.84 1.5 1.603 27.3 
CeO.9Smû.l01.95 7.64 33.83 1.5 1.616 27.4 
CeO.88 YO.120 194 7.45 23.21 1.5 1.600 27.3 

The atomization parameters were modified until the desired droplet size distribution 

(DSD) was attained. The results are shown in Fig. 4.3a, b and c for the three different 

solutions (i.e. Gd, Sm and Y precursor solutions). It can be seen that there was no further 

need to change the density or the viscosity of the solutions, as the DSD in ail cases exhibited 

a maximum centered around 30 lJm (Ideally, the droplet sÎ2e distribution should be as 

narrowas possible and center over the desited median droplet diameter). The optimum 

parameters were obtained with a liquid flow rate of 6 ml/min and a gas flow rate of 6.5 slpm 

with an atotnÎZer probe opening of % of a mm. These results were highly reproducible as 

can be seen by comparing the three graphs. Further, from the similarly of the atotnÎZed 

droplet distribution results with different dopants it is expected that solutions properties 

such as density, surface tension and viscosity would not affect the behavior of the solutions. 

Finally, the atotnÎZation results presented in this section were carried out at atmospheric 

pressure and were oilly considered as the best estimations of the actual droplet sae 

distribution du ring plasma operation. The operating conditions of the RF-plasma torch, i.e. 

reduce pressure and very high tempe ratures could greatly affect these estimations. l t was 

reported that a fmer droplet sÎ2e coupled with a higher droplet velo city should be expected 

for atotnÎZat1on in reduced pressure environments (BolQler et al, 2001). There has not been an 

experimental study in which the exact droplet sÎ2e distribution was measured for atotnÎZed 

droplets in thermal plasmas. 
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4. B X-ray diffraction analysls 

The oxide powders produced were analyzed using X-ray diffraction. The results for 

the different dopants and dopant compositions are shown in Fig. 4.4, 4.5 and 4.6, where the 

different diffraction patterns are plotted in the forro of norroalized measured intensity 

(ordinate axis), versus the Bragg angle 28 (abscissa). The X-ray diffraction patterns of the 

various samples were compared to the reference patterns of the pure oxides showing orny 

Bragg peak positions as represented by the vertical bars with variable lengths (the higher the 

intensity of diffraction, the longer the bar). The main purpose of using powder 

diffractometry was to identify compounds by their diffraction pattern. No extraneous peaks 

were found in any of the analyzed samples, indicating that the route used to synthesize the 

powders allowed the production of contaminant-free products. One of the main reasons 

why clean samples were produced was the absence of electrodes in the plasma. In the 

presence of electrodes, material removed from the electrodes could contaminate the 

powders (i.e. electrode erosion). 

Fig. 4.4, 4.5 and 4.6 showed that all major dopant peaks closely overlapped with 

Ce02 peaks, especially in the case of Sm and Gd. A small amount of dopant was added to 

the synthesized powders and unless the dopants changed the structure of CeOZ, only CeOz 

peaks would be observed (which was the case in fuis work). Dopants were added to stabilize 

the Ce02 solid matrix and to increase its oxygen ionic conductivity but not at the expense of 

disturbing its lattice structure. Therefore, the fact that all samples showed peaks at the same 

location with similar rdative intensity than pure CeOz suggested that the doped CeOz 

structure was not appreciably altered and yet the dopants were incorporated into the CeOz 

lattice, as demonstrated by a chemical analysis (see section 4.C). Further, the addition of Y 

dopant seemed to broaden the CeOz peak located at -280 as a result of a slight difference of 

angles between Y20 3 and Ce02 reference peaks. This indicated that Y was present in the Y­

synthesized samples. The small peak broadness was not observed for the Sm and Gd 

samples in which the dopant peaks dearly overlapped Ce02 peaks. 
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Figure 4.4 X-ray diffraction patterns of Sm-Ce syntbesized powders. Sm103 and CeO:z sboWlll as 
reference patterns 

The presence of characteristic CeOz peaks in the 28> 50° (Fig. 4.4),28> 85° (Fig. 

4.5) and 28> 65° (Fig. 4.6) range for the Sm, Gd and Y synthesized powders respectively 

confirmed the predominant presence of ceOz as in these ranges orny the Ce02 shows a 

defme diffraction pattern. 

Further analysis of the X-fay diffraction patterns of the different dopants did not 

reflect a significant change with the variation of the plasma operating conditions, i.e. plasma 

plate power (Sm) (Fig. 4.4), central gas flow rate and plasma power (Gd) (Fig. 4.5) and 

reactor pressure (Y) (Fig. 4.6). The peak intensity, peak location and peak hroadening 

seemed to he very similar in an cases, thus indicating that the crystallinity of the powders was 

independent of plasma operating conditions within the range investigated. 
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Figure 4.5 X-ray diffraction patterns of Gd-Ce synthesized powders. GdzOJ and ceOl ShOWD as 
referenœ patterns. 

The effect of using various different dopants is illustrated in Fig. 4.7 in which the X­

ray pattern of pure Ce02 and powders of very similar dopant compositions are plotted (ie 

Y=0.88, Gd=0.9 and Sm=0.9). The X-ray pattern of Ce02 and CeOz with dopants aU 

seemed to be fairly similar and therefore both the addition of dopant and the choice of 

dopant did not appreciably affect the crystalline pattern. 

Furthermore, aU samples exhibited very narrow and sharp peaks which are 

characteristic of highly crystalline solids. In spite of this, the small peak broadness was 

sufficient to estimate the size of the crystallites using the Scherreis formula (Cul/i(y et al, 

2001). This formula employs the width of their diffraction curves at an intensity equal to 

half the maximum intensity, termed the full-width at half maximum (see appendix A). The 

crystallite sizes are given in Table 4.3 for aU the samples based on the (100), (200), (220) and 
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Figure 4.6 X-ray diffraction patterns ofY-Ce synthesized powders. Y20 3 and CeOz shown as 
reference patterns 

The estimated crystallite sÎ2es for a given plane were within the 20-35 nm range for 

aU the samples with the exception of Ce02• Samples of different dopants did not show a 

significant difference among their crystallite sizes and thus it was confmned that the choice 

of dopant did not affect the sÎ2e of the crysta].s. It also appeared that pure Ce02 showed 

slighdy larger crystallite sÎ2es, indicating that dopant addition favored smaller crystals. The 

presence of dopants slows the CeOz crystal growth. It 1S hypothesized that, as the Ce02 

crystals start growing, the incorporation of dopant cations into the Ce02 solid lattice 

retarded crystal growth. It is important to note that even though the crystalline sÎ2e remained 

fairly constant, the partide sÎ2e did not follow the same behavior. This was because a partide 

could be composed of several crystals of unaffected sÎ2e but the sÎ2e of the partide could 

change (i.e. the number of crystal.s in a partide could vary depending on the partide s1ze). 
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Figure 4.7 Comparison of selected X-ray diffraction patterns of Gd-Y-Sm-Ce and ce01 synthesized 
powders. Ce02 shown as reference pattern 

Table 4.3 Estimated crystamte size of the synthesized ceramic powders 

Synthesis 
product 

1 Ceo.8Gdo.201.9 

2 Ceo.8sGdo.ISOl.925 

3 CeO.9Gdo.l01.95 

4 Ceo.SSmo.20 1.9 

5 Ceo.8sSmo.lSOL925 

6 CeO.9Smo.lOI.95 

7 CeO.85 YO.!SOL925 

8 CeO.88 y 0120 1.94 

Estimated crystaliite size for seleded planes (nm) 
Plane (Ill) Plane (200) Plane (220) Plane (311) 

29.1 
32.5 
27.8 
19.5 
27.0 
22.4 
29.3 
29.1 
39.0 
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24.5 
34.1 
26.9 
21.9 
28.3 
24.5 
51.1 
32.7 
51.1 

24.2 
35.0 
24.2 
23.4 
28.0 
24.2 
31.7 
27.6 
50.7 

25.1 
42.7 
25.1 
24.4 
42.7 
22.3 

------

34.8 
25.1 
51.5 



It was shown. that varying the dopant composition of a particular dopant appeared 

not to have a significant effect on the X-ray diffraction patterns as equally sharp and narrow 

peaks of comparable relative intensities were observed for the plasma synthesized powders. 

However, it was reported in a recent work that ceramic powders of Ce1_xGd,.02_x/2 and Ce l _ 

xS~02_"/2 produced by other method showed a relationship between peak intensity and 

dopant amount, especially for the (111) and (200) planes (Fig. 4.8a and 4.8b) (Zba et a~ 2003). 

These samples were produced from nitrate salts by the oxalate co-precipitation route 

(precipitation with dilute oxalic acid and ammonia at pH 6.6-6.9), followed by calcinations in 

air at 750 oC and sintering at 1,400 oC for 5 h in air. 

It is evident that the two methods produced powders of different crystallinity. The 

plasma route produced powders in which the X-ray pattern resembled that of pure CeOz, 

despite the amount of dopant added, and thus it may lead to better electrolyte mate rials once 

tested during SOFC operation. The confirmation of this hypothesis is beyond the scope of 

fuis thesis as the electrolyte layers were not produced, but the difference in crystallinity of 

the same materials was considered an interesting fmding and thus it is induded in this work 
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Figure 4.8 X-ray diffraction patterns of doped (a) Cel_"Gd"OZ_l<i2 and (b) Cex_ .. Sm"Oz-x12 prodnced by 
the oxalate co-precipitation route (Zita et al, 2003) 

4. C Metal analysis of produ~ts (ICP) 

The oxide powders produced were analyzed using lCP to determ.ine the exact cerium 

and dopant content. The results obtained are ptesented in Table 4.4. This table shows the 

mole fraction of diffctent Ce, Gd, Sm and Y syntheslzed samples. Four diffetent 

measurements were taken pet sample. 
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Tt could be seen that 7 out of 9 samples were within the 95% confidence intervals 

(two sided t-statistics with 3 degrees of freedom). For 2 of the Sm samples, the Sm dopant 

content exceeded the desired mole fraction values by approximately 0.01 to 0.02, which was 

a very small deviation. Therefore, the lCP results could be used as strong evidence to 

support solution plasma synthe sis as an adequate method to produce ondes of compositions 

within a 5% error. 

The Sm difference could be attributed to a slight inaccuracy in the weighing of the 

initial samarium nitrate amounts or to peak interference among dopants (even though the 

wavelengths at which the clements were detected were carefully selected (see Chapter 3). 

Table 4.4 ICP analysis of synthesized oxide powders 

Target Cerium content (~oIe fraction) Dopant content (Mole fraction) 
powder 
composition Ce Std 95% Confidence Gd Std 95% Confidenée 

I! Interval I! Interval 
CeO.SGdo.201.9 0.794 0.012 0.775 < f.! < 0.812 0.206 0.006 0.196 < f.! < 0.215 
Ceo.8sGdo. 1 50 1.925 0.834 0.019 0.804 < f.! < 0.864 0.166 0.006 0.156 < f.! < 0.176 
Ceo.9Gdo.101.95 0.894 0.030 0.846 < f.! < 0.894 0.106 0.004 0.100 < f.! < 0.112 

Ce Std 95% C.I. Sm Std 95% C.I. 
CeO.SSmo.201.9 0.780 0.021 0.747 < f.! < 0.813 0.220 0.002 0.217 < f.! < 0.223 
CeO.8sSmo.1501.925 0.832 0.028 0.787 < f.! < 0.877 0.168 0.003 0.163 < f.! < 0.173 
CeO.~mo.101.9S 0.888 0.031 0.839 < f.! < 0.937 0.112 0.002 0.109 < f.! < 0.115 

Ce Std 95% C.I. y Std 95% C.I. 
CeO.85 YO. 1S01.925 0.842 0.003 0.837 < f.! < 0.847 0.158 0.003 0.153 < f.! < 0.163 
CeO.88 YO.12OI.94 0.884 0.019 0.854 < f.! < 0.914 0.116 0.002 0.113 < f.! < 0.119 

Ce Std 95% C.I. 
CeOz 0.981 0.009 0.967 < l;!; < 0.995 

4. D Local composition and partlcle morphology by energy 

dispersive spectroscopy (EDS) and scanning electron microscopy 

(SEM) 

4.D.l Local composition by energy dispersive spectroscopy (EDS) 

T 0 investigate the individual elements present in the oxide powders a qualitatively 

energy dispersive spectroscopy procedure was employed. This technique detects the X-rays 
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emitted from the specimen under study bombarded by electrons from the scanning probe. 

The X-ray spectrum provides information on the elements present from their energy 

through a previously calibrated multichannel analyzer and the elemental concentration from 

X-ray intensity (Gofdstein, 1992). Fig. 4.9,4.10 and 4.11 show the spectra obtained for all the 

samples produced. Some figures showed gold (Au), palladium (Pd), silicon (Si), boron (8) 

and oxygen (0) peaks, in addition to the expected Ce, Gd, Sm and Y peaks. 

Gold and palladium peaks were found because a gold-palladium coaring was applied 

to the silicon wafers that were used as sample holders to increase their electronic conduction 

and prevent partide charging by the impinging SEM electron beam. Applying these coarings 

did not significantly decrease partide charging because SEM images and EDS analyses of 

equal resolution and quality were obtained when the coarings were not applied. This was 

later found when severa! images were collected for the partide slze distribution (PSD) study 

(see chapter 5). In this study, high quality SEM images were taken using only partides 

deposited on silicon wafers to avoid having the coaring as the image background Therefore, 

Au-Pd wafer coaring is unnecessary and not recommended in the future. 

Boron peaks were also seen because the silicon wafers used had horon traces in their 

lattice. Carbon peaks were identified. These peaks are generally present in EDS analysis due 

to carbon contamination from COz in the microscope chamber as a consequence of sample 

handling. 

Finally, the larger .Ka oxygen peak at 0.523 ke V, encountered in all samples, 

corroborated the faet that oxide mixtures of Ce02 and Mez0 3 (Me=Gd, Sm and Y) were 

produced, as this peak was too high to be confused for oxygen contamination. The height 

(i.e. the number of counts) and broadness of the peaks could not be used for quantitative 

studies of dopant or cerium contents. Quantitative EDS analysis was beyond the scope of 

this project due to the difficulties involved in acquiring EDS spectra for both the samples 

and pure standards under exactly the same experimental conditions, i.e. different e1ectron­

material interaction volumes, and partide orientations. There was a strong influence of the 

area analyzed with the EDS detector on the relative intensities of the metal peaks, i.e. the 

15% Gd sample appeared to have the smallest peak intensity and similar effects were 

observed in Sm sampI es. Therefore, EDS analyses were used only as a qualitative technique. 
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There were several X-ray emission peaks represenl:ative of Ce. Among the se the 43 

and La. al: 5.262 and 4.840 keV respectively, and one weil defmed Ma. at 0.8831 keV were the 

most important These peaks were present in al! the samples, thus confirming the presence 

of Ce. Gd showed weil defmed peaks at 6.714, 6.069 and 1.185 ke V (Fig. 4.9). Some of the 

Gd peaks overlapped with those of Ce but the ones located at 1.185 and at 6.714 keV 

validated the presence of Gd as these did not overlap with any of the Ce peaks. In Fig. 4.10, 

Sm and Ce peaks were observed. Sm displayed peaks at 6.206 and 5.636 keV in the high 

energy range and 1.081 ke V in the low range. The peak located at 1.081 ke V was particularly 

useful to determme the presence of Sm as it did not significandy overlap with any of the Ce 

peaks. yttrium identification (Fig. 4.11) was simpler as fuis clement had 43 and La. peaks at 

1. 996 and 1.922 ke V that could be clearly distinguished from any of the Ce peaks. 

Moreover, Y has no peaks ovedapping with the Ce peaks in the > 5 ke V range and 

consequendy Ce was easilydetected in all the Y-Ce samples. Pure Ce02 was successfully 

synthesized as confu:med by the presence of only Ce and 0 peaks in'Fig. 4.12. A nitrogen 

peak, at 0.392 keV (Fig. 4.10b) fairly close to the one of oxygen, was found in only one 

sample suggesting that some nitrate traces remained unreacted after the plasma treatment for 

this sample. This occurred at the lowest plasma power (15 kW) used to synthesized the 

CeO.85Sffio.1S01.925 oxide and thus this power represented the lower operating limit at which 

complete calcination was no longer achieved. EDS could then be used to detennine the plate 

power range at which complete calcinations could be obtained within the nitrogen detection 

limit of the SEM (approximately 5-10% in mass depending on the machine used). 

4.D.2 Particle morphology by scanning electron micrographs 

The oxide powders produced were analyzed using the SEM. Tyical results are shown 

in Figs. 4.13, 4.14 and 4.15. Four micrographs of Gd-Ce and Sm-Ce samples are presented in 

Fig. 4.13 to illustrate what was observed for each powder oxide sample. Each sample 

exhibited three different levels of partide size, i.e. hard and loose agglomerates in the ~2-1O 

ilm range (Fig. 4.13a); dense sphencal partides and hard and loose agglomerates in the -0.1-

1.0 ilm interval (represented by bright partides in Fig. 4.13b and dearly seen in Fig. 4.13c,d), 

and a great number of nanopartides <0.1 ilm (Fig. 4.13d). 
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Partide dispersion was a key issue when analyzing the samples. If the partides were 

not propedy disperse d, partide agglomeration was easily observed. For instance, Fig. 4.14c 

and 4.14d showed the same sample dispersed with DMF (N,N-dimethyl foramide) and HzO. 

When the sample was dispersed with DMF, the partides remained separated after sonication 

helped break down the agglomerates. It was important to choose the correct dipersing agent 

so that a dear sample could be analyzed. DMF had been suggested as the dispersant agent 

for Si-C-N nanopowders (Chen et al, 2001; Bernhardt, 1994) based on the rime that it took for 

the partides to settle once dispersed D MF also provided the best results in this study. 

a b 

c d 

Figure 4.13 a) Ceo"Gdax01.9S; b) Ceo.SSGdUsÛl.925; c) Ceo.sSmuOt.,; cl) Ceo.SSSmUsÛl.?25 

Utrasonication was also very effective in dispersing the nanopowders, confJ.ttning 

what it was reported in previous studies (jotge et a!, 1990). 
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Micrographs taken with the same scale showing ail the samples produced are 

illustrated in Fig. 4.14a and 4.14b and 4.15a-f. l t can be seen that ail nanoparticles had 

similar structures and had a strong inclination to form agglomerates. This 18 a result of the 

strong van der Wals forces present at the surface of the partides. There was little difference 

among the nanopartides containing Sm, Gd or Y, even though the plasma operating 

parameters were not exactIy the same for all the samples. The nanopartides were angular 

rather than sphericaL Spherical partides were always much larger than these nanopartides. 

Finally, the SEM images of pure CeOz showed only angular partides (Fig. 4.14c and 4.14d). 

Based on this fmding, it was hypothesized that the most stable confJgUration for CeOz was 

angular and not spherical and that the addition of dopant favored the formation of spherical 

partides. 

a c 

b d 
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1 ) 

The mechanism proposed by Bouyer (B0ta'er et al, 1997) should have led to obtain 

-10 IJ.-m dense and spherical partides based on the calculations done for the sae of the 

atomized droplets. However, all spherical partides analyzed were produced in much smaller 

saes (-1.0 ~m or less). This suggested that the proposed partide formation mechanism was 

incomplete and other phenomena were affecting partide formation. A new mechanism has 

been proposed to account for the three different partide sae levels; this will be thoroughly 

discussed in chapter 5. 
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Figure 4.15 a) Ceo.,GdO.10US; b) Ceo.II5GdalsOl.92S; c) Ceo.sGd0.20u; d) Ceq,SmuOus; e) 
CeqssSmUsOl.92S; ft) Ceo.sSmuOu; 
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Chapter 5 

· ',.~'; ; .' 'L '. '-. ·"4: ); 

Experimental results (Part 2) Particulate 
formation and anal is 

In this chapter, the different types of synthesized partides are deseribed Also, a 

study is presented of the effeets of seleeted plasma operating parameters, ie. plate power, 

reactor pressure and central gas flow rate, on product sae. This information served as the 

basis for the development of a more detailed mode! of partide formation startmg from 

atomized droplets. Although it was shown in chapter 4 that the operating conditions did not 

influence the powder composition and crystallinity, they did affect the partide sae 

distribution. In this chapter, the synthesized powders were labeled "R" if collected from the 

main reactor and "F" if the powders were collected From the fùters (e.g. CeO.SSffio.201.9-R or 

CeO•SSffio.201.9-F) 

5. A Panicle size distribution analysis (SEM and laser diffraction) 

The volume partide sae distributions obtained from laser diffraction measurements 

of severa! samples synthesized at different plate powers are shown in Fig. 5.1. Each 

distribution showed either two or three distinctive "humps" or "modes". Having mulcimodal 

distributions was unexpected because each mode is associated with a particular partide 

formation mechanism. These results suggested that there must be different types of particles 

of roughly 0.04 -0.5 /-lm, 1-4 /-lm and 5-20 Ilffi, and that the se particles were produced in 

different amounts according to the various operating conditions. The different types of 

partides are now described: 

1. Hard-agglomerates: These partides were in the range between 5 to 20 /-!fi (Fig. 5.1) and 

observed in SEM micrographs, Fig. 5.2a and 5.2b. These agglomerates were chunks of 

porous material that had irregular shapes and that seemed to be present in all the samples in 

various quantities as indicated by the different heights of the 5-20 J.lm humps in different 

samples. They were abundant for the 15 kW plate power (the lowest) samples. The hard 

agglomerates were formed when the temperature of the agglomerated partides was less than 

the oxide melting tempe rature but it was sufficiently dose to promote sintenng and thus 

partide coalescence (typically 2/3 of the oxide melting tempe rature in Kelvin). 
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2. Sphencal partides: These partides were dense and solid with sizes ranging from 0.1 !lm to 

1 !lm in diameter (Fig. 5.1), and were almost spherical (Fig. S.2c and 5.2d). The surface of 

thesepartides was not entirely smooth. Spherical partides were formed when the partide 

temperature was equal to or greater than the oxide melting temperature. The surface tension 

of materials in the liquid smte and a relatively fast cooling rate favored the formation of 

these partides. Partide spheroidization has been previously observed in studies conducted 

with Al20 3 partides (Fan et a4 1998) in RF-thermal plasma. 

3. Angular and cubic (crystal-like) partides: These were non porous partides that were either 

agglomerated forming a duster or large crystals forming single units. These structures were 

observed in all samples in the 0.1 to 1 J!ffi range in different amounts (Fig. 5.1). There were 

predominandy present in the Ce02 sample as observed in Fig. 5.2e. These partides resulted 

from partides solidifying at a relatively slow cooling rate, sufficiendy slow to promote 

crystalline angular particles. 

4. Loose nanopartide agglomerates: N anopartides were also present in all the samples in 

different amounts as shown in Fig. 5.2a-f. The nanopartides were all partides lessthan 100 

nm or 0.1 !lm (Fig. 5.1) and all presented crystal-like structure (Fig. 5.21), mosdy cubical. The 

complete deagglomeration of these partides was not possible due to their strong surface 

interaction even after sonication in a dispersant liquid. These particles probably resulted 

from two different possible formation mechanisms. The fmt involved material condensation 

From the vapor phase followed by partide nudeation and growth. The second was when fine 

atomized droplets were calcined, me1ted and later solidified into angular shapes; in this case, 

the partides never reached the vapot phase. 
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Figure 5.2 SEM micrographs of a) Ceo.,GdO•10l.95> b. c) Ceo.sSmo.zOu-R, <1) Ceo.n1'o.uOl.94. e) ceOz• 
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A schematic ftgute showing the different types of onde partides and the 

corresponding temperatures at which they were probably formed is given below (Fig. 5.3). 

The nanopartides were formed at two different temperatures. Noted that all partides 

exceeded the calcination temperature (TJ Further, the shape of the synthesized partides was 

greatly dependent on the size of the atomized droplet and on the rate of cooling when 

partides were formed 

T(K) 

Tb ----- ------- --------------------------------

---~------ ----

U) 

~ 
G) "EU) Types of G) :!: cu.$ ü l I~ particles 'E G) 
$ oC G) cu 0.. U) E 0.. 

0 CI) 2:' 0 
s::: Ü Ol cu C» 
Z œ 

Figure 5.3 Schematic tempemmre histories of the different types of pameHes (l' b! boümg 
temperamre, Tm: meltmg tempemmre, T,.: reaction orcakinaoon tempemmre) 

5. B Effect of selected plasma operating parameters and collection 
regions on product size 

S.B.l Effed ofselected plasma operating parameters (m product size 

The plate power defmitely affected the partide size distribution and more hard and 

porous agglomerates (i.e. modes located in the> 10 Mm range) were obtained as the plate 

power decreased (these experiments were done keeping gas and liquid feed rates constant) 

(Fig. 5.1). This trend was not followed by the samples synthesized at 30 kW (Fig. 5.1 b). 

Imperfect particle dispersion prior to measuring partide size was believed to be the cause of 
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this unusual behavior. Hard agglomerates were present at ail different plasma powers and 

were predominant at the lowest power, i.e. 15 kW, possibly as a result of being the only 

sample in which nitrates were detected (i.e. from the EDS analysis). However, since hard 

agglomerates were present in samples that showed no traces of nitrates, the presence of 

hard-agglomerates did not constitute a proof of poor calcination. Hard agglomerates could 

arise as a consequence of sem! molten and fully calcined partides colliding and not only 

because insufficient energy was available for reaction. The presence of spherical and crystal 

like partides in the 0.1 to 1 fJffi range augmented as the plasma power increased, indicating 

that higher plate powers promote partide spheroidization and densification. 

Different plasma operating parameters were investigated for the plate power that had 

produced the lowest amount ofhard-agglomerates (i.e. 25 k\V) (Fig. 5.4a). In general, there 

was very little change regarding the partide s1ze distribution when the reactor pressure and 

the central gas flow rate were changed. It would be adventurous to draw condusions based 

on the few expeciments carried out because changing the reactor pressure and the central gas 

flow rate affected both the partide residence cime and the plasma enthalpy. Fewexperiments 

were carried because of the limited cime that the expecimental equipment was available for 

operation at the CRTP Sherbrooke. 

Having a lower reactor pressure increased the partide velo city (Coulombe, 1994) thus 

decreasing the particle residence cime, but at the same cime, low pressure enlarged the 

plasma plume and increased the zone in which the partides could be in contact with the 

plasma. These two opposing trends may have cancelled out with the net effect of an 

apparent unvarying partide size distribution. Low chamber pressures are needed to prevent 

the backflow of partides injected in the plasma. This low pressure ailows the partides and 

droplets to retain a sufficient initial momentum to penetrate the reverse flow associated with 

the top of the high-temperature zone of the plasma and to promote axial droplet and partide 

trajectories dose to the centerline of the torch (Fan et al, 1998). Higher central gas flow rates 

could favor the interaction between the partides and the plasma because the plasma volume 

was increased, promoting partide coalescence. But in doing so, the plasma enthalpy was 

10wered which may retard particle calcination and densification (the plate power was kept 

constant in these expeciments). 

72 



2 

4 

3 

2 

0.1 

ee"",smo.,.o."" 1 P:24kW; 'AA:ClS/A 9.5'39.CN6.5s1pm, 1'11':300 /otT 

ee",.Gdo.,.o,..,..F' 11':26kW, FR:CISIA lIL.DI39.015.0slpm, Ri':300tar 

Ce'''Y • .1.o .. ..,-F 1 P:24kw, FR:ClSlA 9.5139.0I5.Osfpm, i'tP:lJ!2Iotr 

Ce02 1 P:26kw, FR:ClS/A 9.5'39.0I5.5s1pm, Ri':10010ir 

1 10 100 
Partide size (J.I.Il1) 

: "e
j

,,_ 

1000 

Figure 5.4 a) Comparison of different operating parameters for selected synthesized powders at 25 
kW; b) PSD ofsamples from NO different collection regions 

S.B.l Effect of collection regions on product size 

The results showing the different partide sae distributions of partides collected 

From the main reactor walls and those collected from the metallic filters are shown in Flg. 

5.4b. Two distinct PSD were observed as a result of different partide collection mechanisms 

that will be explained Iater in this chapter. The comparatively larger hard-agglomerates were 

deposited at the bottom of the first collector and the smaller nanopartides and spherical 

partides followed the gas stream until the partides were collected at the f11ters. 

5. C Study of nanopowder distributions (SEM Image analysls) 

Although, the laser diffraction technique used to measure the particles size 

distribution of these samples was a powerful tool, it was not adequate to measure the small 

loosely agglomerated nanopartides. Therefore, a quantitative method (ie. the in-house PSD 
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software) was developed to determ.ine the partide size distribution of these nanopartides 

based on the SEM images acquired of the different synthesized partides. In doing so, a 

complete overview of the different types of powders produced using the plasma synthesis 

method was now possible. 

The results of the image analysis method using the in-house software are presented 

in Fig. 5.5 and summarized in Table 5.1. The parameters displayed in this table were 

calculated from the best fit of a log-normal distribution of the truncated raw data. The 

original PSD obtained by the in-house software was truncated for rcasons explained eartier 

(chapter 3). 

10' 
Partlcle dlameter(nm) Partiel. dlameter (nm) 

CeO.sGdo.ZOI.9 

10' 
Partlcle dlameter (nm) Partlele dlameter (nm) 

74 



Parlicle dlameter (nm) Parlicle àlameter (nm) 

Parlicledlameter(nm) Parlicle diameter (orn) 

CeO.SsGdo.1SOl.92S 

ParIicIe àlameter (nm) Particl. dlameter (nm) 

Figure 5.5 Partk~e sue distribution of the synthesued sam~~es based on their SEM mncrographs 
usmg the in-house PSI) software 

The fit was good as observed by the overlaying proxirnjty of the continuous curve to 

the histogram data for the volume-based particle size distributions. A Bartlett's statistical test 

(Mason et a4 1989) (see appendix A) was conducted to test the hypothesis of equal error in 

standard deviations for samples from more than two populations or processes. A B=434 was 
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obtained for aU the Sm samples and the 15% Gd sample and a B=l71 was calculated for the 

remaining samples. The level of significance assumed was a=5% with 4 degrees of freedom. 

A t-statistical test (a=O.05) (see appendix A) was performed to compare the Dvso values of 

samples synthesized at the same power. The results were t=345, 247 and 1,371 for 35, 30 

and 15 kW respectively and 3,764 and 266 for 25 kW. Al! values dearly exceeded the t­

critical value of 1. 960. These results lead to the conclusion that each of the standard 

deviations as weil as Dvso values presented in Table 5.1 belonged to different and 

distinguishable populations, des pite their apparent doseness. The central gas flow rate was 

changed for the 15% Gd sample and the reactor pressure was modified for the 15% Y 

sample with respect to the base case operating conditions. 

Table 5.1 Volume based mediau and standard deviation values calculated from the PSI) obtained 
from the in-house software for different synthesized conditions 

Power Synthesized Base case operating conditions Dv[50] 0' 

[kw] product FR: 9.5/39.0/5.0-6.5 slpm; RP: [nm] 
300 torr 

35 Ceo.8GduOl.9-R Same as in base case 51.3 0.62 
Ceo.9Smo.l 01.9S-R Same as in base case 54.5 0.53 

30 Ceo.9Gdo.l O1.95-R Same as in base case 41.3 0.60 
Ceo.88 YO.l20 1.94-R Same as in base case 43.7 0.60 
Ceo.8SSmo.1501.925-R Same as in base case 82.9 0.72 

25 Ceo.8sGdo.1501.925-R FR: 31.0/39.0/5.0 slpm 28.5 0.57 
Ceo.85 YO.1501.925-F RP: 100 torr 83.6 0.70 
Ce02-R Same as in base case 89.7 0.65 

15 CeO.8Smo.20 1.9-R Same as in base case 24.8 0.57 
Ceo.8Smo.20 1.9-F Same as in base case 40.9 0.58 

The volume PSD measurements charactenzed by the median values and standard 

deviations were very dose for samples synthesized under the same experimental conditions 

which confirmed the good reproducibil:ity for experiments conducted under the same plasma 

conditions (fable 5.1). The Dvso values of aU the samples were also within the same order of 

magnitude as the estimated crystallite sizes obtained from the X-ray diffraction patterns 

(-20-40 nm). This indicated that the size of the nanopartides dosely corresponded to the 

size of individual crystal.s. 

The Dvso values of powders collected from the reactorwalls Qabe1ed UR") did not 

show a dear distinction for doped samples synthesized under the base case conditions at 

plate powers greater than 25 kW, i.e. 10 and 20% Gd, 10 and 15% Sm, and 12% Y (the 
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minimum value was 41.3 and the maximum 82.9 nID). However, the 20% Sm sample at 15 

kW did show a considerably 10wer Dvso value, i.e. 24.8 nID. These results were in agreement 

with the PSD reswts obtained with laser diffraction (Fig. 5.1) in which the patterns obtained 

for samples synthesized at 25 kW was not significantly different, especially in the < 0.1 Jlm 

range. However, these patterns did show an appreciable difference compared to the pattern 

of the 15 kW-synthesized sample. 

The nanoparticles collected at the metallic filters were larger than the ones collected 

from the reactor walls for the lowest power sample, i.e. 20% Sm. The different particle 

collection mechanisms were responsible for this phenomenon; smaller partides would tend 

to deposit on the reactor walls (this will be later explained at the end of this chapter). Two 

extreme cases of this behavior are illustrated in Fig. 5.6. 

There was not sufficient experimental evidence to conclude about the effect of 

changing the reactor pressure or the plasma flow rate. But it was experimentally observed 

that the majority of the partides were collected at the metallic filters when the reactor 

pressure was lowered as result of the stronger vacuum AIso, a larger number of smaU 

partides were collected from the main reactor when the plasma gas flow rate was Ïflcreased 

in comparison with samples produced under the base case conditions. Further investigation 

is required to explain this behavior. 

A b 

Figure 5.6 a) 15% mole Ypowden coUected from the metallic mten; b) 15% mole Gd powden 
collected t'rom the mam reactor waUs 
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5. D Proposed mechanism of powder formation 

A modified partide formation mechanism for RF-lep thermal plasma synthesized 

oxide partides starting from liquid precursors 1S proposed The Fust mechanism was 

suggested by Bouyer (Bouyer et al, 1997). Aecording to Bouyer's meehanism, the size 

distribution of the fmal oxide powders could be predicted by mass balance and density data, 

assuming a fmal partide shape, either angular or spherieal, complete water evaporation and 

full calcination of the droplet However, experimental evidence from laser diffraction 

measurements, in-house PSD software and SEM micrographs discussed below contradicts 

Bouyer's mechanism. This evidence is the following: 1) no spherical oxide partides of size 

predicted (i.e. no 10 J1m particles from 30 ).lm atomized droplets), 2) some spherical partides 

but of much smaller diameter, i.e. 0.1 to 1 J1m, 3) some larger partides but mostly hard 

agglomerates (1 to 20 ).lm), 4) most partides of angular or crystal-like shape, generally 

cubical, 5) many nanosized partides and fmally 6) all synthesized samples were fully calcined 

(with the exception of the one synthesized at 15 kW). Based on these fmdings a new mode! 

1S proposed and it 1S compared to Bouyer's in Fig 5.7. 

Two parallel and different reaction paths starting from the original sprayed droplets 

have been hypothesized. First, fme atomized droplets of a given critical size followed 

Bouyer's mode! up to the calcination step. After this point, if the oxide partides were in 

sufficient contact with the plasma, they would vaporize and later condense into the most 

stable structure which seemed to be the typical cubic fl.uorite structure. If not in sufficient 

contact with the hot plasma, vaporization did not oecur, and the partides solidified into 

angular or cubic-like structures. These partides, if partially molten, would be prone to form 

hard agglomerates upon collision (left branch of the proposed mechanism in Fig. 5.7). 

Second, the decrease in predicted partide size and the great number of small 

partides obtained suggested that droplet explosion occurred. Droplet explosion could oecur 

through crust formation or droplet superheating. Crust formation was a resmt of the rapid 

water evaporation at the droplet surface. This caused the solute to precipitate out of solution 

and form a crust The crust fmally collapsed as a resmt of buildup of vapor pressure from 

water being evaporated inside the droplet Evidence of reaction burst partides in the 

production ofY203 stabilized Zr02 from nitrate and chloride salts have been reported 
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before (Dubais et a4 1989). Droplet superheating was the collapse of a droplet as a result of 

violent water evapotation. After droplet explosion sorne particles would be of the adequate 

sÎ2e to undergo the reaction mechanism proposed by Bouyet; therefore forming spherical 

and dense partides of much smiller sÎ2es than those predicted. Also after explosion, some 

other partides could form crystal-like or angular structures once cooled from liquid droplets. 

These partides were typically smaller than spherical partides, and could be prone to form 

hard agglomerates upon collision, if partially molten. A fast cooling rate would favor the 

formation of spherical partides and a slow cooling rate would promo te angular ones (center 

and right branch of the proposed mechanism in Fig. 5.7). 
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Figure 5.7 A modffied particle formation mechanism for RF-lep thermal plasma syn&esized 
particles starting form iiquid precursors 

In summary, the solid partide formation mechanism shown in Fig. 5.7 illustrates the 

probable paths for the conversion of liquid droplets into solid partides, from the moment 

the droplets come into contact with the plasma until the moment at which solid partides exit 
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the plasma tail flame. A rigorous treatment of the droplet-partide formation mechanism 

requÎtes a more detailed study of the physical phenomena occurring in the plasma system, 

such as: a comparison of the rates of heat consumption (the latent heat of evaporation of the 

solvent and the heat of reaction to fotm oxides from nitrates) and the heat transfer into the 

droplet, a tempe rature history of partide formation and solidification, oxide vaporization 

and vapor condensation, etc. The mechanism proposed in this work is a step forward from 

the relatively simple synthesized route previously reported and airns for a more complete 

understanding of the phenomena associated with partide formation from liquid precursors. 

Many attempts have been made to describe the plasma-partide interactions of oxide partides 

in plasma envÎtonments but unfortunately they did not study liquid precursors (Proulx et al, 

1985; Ramachandran, et al, 1996; Sobolev, et al 1999; Ramasanry et al 200 1) 

5. E Study of parti cie collection mechanisms 

Partides were coUected from different locations in the reactor and it was observed 

that not all the types of partides discussed previously were obtained in similar amounts at all 

locations. Table 5.2 gives a summary of the fmdings. The reasons for these discrepancies can 

be explained by the different collection mechanisms which operated on the partides at 

different locations in the system. The four most probable collection mecharusms operating 

in the reactor system were thermophoresis, Brownian diffusion, turbulent diffusion and 

inertia. 

Table 5.2 Predominant l'article coUection region for the different types of l'articles 

Collection region/Types of Hard- Spherical Crystal-like 
Nanopartides 

partides agglomerates partides partides 

Al: Main reactor upper wall Yes Yes Yes Yes 
A2: Main reactor lower wall No Yes Yes Yes 
B: Main reactor collector Yes No No Yes 
C: Secondary reactor wall Yes Yes Yes Yes 
D: Metallic ftlters No Yes Yes Yes 

Thermophoresis acts on very small partides in the presence of strong thermal 

gradients and causes the particles to move down the thermal gradient. Thermophoresis is 

caused by the greater momentum of gas molecules bombarding the particle on the hotter 

side of the partide. In the present case, the srnall spherical and crystal-like partides as weIl as 

the nanopartides would be driven to the cold reactor wall From the hot plasma gas. Since the 
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velocities produced by thermophotesis are typically smaU, the partides and hot gas would 

ftrst have to be brought into the vicinity of the wall by bulk flow. The expansion of the 

plasma jet into the top of the reactor gives tise to a recirculating flow which accomplishes 

fuis transfer. 

The collection mechanisms ofBrowruan and turbulent diffusion would ruso act near 

the walls in the vicinity of the recirculating flow, acting again on the smaller particles. 

Brownian diffusion results in a net partide transport from regions of high to low 

concentrations due to the fluctuating forces exerted on them by the surrounding molecu1es 

(J'riedlander, 200{}). These two mechanisms would become the primary means of collection in 

the lower parts of the first reactor, where thermal gradients become relatively small, and in 

the second chamber. Brownian diffusion would be a major mecharusm in the filter, assisting 

in the capture of the smallest partides on a bed of previously captured partides. 

Inertial impaction, or simply inertia, caused capture when there 1s a sudden change in 

flow direction and the partides cannot follow the flow streamlines. It would be effective in 

the upper recirculating zone where the gas flow is towards the wall or upper Bange of the 

reactor. It would act primarily on larger partides, ie. hard-agglomerates. It would also act on 

larger particles where the gas flow tums by 90° at the bottom of the ftrst chamber leading to 

capture in the main reactor collector and along the wall opposite to the gas entry in the 

second collection chamber. Finally, inertial impaction would be an important collection 

mechanism on the metal filter for all but the nanoparticles as the gas flows through a 

tortuous path in the bed of captured partides and the filter medium. 
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Figw:e 5.8 summarizes the locations of the se collection mechanisms and the results 

in Table 5.2 are consistent with this interpretation. 

Figure 5.8 Different physical phenomena affecting particle collection 

Thermophoresis 0 
and Browruan 

I? 0 ~ 
diffusion 

~ 

~ 
0 ~ 

I? 0 ~ 

I? 0 ~ 
0 
0 
0 

""'" ""'" 
0 
0 

""'" ""'" 

82 

Turbulent diffusion, 
thermophoresis and 
Brownian diffusion 

0 
0 

c::> - - """ c::> 0 

Filter collection 
by impaction, 
Brownian 
diffusion 

lnertia 



Chapter6 Conclusions, future work and recommendations 

6. A Conclusions 

The following conclusions were obtained from this study: 

a) It was determined from a review of the literature that the addition of 10 to 20% 

mol of Gd, Sm or Y would provide the Ce02 with the maximum ionic conductivity and 

stability as electrolyte matenal for SOFC operation. 

b) Nitrate salts were chosen as the most suitable raw materials compared to 

chlondes, hydroxides and organometallic compounds based on their low cost, minimal 

production of comparatively less hazardous byproducts and high water solubility. 

c) The synthe sis of flne oxide powders (Cel_~ex02_,,;z) of different dopant 

compositions (Me=Gd, Sm and Y) from nitrate salts dissolved in water using radio 

frequency inductively coupled plasma was demonstrated. 

d) Solution atomization using an air-blast Tema atomizing probe was shown to be 

a rdiable and reproducible way to obtain narrow droplet sae distributions centered over a 

given droplet diameter value. Adequate droplet atomization was achieved varying 

atomization parameters such as atomizing probe opening, gas flow rate and liquid flow rate. 

h was found that probe opening and gas flow rate had major effects. 

e) The synthesized powders retained the metallic elemental composition of the 

injected solutions (within a 5% error) as demonstrated by the lCP measurements and could 

be fully calcined (within aN detection limit of 5-10%) as shown by EDS analyses. 

f) The synthesized powders exhibited a illgh degree of crystallinity and purity. The 

X-ray diffraction patterns for an the samples dosely resembled the pattern of pure Ce02 in 

terms of peak location and relative intensity. This was obtained for aU the samples 

independently of the plasma operating parameters and of the choice of dopant. Further, the 
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amount of dopant added for a given dopant did not affect the basic Ce02 crystalline lattice. 

This finding contradicted the results reported in the lite rature in which similar oxide 

powders were synthesaed using conventional sol-gel and sintering methods. It is probable 

that the plasma synthesaed partides would serve as better electrolyte material since the 

Ce02 1attice was less distorted. Based on this, a superior performance of the electrolyte layer 

is expected (once formed and tested in actual SOFC operation). 

g) The powders showed a crystallite S1ze ranging from 20 to 40 nm that was 

independent of plasma operating parameters, choice of dopant and dopant amounts. 

However, larger crystals (i.e. 40-60 nm) were obtained when pure Ce02 was synthesized, 

suggesting that dopant addition retarded Ce02 crystal growth. 

h) The EDS analysis showed that cross-contamination was avoided in the plasma 

synthesis route. The calcination efficiency was independent of other plasma operating 

parameters such as reactor pressure and central gas flow rate within the range examined. 

i) The SEM microgaphs showed three different partide types and sae distribution 

ranges that were later confirmed using laser diffraction to measure partide sae. There were 

hard agglomerates of 1 to 20 !-lm, dense spheres and agglomerates of 0.1 to 1 !-lffi and 

nanopartides ofless than 0.1 J.tlll. These three partide distribution ranges were found in an 
samples in different amounts and varied with plasma operating parameters, but were 

independent ofboth the choice and the amount of dopant added. 

j) Plasma plate power had a strong effect in the amount of the different types of 

partides. At lower powers more hard agglomerates were found and at higher powers more 

dense spherical and cubical-like structures were identified at the same collection region. 

Higher plasma powers favored droplet superheating and explosion and probably promoted 

the collision and densification of partides into spherical and cubical shapes. Changing the 

reactor pressure and varying the plasma gas flow rate had little or no apparent effect on 

partide synthes1s as a result of competing phenomena, i.e. partide residence cime, plasma 

plume length and plasma power within the range studied. However, further research 1s 

84 



'. l; 

required to expand on the effect of plasma parameters on PSD to arrive at more conclusive 

remarks. 

k) A novel partide size distribution measurement method (PSD) based on image 

analysis was developed to measure agglomerated nanopartides. The algorithm used exploited 

the fact that in SEM micrograph individual nanopartides possessed similar grey level values 

that allow the identification of partide boundacies. The grey level intensities could be 

obtained at each pixel and thus measure partide lengths from one partide boundary to 

another. The algocithm allowed a quick way to count a large number of partides, and thus 

offer the possibility of generating both a number PSD and a volume PSD with statistical 

significance. 

1) A new partide formation mechanism was proposed based on the fmdings 

reported in the literature and the experimental results obtained. It was conduded that 

droplet explosion was responsible of the decrease in expected partide size and that Bouyer's 

mechanism was not the primary partide formation model. The proposed mechanism 

accounted for all the different types of parcides observed. Four different partide collection 

mechanisms in the plasma system were discussed, i.e. thermophoresis, Brownian diffusion, 

turbulent diffusion and impaction (due to partide inertia). 

6. B Future work and recommendations 

The production of SOFC eomponents or SOFC materials using RF-thermal plasma 

technology has a great potencial based on the facility to prepare all the 

components / mate rials by aecurately controlling their composition, plasma operating 

parameters and plasma method, i.e. solution or suspension plasma synthesis/spraying or 

thermal plasma vapor deposition. A proper selection of the method and mater'.ru 

compositions offers the possibility to syntheslze and/or spray oxide powders of excellent 

quality at high rates. Therefore, the use of RF-plasma is highly recommended. A list of more 

specifie recommendation and future work 1s now presented: 

1) The formation of electrolyte layers from the synthesized partides must be earried 

out to compare the performance of an e1eetrolyte layer composed of plasma synthesized 
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particles with the performance of an electrolyte layer composed of powders synthesized 

using other methods, especially sol-gel followed by sintering. The electrolyte layers could be 

formed by using suspension plasma spraying or by compressing the powders under heat In 

doing so, the best electrolyte materials, ie. the most suitable dopant and dopant amount, 

could be determined. 

2) The effect of different plasma operating parameters on partide size distribution 

(PSD) must be further investigated. More experiments must be conducted at lower reactor 

pressures (i.e. 100 torr) as weIl as at higher pressures (ie. 500 and 700 torr). The gas flow rate 

must also be varied to higher values (ie. greater than 30 slpm). These experiments will 

provide more experimental evidence towards a fmal conclusion of the effect of plasma 

operating parameters on PSD. 

3) The synthesis of particles of a single PSD must a!so be further investigated. The 

importance of having a single PSD lies on the fact that coating uniformity will be gready 

improved as only a small partide size range will be deposited. A new reactor system that 

allows partide collection in-ilight at severa! reactor locations will provide experimental 

information of the particle slze at different trajectory regions. This information must be used 

as a feedback to tune the plasma operating parameters. Varying the plasma operating 

parameters alone may not be sufficient to obtain a single PSD and thus other methods must 

be examined, ie. modifying the solution or suspension characteristics or implementing 

equipment that selectively deposits or screens for partides of a given size range 

4) The partide dispersion for both laser diffraction and SEM analyses must also be 

improved. The use ofDMF was very successful but there could be other solvents and/or 

dispersant agents that will provide a better partide de-agglomeration. 

5) Recently, lanthanum gallate, LaGa03, doped with strontium and gallium has 

atttacted considerably attention as this electrolyte does not show the pro blems exhibit by 

eGO (cerium gadolinium oxide) at the tempe ratures between (500-600 oC) and the ionic 

conductivity of a favored composition (ie. Lao.9SrO.1Gao.8~.202.85) 1S just slighdy less than 

eGO at 500 °e (Ormerod, 2003). However, there are problems associated to prepare pure 
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single phase electrolytes ofLSGM and additional phases induding La4Gaz09 and St:LaGa30 7 

have been detected at the grain boundaries. Tt 1S possible that the thermal plasma synthesis 

of this material will provide better results than those obtamed with sintering methods. In 

doing so, new electrolyte materials could also be investigated. 
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Appendix A. Physieal properties of seleeted oxides, Ionie 
E~~~~E!~~!~_~h~~~~!_~~!~!~_~~~_!~~e~~~l~~!~~~_~~~ _________ . 
a. Physical properbes of selected solid modes 

MW p 
jg/m/] 

CeOz 172.13 7.65 
G~03 362.50 7.07 
YZ0 3 225.81 5.03 
Sm20 3 348.70 7.60 
Ref: 83!d CRC Handbook of Chemistry and Physics 
*Ref: Lange, Handbook of chemistry (15th Ed) 

Tmelting 

[oq 
2,400 
2,339 
2,438 
2,269 

T boiling 

_______ LÇL 

3,900 
*4,300 
3,780 

Schema illustrating oxygen environment around a) Ce-cubic structure, b) Zr-tretagonal 
structure (Ref. R&D Review of Toyota CRDL. Vol. 37. No. 4) . 

a 

• Zr .0 

b 

Defmition of different embedded duster surface models of doped CeOz in the full surface 
environment; atoms contained in the model duster are highlighted. Ouster models 5A 
(right), SB (center), and SC (left) have five-coordinated central cerium ions, while dusters 6B 
(right), 6A (center), and 6C (left) represent fu11y coordinated surface cerium ions (Ca-ion 
acting as dopant) (ref. de Carolis et al.) 

Calcrum 
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b. TheOly of ionic conductivity in fluonte oxides 

Nonstoicruometric oxides can be dassified in three types depending on their 
composition range, i.e. (i) essentially stoicruometric with a very narrow composition range, 
(u) nonstoicruometric with limited composition ranges and (ti~ grossly nonstoichiometric 
with broad composition ranges. Fluorite structure fails into grossly nonstoicruometric, e.g. 
CeOz, Praz, ThOz, etc. Interest in aruon-deficient fluorites has been due to their unusual 
transport and thermodynamic properties. These defective compounds show very high anion 
mobilities; sufficient in some cases for the materials to be dass:ified as superionic conductors 
(Sorensen, 1981). Vacancies randomly distributed throughout the oxide sublattice are an 
essential element required for oxygen-ion conduction in electrolyte mate rials, because these 
vacancies increase the likelihood of an oxygen ion to «jump" within the lattiœ (i.e. increase 
oxygen mobility) (Kimpton, 2002) 

The electrical conductivity, and more specifically the ionic conductivity, is the more 
commonly accepted parame ter to determine the most satisfactory electrolyte. Renee, it 1S 
important to explain the theory behind the calculation of fuis parameter in order to ftnd the 
correct chemical composition to optimize the œU functionality. The theory of electrical 
conduction has been described by Kilner and Steel (Sorensen, 1981) and it is summarized 
here. 

The electrical conductivity of any solid can be expressed as (Bq. 1) 

(Y lotal = I (Y j 
j 

(1) 

where Oj are the partial conductivities of each of the charge carriers (in siemens per 
meter) j present in the solid. These charge carriers can be either electronic in nature (t.e. 
either electrons or electron holes) or atomic in nature and usually are defects of either the 
anionic or cationic sublattice (i.e. ionic). We can expand each of the partial conductivities as 

(2) 

where ç 1S the number of carriers of type j per meter3
, Zj the number of electronic 

charges e of these carriers (Coulombs), and Il.i their mobility in the solid (metef per second 
per volt). Substitution of Bq. 2 into Bq. 1 gives 

(Y/otal = ICjZje,uj 
j 

(3) 

We can see from Bq.2 that each partial conductivity is a product of the number of 
carriers multiplied by a mobility; consequently, if two carriers are present in equal 
concentrations, it will be their mobilities that determine wruch mode of conductivity will 
predominate. For oxides, the mobilities of electronic defects are approximately 102_103 rimes 
greater than the mobilities of ionic defects, and therefore a relatively small concentration of 
electrons can have a large effect on the total conductivity. Nonetheless, the ionic 
conductivity is augmented by increasing the ionie defects (vacancies) in the solid lattice with 
the introduction of a dopant agent, wruch faeilitates oxygen ion migration. With this 
addition, the ionic conductivity of the f1uorite oxides dominates over the other 
conduetivities and thus the total eleetrical conduetivity of the material 1S mainly due to the 
ionic component This 1S an important concept because electrical conduetivity is assumed to 
be equivalent to ionie conductivity in most of the articles reviewed. 
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Empirically it has been found that the temperature dependence of the conductivity 
can be expressed by an equation of the form 

(4) 

where A is a constant or pre-exponential term, Ea the activation energy, and k the 
Boltzmann constant. 

In the case of oxygen-ion conductors (ie. SOFCs), the conduction occurs via anion 
vacancies, and therefore the mobility can be expanded according to the Nerst-Einstein 
relation as follows 

(5) 

where ris a geometric factor, v. is the jump attempt frequency, LlG", the Gibbs free energy 
for the jump, a. is the jump distance and Z=2 for oxygen. Recalling that LlG.,=L1Hm-TLlSm 
and defming the number of charge carriers as follows (Eq. 6), the ionic conductivity can be 
then expressed (Eq. 1) 

(6) 

where C 1S the number of charge carriers, [V;,] is the concentration of oxygen deficiencies 

and No is the number of oxygen sites per unit volume. 

(7) 

To condude fuis review and therefore obtain a fmal expression for ionic 
conductivity, sorne assumptions should be introduced, First, it 1S generally accepted that the 
vacancies induced by doping of aliovalent cations (ie, cations with a valence number lower 
than that of the host cation) are not free but are bound to dopant cations to form defect 
associates (W). Second, this binding energy (E,;) is mainly due to the coulombic attraction of 
the defects caused by their effective charges in the lattice; however, it also contains terms 
due to relaxation of the lattice around the defect, wruch depend upon the effective charge, 
the size of the dopant, and the cation polarizability. Incorporating these assumptions into 
Bq. 6 and for the case in which a metal M3

+ is added to an oxide such as Ce02, the ionic 
conductivity is expressed as follows (Eq. !l) 

[v;' ] = (lI W) exp( -~ A ); 

(8) 

where W 1S the nurnber of orientations of the associate and LlHA ts the enthalpy of 
association 

aT = (A' IW)exp( - Ml 'k; Ml A ); 

A = A'IW;Ea = MIm +MlA 
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C. Cakulation of the density of solid oxide mixtures 

The density was calculated as a weighted average of the densities of two oxides according to 
the number of moles, x, employed for each dopant, i.e. (Ce0:01_i1\1ez0 3),,/2 Me=Gd, Sm and 
y. For example for x=0.1, the solid oxide Ceo.9Meo.101.95 results. This solid oxide 1S 
composed of 90% mole Ce02 and 5% mole Me20 3 (i.e. 10% Me01.5)' Those mole 
percentages must be transformed into weight percentages using the molecular weight of 
their respective ondes. Finally, the new basis is then used to calculate the density of the solid 
(Bq. 3). 

Psolid.mtxture = PCe(J2 * %wt (of.the'T/eW.basis) + PMe203 '" %wt(of./he.new.baJis) (10) 

d. Calculation of the atomized droplet size 

The ruameter of the atomized droplet can he calculated using the following set of equations. 
This value 1s a function of the diameter of the oxide partide and its calculated density, the 
density of the precursor solution, the metal content in the nitrate salts and the solubility of 
those salts in distilled water. 

where 

A = D~ . 1f X Pax . 
6 %wt·Ce·in·Ce(NO) ·6H O' 332 

B = D~X1f X Pax 
6 %wt·Ce.in·Me(N03 )3 ·6H20 

A B C=--+--; 
SolA SolE ( )

1/3 

TM=A+B+C; DDropkt = .Q.x™ 
1f PSol 

DOx = Desired d:iameter of dense and spherical oxide partide [lJ.m] 
DDrupkt = Calculated diameter of the spherical atomized droplet [lJ.m] 
POx = Calculated density of the synthesized oxide [g/ cm1 

(11) 

(12 ) 

(13 ) 

PSd = Measured density of the corresponding precursor solution for the synthesized oxide 
[g/cm1 
%wt Me in Me(N03J}'6Hp = Percentage weight of the Me=Ce,Gd, Sm or Y in 
Me(N°3)3·6HzO. 
So~ = Solubility of Ce(N03)3.6HzO in distilled H20 [g Ce(N03)3'6H20 / g H 20] 
So~ = Solubility of Me(N03)3'6H20 in distilled H 20 [g Me(N03)3.6HzO / g H 20], Me=Gd, 
Sm orY 

e. Sensitivy analysis 

The basis of calculation for the sensitivity analysis was the correlations proposed by 
Lefebre (Leflbre, 1989) in wruch the Sauter mean diameter (SMD) for atomized droplets was 
empirically determined and fitted using the following equation. 
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(j = liquid surface tension [kgf s1 
mL = liquid mass flow rate [kg! s] 
UR = velocity of the atomizing gas relative to the liquid velo city [mis] 

PL = liquid density [kg/m1 
PA = gas density [kg/m3

] 

ALR = atomizing mass liquid/ gas flow rate ratio [ dimensioruess ] 

~ = liquid viscosity [kgf m.s] 
do = internaI diameter of the nozzle of the atom1zing probe [ml 
S:MD = Sauter mean droplet diameter [ml 

f. Scherrer' s formula 

T == O.9Â 
BCOS(JB 

T = crystalline size [A] 
B = full width half maximum [rad] 
(JB = Bragg angle [deg] 
À = wavelength of the incident monochromatic beam [A] 

g. Bardett's test 

(15 ) 

1. For each of the k samples denote the standard deviations by Si and the corresponding 
samples sizes by ni (number of partides measuœd) 
2. Calculate the pooled sample variance 

(16 ) 

3. Compute the test statistic 

(11) 

4. Reject the hypothesis of equal standard deviations ifB exceeds an upper-tail chi-square 
critical value with significance leve1 a and degrees of freedom v=k-1. 

h. Comparison of two means of independent samples 

1. Hypothesis: Ho: Md = Mo vs Hg: Md * P.o 
2. Reject Ho if the absolute value of te > t<x/2 

3. Calculate t (Student's t-distribution) 
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(18) 

4. Calculate the number of degrees of freedom v from the following formula 
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a. Peristaltic pump calibration CUi"Ve 

Calibration CUI'\Ie of the Perisîaltic Pump Easy load li. Masterllex US. 
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Tubing: Masterllex 14 

y = 2.7449x- 0.4071 

R2 = 0.9988 

2 3 4 5 
Control speecl 
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b. Rotameter calibration rurve 
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Rotameter calibration cUlVe @ different pressures 
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a. Commercial software methodology 

1. Scion Image software must be installed 
2. Open the image that is to be analyzed 

3. Under the options menu ~ profile plot options~ checkftxedy-axis scale from 0 to 255 
4. Under the proœss menu ~ click smooth once 

5. Under the special menu ~ load macros ~ browse for the Scion Macros folder and 
select the plotting macro 

6. Under the special menu ~ export profik plots ~ provide the y-increment in pixels 
(usually 20 is a good starting value) 

7. Save ail the flles in a particular foIder and leave the default [ùe name (pWTOOOO) ~ 
click save 

8. Exit Scion image software (not need to save the image changes) 

b. Developed alggrithm methodology 

1. Open MA TLAB and under the file menu ~ set path ~ specify the foider in which the 
exported Scion @es were saved 

2. Run the PSA2.m function. Pay special attention to the IntFik,(usually 0) TotFiks,(total 
number of@es exported, usually 44) Conversion (the equivalence of one pixel in nanometers) 
and ThresPart (the greyscale value that deftnes the background) variable defmitions. 

3. The program will ask you for the grey scale tolerance, enter a value of 10 as a flSt 
guess. 

4. The lineplot.m and the plothist.m will be needed to run the PSA2.m function. These two 
functions are provided below 

5. Make sure that the results given by the software are visually compared to the image 
under analysis, be aware of the 2 artifacts of this technique and if needed recalculate the 
distribution using a different grey scale tolerance. 

6. The Sam01l,.m function must be now run. This stores the information of the analyzed 
image in a structure array. The ID value corresponds to the number of the sample analyzed. 

7. Ali the variable from the workspace must be deleted with the exception of the struct 
array variable whose name could be modifted in the Sam01l,.m @e 

8. Steps 1 to 8 from the commercial software are repeated and steps 2 to 6 from the in­
house software are also repeated. 

9. A new ID value must be given when running Sam01l,.m so that the struct array stores 
the information of the second image and thus increase in size. 

10. After running SamOrg.m for the 5th image DO NOT delete the variables in the 
workspace. Run the buildup.m function and now save the workspace variables. This 
condudes the data analysis for one sample. 

11. The partide size distribution can now be truncated using the truncatùm.m function. 
The upper and lower bound must be input. 

12. The OvOrg.m function 1S now run to store the truncated PSD values. 
13. The OvOrg.m function must be run 5 cimes to store 5 different samples before 

proceeding to the next step 
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14. The OvGrapbsl set.m function is run to plot the flnal results. This function requites the 
standard deviation and the median values of the different distributions. These values are 
calculated based on the method described by Nevers (Nevers, 1995) 

PSA2.m 
%***Program created by Ian Castillo July 9, 2003***** 
%**************************************************** 
"/0*************************************************************** 
%This program reads the plot values generated by Scion 
'%and organizes them into a basic array for further manipulation 
%*************************************************************** 
%Memory dear 
%clearall; 
dc; 
dear TolGrey; 
dear ThresPart; 
dear DataMatrix; 
%Variable declaration 
IniFile=O; 
TotFiles=44; 
PixStep=l; 
%Initialization & Basic matrix generation 
A=load(tplotOOO',int2str(IniFile)]); 
BasicArraySize=size(A); 
BasicMatrix=zeros«(BasicArraySize(1,1»,(fotFiles+2»); 
%Initial data reading 
BasicMatrix(:,IniFile+ 2) = A(:,1); 
PixeIVec=[IniFile+l:PixStep:BasicArraySize(l,l)]'; 
BasicMatrix(:, 1) =PixeIVec(:, 1); 
%Main Reading loop 
for n=l:TotFiles 

ifn<=9 
A=load(fplotOOO',int2str(n)]); 
BasicMatrix(:,n+2)=A(:,1); 

end 
ifn>=l0 

A =load(fp lotOO' ,int2str(n)]); 
BasicMatrix(:,n+2)=A(:,1); 

end 
end 
%Clearing unnecessary variables 
dearA; 
clear PixelVec; 
%***Program created by lan Castillo July 2003***** 
%**************************************************** 
%*************************************************************** 
%This program reads the plot values generated in the BasicMatrix 
%and converts the BasicMatrix into a binary matrix 
%*************************************************************** 
%Variable dedaration 
NumPart=O; 
PixCor=2; 
Conversion=l; % 1 pixel is equivalent to X nm 
ToIGrey=input('Tolerance Grey Value = j; %Tolerance of grey scale to defme a particle 
ThresPart= 11 0; %Minimum grey value for a pixel to be considered a particle 
PartSizeInterval=Conversion; 
MinPartSize=5; %Minimum particle size in nanometers 
MaxPartSize=l000; %Maximum partide size in nanometers 
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%Binary Basic Array 
BinaryMatrix=zeros(BasicArraySize(l,l),TotFiles); 
for j=2:TotFiles+2 

for i=2:(BasicArraySize(1,1)-1) 
'YoCondition for binary matrix 

ifBasic:Matrix(i,j»=ThresPart & abs(BasicMatrixQ,j)-BasicMatrix(i-l,j» <=ToIGrey & 
abs(BasicMatrix(i,j)-BasicMatrix(i+l,j)<=ToIGrey 

BinaryMatrix(!,j)=l ; 
else 

BinaryMatrix(l,j)=O; 
end 

end 
end 
%Completing the Binary Arcay 
for j=2:TotFiles+2 

if BinaryMatrix (2,j) == 1 
BinaryMatrix(l,j) =1; 

eise 
BinaryMatrix(l ,j) =0; 

end 
end 

%Particle size counting 
for j=2:TotFiles+2 

Length=O; %Initializingparticle size counter 
for i=2:BasicArraySize(1,1) 

end 

if BinaryMatrix(l,j)==l 
Length=Length+ 1; 
if Length==1 

NumPart=NumPart+ 1; 
end 

else 
if NumPart-=O & Length-=O 

DataMatrix(NumPart) =Length; 
Length=O; 

end 
end 

end 

%Pixel correction 
DataMatrix=DataMatrix'; 
DataMatrix=DataMatrix+ PixCor; 
DataMatrix=DataMatrix*Conversion; 
plothist(MinPartSize,PartSizelnterva~MaxPartSize,NumPart,DataMatrix) 
lineplot(fotFiles,BasicMatrix,BinaryMatrix) 
clear i; 
c!ear j; 
clear n; 
clear PixStep; 
clear PixCor; 
clear Length; 
clear BasicArraySize; 
clear BasicMatrix; 
dear BinaryMatrix; 
clear Conversion; 
clear lniFile; 
dear TotFiles; 
%clear DataMatrix; 
%c!ear NumPart; 
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plothist.m 
0/0************************************************************************ 
%1'his program plots the total number of particles counted 
%and the histogram and cumulative frequency of the volume and 
%number partide size 
%************************************************************************ 
function 
[CumFreq Vol,F ractCumFreq,xcategory,FractCounts,FractHistV oij =plothist(MinPartSize,PartSizelnterval,Max 
PartSize,NumPart,DataMatrix); 
%Generating values for the graph plotting 
Xcategory=[MinPartSize:PartSizelnterval:MaxPartSize]; 
%Number particle size distribution 
Counts=hist(DataMatrix,xcategory); %Counts is related to the length of the partides 
CumFreq=cumsum(Counts); 
FractCumFreq=CumFreq/NumPart; 
FractCounts=Counts/NumPart; 
%Volume particle size distribution 
HistVol = Xcategory .*Xcategory. *Xcategory; 
HistVol=HistVol.*Counts; 
HistVol=HistVol*pi/6; 
TotaIPartVol=sum(HistVo~; 

FractHistVol= HistVol/TotalPartVo~ 
CumFreqVol=cumsum(FractHistVol); 
%Plotting . 
subplot(S,l,l) 
X=[1:1:NumPart]'; 
plot(X,DataMatrix(:, 1 ),'k'),grid 
xlabel('Number of particles') 
ylabel(Partide length (nm)') 
title(Partide length Vs Number of partides'); 
subplot(5,1,2) 
bar(Xcategory,F ractCounts,'k'),grid 
xlabel(Partide Size (nm)') 
ylabel(% of partides') 
title(Partide Size Distribution') 
set(gca, 'XScale','log') 
axis([11000 0 0.5]); 
subplot(5,1,3) 
plot(Xcategory,FractCumFreq,'k'),grid 
xlabel(Partide Size (nm)') 
ylabel(% ofPartides') 
set(gca,'XScale','log') 
axis([11000 0 1]); 
subplot(S,1,4) 
bar(Xcategory,FractHistVol,'k'), grid 
xlabel(partide Size (nm)') 
ylabel(% of Partides') 
set(gca, 'XScale' ,'log') 
axis([11000 0 0.5]); 
subplot(5,1,5) 
plot(Xcategory,CumFreq Vol,'k'),grid 
xlabel(Partide Size (nm)') 
ylabel(% of Particles') 
set(gca, 'XScale','log') 
aXls([11000 0 1]); 

lineplot.m 
0/0************************************************************************ 
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% This program plots three different lines to compare the performance of 
%the grey scaJe-binary algorithm 
%************************************************************************ 
function lineplot(fotFiles,BasicMatrix,BinaryMatrix); 
%obtaining information from the user 
%Yinc=inputCYinc =); 
Yinc=20; 
%defining the number of lines that will be plotted 
%FirstLineFile=round(fotFiles/4); 
FirstLineFile=5; 
%SecondLineFile=FirstLineFile+FirstLineFile; 
SecondLineFile=15; 
%ThirdLineFile=SecondLineFile+ FirstLineFile; 
ThirdLineFile=31 ; 
%transfering information 
Basic.MatrixLinel=BasicMatrix(:,FirstLineFile+2); 
BasicMatrixLine2=BasicMatrix(:,SecondLineFile+2); 
BasicMatrixLine3 =Basic.Matrix (:,ThirdLineFile+2); 
BinaryMatrixLinel=BinaryMatrix(:,FirstLineFile+2); 
BinaryMatrixLine2= BinaryMatrix(:,SecondLineFile+ 2); 
BinaryMatrixLine3=BinaryMatrix(:,ThirdLineFile+2); 
%getting the y location of the chosen lines 
YPixLinel = YinC* FirstLineFile; 
YFixLine2=Yinc*SecondLineFile; 
YPixLine3=Yinc*ThirdLineFile; 
%plotting 
figure(2); 
subplot(3,t,1) 
plot(BasicMatrix(:,l),BasicMatrixLinel,'k),grid 
title(ry location @ ',num2str(ypixLine1),' pixels for No. " ... 

num2str(FirstLineFile),' line1); 
%xlabel('X-direction (pixels)') 
ylabelCGrey Scale') 
set(gca, 'YTick',[O:50:250], 'FontSize', 9) 
set(gca,'XTick',[O:50: 1280],'FontSize' ,9) 
axis([O 1280 0 255]); 
%plotting the binary data on the first graph 
hl=gca; 
h2=axesCPosirion',get(hl ,'Position); 
plot(BasicMatrix(:, 1 ),BinaryMatrixLinel,'rx',. .. 

Basic.Matrix(:,l ),BinaryMatrixLinel,'r:') 
set(h2, 'YAxisLocation','right','Color','none','XTickLabel',O); 
set(h2,'XLim',get(h1,'XUm'),'Layer','top'); 
set(gca, 'YTick',[O:O.2: 1 ],'FontSize' ,9) 
CYo********************************************** 
subplot(3,1,2) 
plot(BasicMatrix(:,l ),BasicMatrixLine2,'k'),grid 
title(fY location @ ',num2str(ypixLine2),' pixels for No. ',. .. 

num2str(SecondLineFile),' line1); 
%xlabe1CX-rurection (pixels)') 
ylabel(Grey &ale') 
set(gca, 'YTick',[O:50:250],'FontSize',9) 
set(gca,'XTick',[O:50:1280],'FontSize',9) 
axis([O 1280 0 255]); 
%plotting the binary data on the second graph 
hl=gca; 
h2=axesCPosition',get(h1,'Position); 
plot(BasicMatrix(:, 1 ),BinaryMatrixLine2,'rx' , ... 

Basic.Matrix(:,l ),BinaryMatrixLine2,'r:') 
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, ',\ .. 
set(h2,'YAxisLocation','right','Color','none','XTickLabel',ID; 
set(h2,'XLim',get(hl,'XLim'),'Layer','top'); 
set(gca,'YTick',[0:O.2:1],'FontSize',9) 
~o************************************************* 

subplot(3,1,3) 
plot(Basic.Matrix(:,1),Basic.MatrixLine3,'k'),grid 
titleCfY location @ ',num2str(ypixLine3),' pixels for No. ', ... 

num2str(fhirdLineFile),' line1); 
xlabel('X -direction (pixels)') 
ylabelCGrey Scale') 
set(gca, 'YTick',[O:50:250],'FontSize',9) 
set(gca,'XTick',[0:50:1280],'FontSize',9) 
axis([O 1280 0 255]); 
%plotting the binary data on the third graph 
hl=gca; 
h2=axesCPosition' ,get(hl ,'Position '); 
plot(Basic.Matrix(:,l ),BinaryMatrixLine3,'rx' , ... 

Basic.Matrix(:,1),Binary.MatrixLine3,'r:') 
set(h2,'YAxisLocation','right','Color','none','XTickLabel',[l); 
set(h2,'XLim',get(hl,'XLim'),'Layer','top'); 
set(gca, 'YTick', [0:0.2: 1 ],'FontSize',9) 

SamOrg.m 
%***Program created by lan Castillo July 28, 2003***** 
%**************************************************** 
%*************************************************************** 
%1his program creates a structure array of the sample under study 
~o*************************************************************** 

ID=inputCJD = '); 
%the name of the different dopants must be changed once the pictures are 
%analyzed 
GdOCR(ID).name='GdOCR'; 
GdOCR(ID).number=ID; 
GdOCR(ID).numpart= NumPart; 
GdOCR(ID).data =DataMatrix; 
GdOCR(ID).threshold=ThresPart; 
GdOl_R(ID). tolerance=T olGrey; 

buildup.m 
%***Program created by lm Castillo July 28, 2003***** 
~o**************************************************** 

~o*************************************************************** 

%This program builds-up the matrix containing the infonnation of a 
%particular sample 
0/0*************************************************************** 
%*******change values******* 
function [SurnDataMatrix,SumTotPart] =buildup(GdOl_R,MinPartSize, ... 

PartSizelnterval,MaxPartSize); 
clear DataMatrix; 
%*******change values******* 

AA=getfield(GdOCR(l),'data'); 
AB=getfield(GdOl_R(2),' data'); 
AC=getfield(Gd01_R(3),'data'); 
AD=getfield(GdOCR(4),'data'); 
AE=getfield(GdOl_R(5),'data'); 

SurnDataMatrix=vertcat(AA,AB,AC,AD,AE); 
%SurnDataMatrix=vertcat(AA,AB,AC); 
A =size(SurnDataMatrix); 
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SumTotPart=A(1,1); 
%********change values********* 
save(yellowdata','SumTotPart','SurnDataMatrix','-ASCU') 
plothist(MinPartSize,PartSizeInterval,MaxPartSize, ... 

SumTotPart,SurnDataMatrix) 

truncation.m 
%***Program created by Ian Castillo August 13, 2003***** 
0/0**************************************************** 
0/0*************************************************************** 
%This program creastes a truncated array of the particle size information 
%and generates a histogram of the number and volume particle slze 
0/0*************************************************************** 
function 
[NumTruncPart,FractCumFreq,CumFreqVol,xcategory,FractCounts,FractHistVol]= truncation(SurnDataMatri 
x,SumTotPart,MinPartSize, ... 

PartSizeInterval,MaxPartSize) ; 
UpLimPartSize=input(Upper particle size Iimit= '); 
LowLimPartSize=input(Lower particle size limit= ); 
k=l; 
NewDataMatrix=SurnDataMatrix; 
for i=l:SumTotPart 

if NewDataMatrix(!,l»=LowLimPartSize & NewDataMatrix(t,l) <=UpLimPartSize 
TruncDataMatrix(k)=NewDataMatrix(i,l); 
k=k+1; 

end 
end 
TruncDataMatrix=TruncDataMatrix'; 
NumPartT runcDataMatrix =size(f runcDataMatrix); 
NumTruncPart=NumPartTruncDataMatrix(l,l); 
[CumFreq Vol,F ractCUfll.Freq,xcategory,FractCounts,FractHistVol] =plothist(MïnPartSize,PartSizeInterval,Max 
PartSize, .. 

NumTruncPart, TruncDataMatrix); 

OvOrg.m 
%***Program created by Ian Castillo August 13, 2003***** 
%**************************************************** 
%*************************************************************** 
%This program creates a structure array of the sample under study 
0/0*************************************************************** 
ID=inputCID == '); 
%the name of the different dopants must be changed once the pictures are 
%analyzed 
%OvResults3 is for the second set of samples 
OvResults2(ID).name='GdOl-R'; 
OvResults2(ID).number==ID; 
OvResults2(ID).numpart=NumTruncPart; 
OvResults2(ID).datanumber=FractCumFreq; 
OvResults2(ID).datavolume==CumFreq Vol; 
OvResults2(ID).xcategory=Xcategory; 
OvResults2(ID) .fractcounts= F ractCounts; 
OvResults2(ID).fracthistvol==FractHistVol; 

OvGraphslset.m 
%***Program created by lan Castillo August 13, 2003***** 
%**************************************************** 
%*************************************************************** 
%This program generates a graph showing the different samples 
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0/0*************************************************************** 
function lB] =OvGraphslset(OvResults2) 

Al =getfield(OvResults2(1),' datanumbex'); 
B 1 =getfield(OvResults2(1 ),'datavolume'); 
Cl =getfield(OvResults2(1 ),'xcategory'); 
Dl =getfield(OvResults2(1 ),' fractcounts'); 
Et =getfield(OvResults2(1 ),'fracthistvol'); 
F(1)=getfield(OvResults2(1),'numpart'); 
A2=getfield(OvResults2(2),' datanumber'); 
B2=getfield(OvResults2(2),'datavolume'); 
C2=getfield(OvResults2(2),'xcategory'); 
D2=getfield(OvResults2(2),'fractcounts'); 
E2=getfield(OvResults2(2),'fracthistvol'); 
F(2)=getfie1d(OvResults2(2),'numpart'); 
A3=getfield(OvResults2(3),' datanumber'); 
B3=getfield(OvResults2(3),'datavolume'); 
C3=getfield(OvResults2(3),'xcategory'); 
D3=getfield(OvResults2(3),'fractcounts'); 
E3=getfield(OvResults2(3),' fracthistvol'); 
F(3)=getfield(OvResults2(3),'numpart'); 
A 4=getfield(OvResults2( 4),' datanumber'); 
B4=getfield(OvResults2(4),'datavolume'); 
C4=getf1eld(OvResults2(4),'xcategory'); 
D4=getfield(OvResults2( 4),' fractcounts'); 
E4=getfield(OvResults2( 4),'fracthistvol'); 
F( 4) =getf1eld(OvResults2( 4),' numpart'); 
AS=getfield(OvResults2(S),'datanumber'); 
B5=getfield(OvResults2(5),'datavolume'); 
CS=getfield(OvResults2(S),'xcategory'); 
DS=getfield(OvResults2(S),'fractcounts'); 
ES=getf1eld(OvResults2(S), 'fracthistvol'); 
F(5)=getfie1d(OvResults2(S),'numpart'); 
0/0************************************************************** 
%Figure 1 
0/0************************************************************** 
figure(l); 
subplot(2,1,1) 
plot(Cl,Al,'k',C2,A2,'b',C3,A3,'r',C4,A4,'g',CS,AS,'c'),grid 
xlabel(Particie size diameter (nm)') 
ylabel(Fraction ofParticles') 
legendCSm01S-R','SmOl-R','GdOl-R','Sm02-F,'Sm02-R') 
set(gca,'XScale' ,'log') 
ax:is([l 10000 1]); 
subplot(2,1 ,2) 
plot(Cl,Bl,'k',C2,B2,'b',C3,B3,'r',C4,B4,'g',CS,B5,'c'),grid 
xlabel(Partide sÏ2e diameter (nm)') 
ylabelCFraction ofParticles') 
legend(Sm015-R' ,'SmOl-R','GdOl-R' ,'Sm02-F','Sm02-R') 
set(gca,'XScale' ,'log') 
axis([l 10000 1]); 
0/0************************************************************* 
%Figure2 
%************************************************************* 
figure(2); 
%Number distribution graphs 
muCln=17.566; 
sigmaC(1)=0.7191; 
muC2n=23271; 
sigmaC(2) =0. 5328; 
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muC3n=14.071; 
sigmaC(3) =0. 5991; 
muC4n=15.015; 
sigmaC(4) =0.5779; 
muC5n=9.478; 
sigmaC(5)=0.5667; 
%Plot y-scale-maximum 
ymaxn=10; 
Adj Factl =0.14; 
AdjFact3=0.06; 
AdjFact5=0.08; 
Adj Fact7 =0.08; 
AdjFact9=O.12; 

, ". 

%subplot(5,2,1) %inactive in order to oganize the M. Eng thesis presentation 
%New location 
subplot(S,2,3) 
%************* 
bar(Cl,Dl *loo,'k'),grid 
%xlabel(ParticJe size diameter (nm)') 
ylabel(% of partides(N)') 
set(gca, 'XScale' ,'log') 
axis([l 10000 ymaxn]); 
hl = gca; 
%Create the second axes at the same location before plotting the second dataset. 
h2 = axes(Position',get(hl,'Position'); 
y=lognpdf(Cl,logl O(muCln),sigmaC(l »; 
y=y* AdjFactl; 
plot(Cl,y*1 00,'r','LineWidth',2) 
set(gca,'XSca1e' ,'log') 
%To ensure that the second axes does not interfere with the first, locate the y-axis on the right side of the 

axes, make the background transparent, and set the second axes' x-tick marks to the empty matrix. 
set(h2,'Y AxisLocation' ,'right','Color','none', 'XTickLabel' ,0) 
axis([l 1000 0 ymaxn]); 
%Align the x-axis ofboth axes and display the grid lines on top of the bars. 
%subplot(5,2,3) %inactive in arder to oganize the M. Eng thesis presentation 
%New location 
subplot(5,2,1 ) 
0/0************* 
bar(C2,D2* loo,'k'),grid 
%xlabel(Partîc!e size diameter (nm)') 
ylabel(% of particles(N)') 
set(gca, 'XScale','log') 
axis([l 1000 0 ymaxn]); 
hl = gca; 
%Create the second axes at the same location before piotting the second dataset. 
h2 = axes(Position',get(hl,'Position'»; 
y=lognpdf(C2,log10(muC2n),sigmaC(2»; 
y=y* AdjFact3; 
plot(C2,y* 1 00,'( ,'LineWidt.h',2) 
set(gca,'XScale','log') 
%To ensure that the second axes does not interfere with the first, locate the y-axis on the right side of the 

axes, make the background transparent, and set the second axes' x-tick marks to the empty matrix. 
set(h2,'YAxisLocation','right','Color','none','XTickLabel',U) 
axis([11000 0 ymaxnJ); 
%Align the x-axis ofboth axes and display the grid lines on top of the bars. 
% subplot(5,2,5) same as before 
%New location 
subplot(5,2,9) 
%************* 
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bar(C3,D3* 100,'k'),grid 
xlabel(Parricle sae diameter (nm)') 
ylabel(% of parrides(N)') 
set(gca,'XSeale' ,'log') 
axis([11000 0 ymaxn]); 
hl::: gca; 
%Create the second axes at the same location before plotting the second datas et. 
h2 == axes(Position',get(hl,'Position'»; 
y=lognpdf(C3,logl0(muC3n),sigmaC(3»; 
y=y* AdjFact5; 
plot(C3,y*loo,'r','LineWidth',2) 
set(gca, 'XSeale' ,'Iog') 
% To ensure that the second axes does not interfere with the first, locate the y-axis on the fight side of the 

axes, make the background transparent, and set the second axes' x-tick marks to the eropty matrix. 
set(h2,'Y AxisLocation' ,'right','Color' ,'none', 'XTickLabel', 0) 
axis([11000 0 ymaxnJ); 
%AIign the x-axis ofboth axes and display the grid lines on top of the bars. 
subplot(5,2,7) 
bar(C4,D4* l00,'k'),grid 
%xlabel(Particle size diameter (nm)') 
ylabel(% of partides(N)') 
set(gca,'XScale' ,'Iog') 
axis([11000 0 ymaxn]); 
hl == gca; 
%Create the second axes at the same location before plotting the second dataset. 
h2 ::: axes(Position',get(hl,'Position'); 
y==lognpdf(C4,logl0(muC4n),sigmaC(4»; 
y=y* Adj Fact7; 
p!ot(C4,y*1 00,' r ,'LineWidth',2) 
set(gca, 'XScale' ,'log') 
%To ensure that the second axes does not interfere with the first, locate the y-axis on the right side of the 

axes, make the background transparent, and set the second axes' x-tick marks to the eropty matrix. 
set(h2,'YAxisLocation','right','Color','none','XTickLabel',O) 
axis([ll000 0 ymaxn]); 
%A1ign the x-axis ofboth axes and display the grid lines on top of the bars. 
%subplot(5,2,9) %same as before 
%New location 
subplot(5,2,5) 
'%************* 
bar(C5,D5* l00,'k'),grid 
%xlabel(Partide sae diameter (nm)') 
ylabel(% of partides(N)') 
set(gca,'XScale' ,'log') 
axis([l 1000 0 ymaxn]); 
hl::: gca; 
%Create the second axes at the same location before plotting the second datas et. 
h2 == axes(Position',get(hl,'Position'); 
y==10gnpdf(C5,log10(muC5n),sigmaC(5»; 
y==y* AdjFact9; 
plot(C5,y* 1 oo,'r' ,'Line Width',2) 
set(gca,'XScale','log') 
%To ensure that the second axes does not interfere with the first, locate the y-axis on the right side of the 

axes, make the background transparent, and set the second axes' x-tick marks to the empty matrix. 
set(h2,'Y AxisLocation',' right','Color','none', 'XTickLabel', m 
axis([11000 0 ymaxn]); 
%A1ign the x-axis ofboth axes and display the grid lines on top of the bars. 
~o********************************************************* 

% Volume distribution graphs 
%Plot y-scale-maxium 
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ymaxv=5; 
muCl=82.871; 
muC2=54.538; 
muC3=41.305; 
muC4=40.897; 
muC5=24.826; 
AdjFact2=O.07 ; 
Adj Fact4=O.03; 
AdjFact6=O.04; 
AdjFact8=0.04; 
AdjFactlO=O.06; 
%subplot(5,2,2) %same comment 
%New location 
subplot(S,2,4) 
0/0************* 
bar(Cl,El *loo,'k'),grid 
%xlabelCParticle size diameter (nm)') 
ylabelC% of particles(V)') 
set(gca, 'XScale' ,'log') 
axis([l 1000 0 ymaxv]); 
hl = gca; 
%Create the second axes at the same location before plotting the second datas et. 
h2 = axesCPo~ition',get(hl:Position'); 
y=lognpdf(Cl,log10(muCl),sigmaC(1»; 
y=y* AdjFact2; 
plot(Cl,y*100,'r','LineWidth',2) 
set(gca,'XScale' ,'log') 
%To ensure that the second axes does not interfere with the first, locate the y-axis on the fight side of the 

axes, make the background transparent, and set the second axes' x-tick marks to the empty matrix. 
set(h2,'YAxisLocation','right','Color','none','XTickLabel',U) 
axis([l 1000 0 ymaxvJ); 
%Align the x-axis ofboth axes and display the grid lines on top of the bars. 
%subplot(S,2,4) 
%New location 
subplot(S,2,2) 
%************* 
bar(C2,E2*loo,'k'),grid 
%xlabelcPartide size diameter (nm)') 
ylabelC% of particles(V)') 
set(gca,'XScale','log) 
axis([l 1000 0 ymaxv]); 
hi = gca; 
%Create the second axes at the same location before plotting the second dataset. 
h2 = axes(Position',get(hl,'Position); 
y=lognpdf(C2,Iog10(muC2),sigmaC(2»; 
y=y* Adj Fact4; 
plot(C2,y*loo,'r','LineWidth',2) 
set(gca,'XScale' ,'log') 
%To ensure that the second axes does not interfere with the first, locate the y-axis on the right side of the 

axes, make the backgrolh<J.d transparent, and set the second axes' x-tick marks to the empty matrix. 
set(h2,'YAxisLocation','right','Color','none','XTickLabel',U) 
axis([11000 0 ymaxv]); 
%Align the x-axis ofboth axes and display the grid lines on top of the bars. 
%subplot(S,2,6) 
%New location 
subplot(S,2,lO) 
'%************* 
bar(C3,E3*loo,'k'),grid 
xlabelCParticle size diameter (nm)') 
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ylabel(% of particles(V)') 
set(gca,'XScale' ,'log') 
axis([11000 0 ymaxv]); 
hl = gca; 
%Create Ihe second axes at Ihe same location before plotting Ihe second dataset. 
h2 = axes('Position',get(hl,'Position'); 
y=lognpdf(C3,log10(muC3),sigmaC(3»; 
y=y* Adj Fact6; 
plot(C3,y*1 OO,'r','LineWidlh',2) 
set(gca,'XScale','log') 
%To ensure that the second axes does not interfere with Ihe first, locate the y-axis on the right side of Ihe 

axes, make the background transparent, and set the second axes' x-tick marks to the empty matrix. 
set(h2,'Y AxisLocation','right','Color','none', 'XTickLabel',O) 
axis([l 1000 0 ymaxv]); 
%Align the x-axis ofboth axes and display Ihe grid lines on top of the bars. 
subplot(5,2,8) 
bar(C4,E4*100,'k'),grid 
%xlabelCPartide size diameter (nm)') 
ylabel(% of partides(V)') 
set(gca,'XScale' ,'log') 
axis([ll000 0 ymaxv]); 
hl = gca; 
%Create the second axes at Ihe same location before plotting the second dataset. 
h2 = axes(Position',get(hl,'Position'); 
y=lognpdf(C4,log10(muC4),sigmaC(4»; 
y=y* AdjFact8; 
plot(C4,y*100,'r','LineWidth',2) 
set(gca,'XSca1e' ,'log') 
%To ensure Ihat the second axes does not interfere wilh the first, locate Ihe y-axis on the right side of Ihe 

axes, make the background transparent, and set the second axes' x-tick marks to the empty matr1x. 
set(h2,'Y AxisLocation',' right','Color','none', 'XTickLabel' ,0) 
axis([llOoo 0 ymaxv]); 
%Align the x-axis ofbolh axes and display the grid lines on top of the bars. 
%subplot(5,2,10) 
%New location 
subplot(5,2,6) 
0/0************ * 
bar(C5,E5*loo,'k'),grid 
%xlabelCPartide size diameter (nm)') 
ylabel('% of particles(V)') 
set(gca,'XScale','log') 
axis([l 1000 0 ymaxv]); 
hl = gca; 
%Create Ihe second axes at Ihe same location before plotting the second datas et. 
h2 = axes(Position',get(hl,'Position'); 
y=lognpdf(C5,log10(muC5),sigmaC(5»; 
y=y* AdjFact1O; 
plot(C5,y*1 OO,'t,'LineWidlh',2) 
set(gca, 'XScale' ,'log') 
%To ensure that the second axes does not Ïflterfere wilh Ihe first, locate the y-axis on Ihe right side of Ihe 

axes, make Ihe background transparent, and set the second axes' x-rick marks to the empty matrix. 
set(h2,'Y AxisLocation':right','Color','none','XTickLabel',O) 
axis([11000 0 ymaxv]); 
%Align Ihe x-axis ofbolh axes and display Ihe grid lines on top of the bars. 
%******************************************************************** 
%Figure 3 
%******************************************************************** 
figure(3); 
y=lognpdflan(C1,log10(muCln),sigmaC(1»; 
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%y=lognpdf(Cl)og(muCln),sigmaC(l»; 
plot(Cl,y,'r','üneWidth',2) 
set(gca,'XScale' ,'Iog') 
~o****************************************************************** 

%CalcuJates the values of the Bartlett's test for sampie comparison 
~o****************************************************************** 

%Data 
k=5; %Number of samples 
Niminusone=O; 
NiminusoneSi2=O; 
NiminusonelnSi2=O; 
for i=l:k 

Ni=f(i); 
Si =sigmaC (1); 
Si2=Si*Si; 
Niminusone=Niminusone+(Ni-l); 
NiminusoneSi2=NiminusoneSi2+(Ni-l)*Si2; 
NiminusoneInSi2=NiminusonelnSi2+(Ni-l )*log(Si2); 

end 
Sp2=NiminusoneSi2jNiminusone; 
B=log(Sp2)*Niminusone-NiminusonelnSi2; 
~o*************************************** 

%Creates a file of the raw data so that mu and sigma of the log-normal 
%distribution can be calculated 
~o*************************************** 

Cl=Cl'; 
Bl=Bl'; 
C2=C2'; 
B2=B2'; 
C3=C3'; 
B3=B3'; 
C4=C4'; 
B4=B4'; 
C5=C5'; 
B5=B5'; 
save('text','Cl','Bl','C2','B2','C3','B3','C4','B4','C5','B5','-ASCTI'); 
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