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Summary

Zinc oxide (ZnO) alone or mixed with silica (SiÛ2) has unique optical and chemical

properties that have applications, especially when precise control of particle

characteristics (e.g. morphology, crystallinity and specific surface area: SSA) is

required for higher product performance. Flame spray pyrolysis (FSP) is promising for

synthesis of these oxide nanoparticles and it was investigated here. Emphasis was

placed on the effects of precursor solution state on product particle characteristics to

closely control the mechanism of particle formation in the spray flame.

In chapter 1, particle synthesis by FSP was reviewed and the emulsion combustion

method (ECM), FSP of a water-in-oil (w/o) emulsion, was introduced. Mechanisms of

particle formation by FSP and ECM were proposed from adiabatic flame temperatures

(Ta) showing the significance on product particle characteristics. Particle formation in

the liquid phase can be preferred in the emulsion spray flame (ECM) with lower Ta than

that of the methanol spray flame (FSP) where gas phase reaction takes place, suggesting

broad control of particle characteristics by the solvent composition.

In chapter 2, applications of ZnO and its synthesis processes were reviewed and

ZnO nanoparticles were made by FSP. The effect of precursor solution feed rate on

particle characteristics was examined. The primary particle diameter was controlled

from 10 to 20 nm by the solution feed rate. The primary particle diameter observed by

transmission electron microscopy (TEM) was in agreement with the BET-equivalent

average primary particle diameter (dßET) as well as with the crystallite size (dc)

calculated from X-ray diffraction (XRD) spectra, indicating uniform and single

crystalline primary particles. Compared with ZnO nanoparticles made by other

processes, the FSP-made powder exhibited some of the smallest and most homogeneous

primary particles.

The research was extended to ZnO/Si02 mixed-oxide particle synthesis by FSP in

chapter 3. Focus was placed on the effects of Zn/Si ratio on particle characteristics.

Polyhedral aggregates of nano-sized primary particles were obtained in all experiments.

The mixed-oxide primary particle was smaller in diameter than that of pure oxides and

consisted of ZnO nano-crystals and amorphous SiÛ2. The dc of ZnO was controlled

from 1.2 to 11.3 nm by the initial precursor composition. The composite particles
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exhibited an excellent thermal stability while little crystalline growth of ZnO (e.g. from

1.9 to 2.2 nm) was observed even after calcination at 600 °C.

The crystallization behavior of the FSP-made ZnO/Si02 nano-composites was

investigated by post calcination or in-situ heating of the aerosol subsequent to the FSP

process in chapter 4. A crystallization of ß-willemite (Zn2Si04) was observed by

calcination at 800 °C and the particles were transformed completely at 900 °C to a-

willemite with dc and dßET of 63 and 44 nm, respectively. The nano-composite structure

of the FSP-made particles can suppress ZnO crystal growth during calcination to

maintain a high reactivity of ZnO with SiÛ2, obtaining pure a-willemite with high SSA

at low calcination temperatures. While, in-situ heating of the aerosol resulted in a mixed

phase of ZnO, ß-willemite and Zni 7Si04 up to 1300 °C.

In chapter 5, the research was focused on the effects of Si source (hexamethyl-

disiloxane: HMDSO or Si02-sol) and process (FSP or ECM) on particle characteristics

of the pure or mixed ZnO-Si02 particles. Evolution of particle growth in the flame was

evaluated by thermophoretic sampling and TEM. Regardless of the process, gas phase

reaction took place for zinc acetate-derived ZnO and HMDSO-derived SiÛ2, forming

nanoparticles, whereas the Si02-sol particles were not evaporated in the flame, creating

large particles (e.g. 1 urn). High flame temperatures by FSP can enhance particle growth,

resulting in larger dßET and dc of the FSP-made particles compared with the ECM-made

ones at the same conditions. In the mixed oxide system, intimate mixing of the Zn and

Si species in the gas phase suppressed particle growth, forming nanoparticles with

broadened XRD peaks for HMDSO-derived 2ZnO/Si02, whereas independent

nucleation of ZnO in the gas phase resulted in a mixture of gas phase-made ZnO

nanoparticles and liquid phase-made large SiÛ2 particles for Si02-sol-derived

2ZnO/Si02.

In chapter 6, an outlook for application of the FSP technology to development of

highly efficient catalysts was shown briefly as future directions of this research.

In addition, various metal oxide particle synthesis by ECM was given with

discussion on the mechanism of particle formation by ECM, and also a simple method

was developed to predict the thickness and diameter of hollow particles in Appendix-A.
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Zusammenfassung

Zinkoxid (ZnO) allein oder vermischt mit Siliziumdioxid (SiÛ2) hat besondere optische

und chemische Eigenschaften für insbesondere solche Anwendungen, die für hohe

Produktperformance eine genaue Kontrolle der Partikelmerkmale erfordern. Für die

Synthese dieser Oxid-Nanopartikel stellt die hier untersuchte Flammensprühpyrolyse

(FSP) eine vielversprechende Methode dar. Insbesondere der Einfluss der

Vorläuferlösung auf die Partikeleigenschaften wurde für die genaue Kontrolle der

Partikelbildung in der Sprühflamme untersucht.

Kapitel 1 behandelt die Partikelsynthese durch FSP und stellt die Emulsions-

verbrennungsmethode (ECM), die FSP einer Wasser-Öl-Emulsion, vor. Mechanismen

für die Partikelbildung durch FSP und ECM wurden aus adiabatischer

Flammentemperaturen (TA) vorgeschlagen, die die Bedeutung auf die

Partikeleigenschaften zeigen. Bei ECM mit niedrigeren Ta kann die Partikelbildung in

der Flüssigkeitsphase bevorzugt werden gegenüber FSP, bei der eine Reaktion der

Gasphase stattfindet, so dass die Partikeleigenschaften durch die Zusammensetzung des

Lösungsmittels in weitem Masse geregelt wird.

Kapitel 2 behandelt die Anwendungen für ZnO und dessen Syntheseverfahren, und

die Herstellung von ZnO-Nanopartikeln durch FSP. Über den Vorläuferlösungs¬

durchsatz wurde der primäre Partikeldurchmesser im Bereich zwischen 10 und 20 nm

geregelt. Der durch Transmissionselektronenmikroskopie (TEM) gemessene primäre

Partikeldurchmesser stimmte mit dem BET-äquivalenten durchschnittlichen Partikel¬

durchmesser (dßET) und der aus Röntgendiffraktionsspektren berechneten Kristallgrösse

(de) überein, was auf einheitliche und einkristalline Primärpartikel hinweist. Verglichen

mit den in anderen Verfahren hergestellten ZnO-Nanopartikeln lieferte das Pulver aus

FSP die kleinsten und homogensten Partikel.

In Kapitel 3 wurde die Forschung auf ZnO/Si02 Mischoxid-Partikelsynthese durch

FSP ausgedehnt, mit dem Schwerpunkt auf dem Effekt des Zn/Si-Verhältnisses auf die

Partikeleigenschaften. In allen Versuchen wurden vielflächige Aggregate von Primär¬

partikeln in Nano-Grösse gefunden. Das Primärpartikel aus Mischoxid hatte einen

kleineren Durchmesser als aus reinen Oxiden und bestand aus ZnO Nanokristallen und

amorphem SiÛ2. Durch die anfangliche Vorläuferzusammensetzung wurde die de des
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ZnO im Bereich von 1,2 bis 1 l,3nm geregelt. Die Verbundpartikel zeigten nur geringes

Kristallwachstum des ZnO (z.B. von 1,9 auf 2,2nm) nach Kalzinierung bei 600°C.

In Kapitel 4 wurde das Kristallisationsverhalten der ZnO/Si02 Verbundpartikel

aus FSP durch nachträgliche Kalzinierung oder in situ Aufheizung des Aerosols nach

dem FSP-Prozess untersucht. Bei Kalzinierung bei 800 °C wurde eine ß-Willemit

(Zn2Si04) Phase beobachtet, und bei 900 °C wurden die Partikel vollständig in a-

Willemit mit dßET von 44 nm umgewandelt. Die Nano-Verbundstruktur der Partikel aus

FSP kann während der Kalzinierung das ZnO-Kristallwachstum unterdrücken und so

eine hohe Reaktivität des ZnO mit dem SiÛ2 erhalten, dass bei niedrigen Kalzinierungs-

temperaturen reines a-Willemit mit kleinem dßET erzeugt wird. Hingegen führt in-situ

Aufheizung des Aerosols zu einer Mischphase aus ZnO, ß-Willemit und Zni 7Si04 bis

zu 1300 °C.

In Kapitel 5 konzentrierte sich die Forschung auf den Einfluss der Si-Quelle

(Hexamethyl-disiloxan: HMDSO oder Si02-sol) und des Verfahrens (FSP oder ECM)

auf die Eigenschaften der reinen bzw. gemischten ZnO-Si02. Das Partikelwachstum in

der Flamme wurde durch thermophoretische Proben und TEM bewertet. Unabhängig

vom Verfahren trat bei ZnO aus Zinkazetat und SiÛ2 aus HMDSO eine Reaktion der

Gasphase statt, bei der Nanopartikel gebildet wurden, während die Si02-sol Partikel in

der Flamme nicht verdampften und grosse Partikel (z.B. lum) bildeten. Hohe

Flammentemperaturen bei FSP können zu höherer dßET und de der FSP-Partikel führen,

verglichen mit denen aus ECM bei sonst gleichen Bedingungen. Im Oxidgemischsystem

kann durch gründliche Vermischung des Zn und des Si in der Gasphase das

Partikelwachstum unterdrückt und Nanopartikel für 2ZnO/Si02 aus HMDSO erzeugt

werden, während unabhängige ZnO-Kernbildung in der Gasphase zu einer Mischung

von ZnO-Nanopartikeln aus der Gasphase und grossen Si02-Partikeln aus der

Flüssigphase für 2ZnO/Si02 aus Si02-sol führte.

Kapitel 6 enthält einen Ausblick auf die Anwendung der FSP-Technologie für die

Herstellung hocheffizienter Katalysatoren als künftige Forschungsrichtung.

Desweiteren wurde die ECM-Partikelsynthese aus verschiedenen Metalloxiden

zusammen mit dem Mechanismus der Partikelbildung durch ECM diskutiert und eine

einfache Methode zur Vorhersage von Dicke und Durchmesser von Hohlpartikeln

entwickelt (Anhang A).
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1 Flame Spray Technology for Synthesis of Metal Oxide Particles

Abstract

Flame synthesis is one of the established processes to produce oxide nanoparticles.

Especially, flame spray pyrolysis (FSP) is promising because a variety of precursors can

be utilized for particle synthesis. Oxide particle synthesis by FSP was reviewed and the

emulsion combustion method (ECM), FSP of a water-in-oil (w/o) emulsion, was

introduced with showing other particle synthesis processes utilizing a w/o emulsion for

separation of reaction site. The reactors used for particle synthesis in this work were

shown also. The adiabatic temperature of the emulsion spray flame was far lower than

that of the methanol spray flame, suggesting that particles can be formed in the liquid

phase by ECM as with spray pyrolysis, differed from FSP where gas phase reaction

takes place.

1.1 Introduction

Oxide particles have been used widely for many applications such as fillers (e.g. SiÛ2

and ZnO), pigments (e.g. TiÛ2 and Fe2Û3), catalysts (e.g. CeÛ2 and AI2O3) as well as

raw materials for functional ceramics (e.g. dielectrics, varistors, sensors, electrodes and

electrolytes) (Bohnet, 2001). Each application requires specific particle characteristics

such as morphology, size, specific surface area and crystallinity, and recent demands for

higher product performances necessitate a precise control of particle characteristics.

Flame synthesis (Ulrich, 1984; Pratsinis, 1998) is one of the established

commercial processes to make inexpensive ceramic nanoparticles (SiÛ2 and TiÛ2: less

than $5/kg), which are utilized for reinforcing filler for tire, pigment and filler for

sealing materials in semiconductor industries. Flame synthesis can be classified by

precursor used for synthesis. Flame aerosol synthesis (Pratsinis, 1998) produces oxide

particles from gas phase precursor (e.g. TiCU and hexamethyldisiloxane), whereas
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flame spray pyrolysis (FSP) (Sokolowski et al, 1977; Laine et al., 2000; Mädler et al,

2002a) utilizes precursor solutions (liquid) where metal salts and/or metal organics are

dissolved with solvents (e.g. methanol and octane). Solid metal powder (e.g. Si and Al)

is fed into a reactor where the powder is ignited and oxidized to form spherical particles

by vaporized metal combustion process (Abe et al., 1998). In these processes, FSP is

promising because a variety of precursors can be available for synthesis, though FSP is

not an established industrial process yet (Kammler et al., 2001).

On the other hand, a water-in-oil emulsion has been utilized to separate reaction

site for precise control of particle morphology (Pillai et al., 1995). Particle formation

from aqueous microspheres of a w/o emulsion in the liquid phase and thus control of

particle morphology can be expected by spraying and combusting a w/o emulsion in

FSP process, so-called the emulsion combustion method (ECM) (Takatori et al., 1999).

In this chapter, particle synthesis by FSP is reviewed and the FSP reactors used for

this research are shown. Then, particle synthesis by ECM was introduced with showing

other synthesis processes using a water-in-oil (w/o) emulsion. Adiabatic flame

temperatures are calculated and mechanisms of particle formation by FSP and ECM are

discussed.

1.2 Flame Spray pyrolysis

Flame spray pyrolysis in a broad sense includes spray pyrolysis of aqueous solution in

an external flame and of organic solution in the self-sustaining spray flame (Kammler et

al., 2001). In the former route, ZnO particles were made by FSP of zinc acetate using

town gas-air flame (Marshall et al, 1971) and recently mixed oxide particles (e.g.

YBaCuO superconductors (Zachariah and Huzarewicz, 1991), ß-SrMn03 and NiMn2Û4

(Kriegel et al., 1994) and BaTi03 (Brewster and Kodas, 1997)) were produced using

hydrogen-oxygen (or air) flame. On the other hand, Sokolowski et al. (1977) prepared

AI2O3 particles by FSP of aluminum acetylacetonate dissolved with a mixture of

benzene and ethanol in the latter route, where MgAb04 (Bickmore et al., 1996), ß"-
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alumina (Sutorik et al, 1998), Ti02, Ce02, CaO, MgO and Ce02/Zr02 (Laine et al,

2000) particles were made also. More recently, Mädler et al. (2002a) systematically

examined the effects of synthesis conditions (e.g. dispersion gas, its flow rate and

solvent) on the specific surface area (SSA) of FSP-made Si02 powder (Fig. 1.1 and 1.2).

Oxfabnt flow rale, Utah - Air flow rm, Vaâa.

Fig. 1.1 Specific surface area of the FSP- Fig. F2 Specific surface area of the FSP-

made Si02 as afunction ofair and oxygen
made Si02 as a function of air flow rate

flow rates. Adapted from Mädler et al. using iso-octane, ethanol and methanol.

(2002). Adaptedfrom Mädler et al. (2002).

Mädler and Pratsinis (2002) investigated synthesis of B12O3 nanoparticles by FSP and

found that a mixture of B12O3 nanoparticles and large solid and hollow particles was

obtained by FSP of bismuth nitrate/methanol precursor solution whereas using bismuth

acetate/acetic acid precursor solution resulted in only nanoparticles (Fig. 1.3). Mädler et

al. (2002b) produced CeÛ2 nanoparticles at different dispersion gas flow rates and

precursor feed rates and controlled the SSA of the product powder from 240 to 101 m2/g.

Figure 1.4 shows a schematic of the FSP reactor (Mädler et al., 2002a) with an

oxygen-assisted nozzle used for powder synthesis in chapter 2, 3 and 4. The nozzle

consists of a capillary tube of 0.91 and 0.6 mm in outer and inner diameter, respectively,

and an opening of 1.2 mm in diameter, forming an annular gap of 0.48 mm2 at

maximum. The glass syringe supplies a precursor solution through the nozzle where the
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Fig. 1.3 Morphology of the FSP-made Bi20} particles from (a) bismuth nitrate

/methanol and (b) bismuth acetate/acetic acid. Adapted from Mädler and Pratsinis

(2002).

Main

Flame

Vacuum Pump

Dispersing
0,

Actuator

Sheath O,

Fig. 1.4 Schematic ofthe FSP-A reactor.



5

solution is dispersed by oxygen flow. The nozzle is surrounded by uniformly distributed

(6 mm from the nozzle) eighteen holes, through which a mixture of methane and

oxygen is provided, forming methane-oxygen partially premixed supporting flames.

Oxygen for excess oxidant is supplied through a porous metal plate ring of 8 and 9 mm

in width and inner radius, respectively. The product particles are collected on a glass

fiber filter (Whatman, GF/A) with the aid of a vacuum pump. The reactor is called FSP-

A reactor in this research.

A new FSP reactor (FSP-B reactor: Fig. 1.5) was designed for large production rate

and used for powder synthesis in chapter 5. The FSP-B reactor is similar to the FSP-A

reactor except that the flame is formed downward and that a non-pulsation pump instead

of the syringe is used for continuous solution feed. A precursor solution is supplied by

the pump to a nozzle that is 0.4 and 0.7 mm in inner and outer diameter, respectively,

Precursor

solution

f i

M
Main'

Flame

Supporting
Flame

Dispersion
On

Hood

Stainless Tube Filter House

Fig. 1.5 Schematic ofthe FSP-B reactor.
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and placed at the center of an opening of 1.4 mm in diameter, creating an annular gap of

1.15 mm2, through which oxygen is provided for dispersion of the solution. A mixture

of methane and oxygen is supplied through eight holes of 3 mm in diameter uniformly

distributed at 7 mm in radius from the nozzle, forming methane-oxygen partially

premixed supporting flames, igniting the dispersed droplets. For excess oxidant, oxygen

was supplied through a porous metal plate ring of 24 and 44 mm in inner and outer

diameter, respectively, surrounding the nozzle. The combustion gas is cooled in a

stainless tube of 350 and 1500 mm in inner diameter and length, respectively, and the

product particles are collected on a filter sheet (Gore-Tex) set at the top of a filter house

connected with the stainless tube with the aid of a vacuum pump. The long cooling zone

enables high feed rates of several ten milliliters without thermal damage of the filter.

1.3 Emulsion Combustion Method

In a w/o emulsion, continuous oil phase separates aqueous microspheres, which behave

as a reactor for particle synthesis by precipitation or sol-gel processes (Pillai et al.,

1995). Pillai et al. (1995) reviewed synthesis of nanoparticles of silver halides,

superconductors and magnetic materials using water-in-oil microemulsions. Kaneko et

al. (2000) reported precise morphology control of ZnO nanoparticles by hydrolysis of

zinc dibutoxide in nonionic reversed micelles. Sarikaya and Akinc (1988) made hollow

AI2O3 particles of several microns in diameter by the emulsion evaporation technique

where a w/o emulsion containing aluminum nitrate aqueous solution (30 %) was added

into a hot mineral oil bath at 240 °C.

Takatori et al. (1999) first utilized a w/o emulsion for FSP and designed a reactor

for particle synthesis by combustion of a w/o emulsion containing precursors (ECM).

Details of the ECM reactor were described in Appendix-A. Homogeneous CeÛ2-Zr02

solid solution (Takatori et al., 1999), BaTiÛ3 (Tani et al., 2001: Appendix-B) and

hollow AI2O3 (Tani et al., 1998) particles were made by ECM using air as

dispersion/oxidant gas. Tani et al. (2003: Appendix-A) showed that a spectrum of metal
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oxides (e.g. AI2O3, TiÛ2, ZrÛ2 etc.) can be made by ECM from solid to hollow particles

of variable shell thickness.

In this research, a w/o emulsion was used also for FSP synthesis of ZnO/Si02

particles in chapter 5 to investigate the effects of solvent (methanol or w/o emulsion) on

particle characteristics. The FSP-B reactor (Fig. 1.5) and oxygen as dispersion/oxidant

gas were used for direct comparison of the process (FSP or ECM), differed from the

previous ECM studies (e.g. Takatori et al., 1999; Tani et al., 2003) where air was used

as dispersion/oxidant gas.

1.4 Mechanism of Particle Formation by FSP and ECM

Adiabatic flame temperatures (Ta) (Mizutani, 1977) were calculated at standard

combustion conditions (Table 1.1) as shown in Appedix-C. The emulsion was assumed

as a mixture of 65 vol% water and 35 vol% undecane (C11H24), which has the boiling

point (bP) of 196 °C (Lide, 2000) and represents kerosene (bP = 150-250 °C) (Mizutani,

1977). The TA of the flames were 2319, 3247, 2279 and 1421 °C for FSP-A (methanol),

FSP-B (methanol), FSP-B (emulsion) and ECM (emulsion) reactors, respectively. The

Ta (1472 °C) was not changed so much in case using the w/o emulsion containing water

of 63 vol% (Tani et al, 2001: Appendix-B). The Ta of the emulsion spray flame was

lower by nearly 1000 °C than that of the methanol spray flame in the FSP-B reactor and

air dispersion (the ECM reactor) further lowered the Ta.

On the other hand, Mädler et al. (2002a) showed that flame temperatures at the

height of 3 to 9 mm from the nozzle were 2400-2600 and 2200-2400 K at the dispersing

oxygen flow rates of 2.8 and 4.6 L/min, respectively, when dispersing the

hexamethyldisiloxane/ethanol precursor solution using the FSP-A reactor. As the

experimental conditions were similar to the standard combustion conditions of the FSP-

A reactor (Table 1.1), the flame temperature of the FSP-A reactor was estimated as

roughly 2200 to 2600 K, which is in agreement with the calculated Ta- While, the
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indicated temperature of the emulsion spray flame at 100 mm below the nozzle was

800-850 °C at the standard combustion conditions of the ECM reactor (Table 1.1).

Table 1.1: Standard combustion conditions and adiabatic flame temperatures (Ta) in

the FSP-A (methanol), FSP-B (methanol), FSP-B (emulsion) and ECM (emulsion)

reactors.

Reactor FSP-A FSP-B FSP-B ECM

Sprayed Methanol Methanol Emulsion Emulsion

solution 1 cm3/min 12 cm3/min 12 cm3/min 12 cm3/min

Supporting CH4: 1.58L/min CH4: 2 L/min CH4: 3 L/min H2: 8 L/min

flames 02: 1.52L/min O2: 2 L/min O2: 3 L/min Air: 20 L/min

Dispersion

gas
02: 3.85 L/min 02: 11 L/min 02: 11 L/min Air: 12 L/min

Oxidant

gas
02: 9.8 L/min O2: 15 L/min O2: 15 L/min Air: 45 L/min

TA/°C 2319 3247 2279 1421

High flame temperatures by FSP can evaporate metal species (e.g. precursor

molecule and metal oxide cluster), leading to nucleation in the gas phase, forming oxide

nanoparticles (Fig. 1.6a) as seen with FSP-made SiÛ2 (Mädler et al, 2002a), B12O3

(Mädler and Pratsinis, 2002) and CeÛ2 (Mädler et al., 2002b). The mechanism of

particle formation by FSP can be primarily same as that by flame aerosol synthesis

(Pratsinis, 1998).

In contrast, it may be difficult for metal species in the emulsion to evaporate

because of low flame temperatures by ECM, leading to liquid phase precipitation and/or

decomposition in aqueous microspheres of the w/o emulsion as with spray pyrolysis

(Messing et al., 1993), forming submicron-sized oxide particles corresponding to the

aqueous microsphere size and precursor concentration (Fig. 1.6b) as seen with ECM-

made BaTiÛ3 (Tani et al., 2001: Appendix-B), AI2O3, TiÛ2 and ZrÛ2 (Tani et al., 2003:
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Fig. 1.6 Expected mechanisms ofparticleformation by (a) FSP and (b) ECM.

Appendix-A) particles. Further discussion on particle formation by ECM was carried

out in Appendix-A. This suggests that the reaction (gas or liquid phase) can be

controlled by FSP and ECM, leading to broad control of product particle characteristics.

1.5 Conclusions

The FSP process is promising for synthesis of oxide particles and various metal oxide

particles have been made by spraying inorganic solutions in the external flame or

organic solutions forming a self-sustaining flame. Precise control of particle

characteristics by FSP was carried out recently. A new FSP process utilizing a w/o

emulsion as precursor solution (ECM) was introduced.
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The Ta of the emulsion spray flame (ECM) was lower by nearly 1000 °C than that

of the methanol spray flame (FSP) in the FSP-B reactor and air dispersion (the ECM

reactor) further lowered the Ta of the flame, suggesting that particles can be formed in

the liquid phase by ECM as with spray pyrolysis, differed from FSP where gas phase

reaction can take place. Broad control of particle characteristics can be achieved by

changing solvent from methanol to the w/o emulsion even at the same combustion

conditions because the reaction (gas or liquid phase) may be changed.
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2 Homogeneous Zinc Oxide Nanoparticles by Flame Spray Pyrolysis

Abstract

Zinc oxide nanoparticles were made by flame spray pyrolysis (FSP) of zinc acrylate-

methanol-acetic acid solution. The effect of solution feed rate on particle specific

surface area (SSA) and crystalline size was examined. The average primary particle

diameter can be controlled from 10 to 20 nm by the solution feed rate. All powders were

crystalline zincite. The primary particle diameter observed by transmission electron

microscopy (TEM) was in agreement with the equivalent average primary particle

diameter calculated from the SSA as well as with the crystallite size calculated from the

X-ray diffraction patterns for all powders, indicating that the primary particles were

rather uniform in diameter and single crystals. Increasing the solution feed rate

increases the flame height, and therefore coalescence and/or surface growth was

enhanced, resulting in larger primary particles. Compared with ZnO nanoparticles made

by other processes, the FSP-made powder exhibits some of the smallest and most

homogeneous primary particles. Furthermore, the FSP-made powder has comparable

BET-equivalent primary particle diameter with but higher crystallinity than sol-gel

derived ZnO powders.

2.1 Introduction

Zinc oxide (ZnO) is the third largest flame-aerosol-made material after carbon black and

pigmentary titania with global consumption of 600,000 t/y (Lacson, 2000). It is used

primarily as reinforcing filler (vulcanizing agent) for elastomers and to a much lesser

extent for pharmaceuticals, cosmetics, raw materials for varistor, phosphor and ferrite,

catalysts etc. In industry, about 98-99% of zinc oxide is produced by gas phase

synthesis (e.g. oxidation and condensation of zinc vapor). The rest 1-2% is made by a

wet process, e.g. precipitation from zinc sulfate or chloride and post-calcination,

This chapter was published in J. Nanoparticle Res., 4, 337-343 (2002).
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resulting in high specific surface area that can be utilized for specific applications (e.g.

catalysts; Liedekerke, 2001).

Since the early 70's, synthesis of fumed ZnO has been carried out to study the

behavior of ZnO as air pollutant. Marshall et al. (1971) first reported flame spray

pyrolysis (FSP) of fumed ZnO by spraying a zinc acetate aqueous solution into a town

gas-air burner to be used for toxicologic studies. Teague and Raabe (1980) made a

mixture of submicron-sized ZnO particles and aggregated ZnO nanoparticles with a

mass median aerodynamic diameter of 800 nm by heating zinc acetate mist in a furnace

at 1150 °C. Carroz et al. (1980) produced hexagonal zincite (ZnO) particles of 200 nm

in volume median diameter from a zinc nitrate in ethanol or methanol solutions by FSP.

McCarthy et al. (1982) investigated industrial ZnO particle synthesis by the French

process (Liedekerke, 2001), evaporation and oxidation of Zn metal, in a hot wall reactor

by varying the temperature and gas flow rate in the furnace. The ZnO particles were

chain aggregates of primary nanoparticles (less than 30 nm), submicron-sized blocky

particles and acicular particles.

Recently, demands for high product performance have necessitated a precise

control of ZnO particle properties for high value applications such as electrode of solar

cells (Rensmo et al., 1997) and photocatalysts (Koch et al, 1985). Close attention is

given to the high chemical reactivity of ZnO by increasing reactive sites (Carnes and

Klabunde, 2000) and the complex nature of the UV and visible fluorescence (Monticone

et al., 1998). Therefore, a lot of effort has been taken to precisely control particle

properties of ZnO by various sophisticated manufacturing processes.

Table 2.1 summarizes prior studies of gas phase synthesis of ZnO, showing

precursors and product particle characteristics (BET equivalent average primary particle

diameter, dßET, observed particle diameter by transmission electron microscopy (TEM)

or scanning electron microscopy (SEM), dsM, and crystallite size calculated from X-ray

diffraction (XRD), dc). Gas phase synthesis is suitable for producing nanoparticles with

high crystallinity as reaction occurs at a high temperature in a short time. Matsoukas

and Friedlander (1991) prepared inhomogeneous ZnO of dEM=10 nm from spray-dried
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Table 2.1: Prior studies ofgas-phase synthesis ofZnO andproduct characteristics

Authors Process Precursor dBET /nm dEM /nm dc /nm

Marshall et

al, 1971
Flame spray pyrolysis

Zinc acetate

(ZA)

Teague &

Raabe, 1980
Spray pyrolysis ZA 800 (mass median aerodynamic diameter)

Carroz et

al, 1980
Flame spray pyrolysis

Zinc nitrate

(ZN)
200 (volume median diameter)

McCarthy et Evaporation and

al, 1982 oxidation
Zinc metal (Zn) <30 (TEM)

Gardner et

al, 1984
Spray pyrolysis

ZN

ZA

139

59
jnm(SEM)

33

29

Matsoukas

&

Friedlander,
1991

Flame aerosol

synthesis
Spray-dried ZN 10 (TEM)

Suzuki et

al, 1992
Spray-ICP technique ZN 50+ (TEM)

El Shall et

al, 1995

Laser vaporization /

condensation
Zn 10-15 (SEM)

Kang &

Park, 1997

Spray pyrolysis using

filter expansion

aerosol generator

ZA
11 3 at 400 °C 5 (TEM at 400 °C) 7 at 400 °C

21 4 at 800 °C 12 (TEM at 800 °C) 12 at 800 °C

Li et al.

1999

Hydrothermal gas

discharging
ZA jnm(TEM)

Baklanov et

al, 1999
Thermocondensation Zn jnm(TEM)

Jensen et al,
2000

Flame aerosol

synthesis

Zinc

acetylacetonate
25-40

Qualitatively 25 (at
consistent with dBET dBET=40 nm)

Lin et al,
2000

Plasma pyrolysis
Zinc carbonate

hydrate
13 9 20 (TEM)

de Sousa et

al, 2000

Combustion of

precursor
ZN 389
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zinc nitrate aerosol in a premixed methane-air flame, where also large particles (over

20-30 nm) were observed. Jensen et al. (2000) made ZnO by oxidation of zinc

acetylacetonate (Zn-acac) in a premixed methane-air flame and found that the dßET

increased from 25 to 40 nm by increasing the concentration of Zn-acac and decreasing

the initial oxygen/methane ratio. Other energy sources were used for powder synthesis,

such as laser vaporization and condensation of zinc metal (El Shall et al., 1995), giving

10-15 nm ZnO particles, and plasma pyrolysis of zinc carbonate hydrate (Lin et al.,

2000), resulting in 20 nm ZnO particles regardless of the feed rate. ZnO nanoparticle

synthesis with different primary particle sizes (dEM=5 to 12 nm) was carried out also by

spray pyrolysis using filter expansion aerosol generator (FEAG) at different furnace

temperatures (Kang and Park, 1997). The particle size was much smaller than that

expected from the concentration of the precursor (zinc acetate) and the dispersed droplet

size, suggesting that the particles were formed in the gas phase in contrast conventional

spray pyrolysis in which the reaction occurs in the liquid phase (Messing et al., 1993).

Inductively coupled plasma (Suzuki et al., 1992) and furnace heating (Baklanov et al,

1999) were applied to make rod-like and acicular ZnO particles, respectively, although

both product particles were rather large (dEM>50 nm). In addition, spray pyrolysis of

zinc nitrate or acetate (Gardner et al., 1984), hydrothermal gas discharging of zinc

acetate (Li et al., 1999) and fuel combustion of zinc nitrate (de Sousa et al., 2000) were

investigated to make rather large (dEM>50 nm) ZnO particles.

This chapter investigates synthesis of crystalline ZnO nanoparticles with closely

controlled size, morphology and crystallinity by FSP. Emphasis is placed on effects of

precursor solution feed rate on ZnO particle characteristics and also on comparison of

them with characteristics of the particles prepared by other processes.

2.2 Experimental

Zinc acrylate (ZAcr: Fluka, 98%) was used as zinc precursor as the solubility of ZAcr in

methanol is higher than those of anhydrous zinc nitrate and zinc acetate used in prior

studies as adding water in methanol (by using zinc nitrate hydrate) may disturb the gas-
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phase reaction. A mixture of 94 vol% methanol (J.T. Baker, exceed ACS grade) and 6

vol% acetic acid (Scharlau, reagent grade) was used as solvent. A transparent 0.5 mol/L

solution was obtained by ultrasonic mixing of ZAcr with the solvent. Synthesis of ZnO

was carried out using the FSP-A reactor (Fig. 1.4) at the standard combustion conditions

(Table 1.1) except for the solution feed rate, which was varied from 1 to 4 mL/min,

resulting in 2.44 to 9.77 g/h of ZnO, respectively.

The SSA of the particles was measured by 5-point nitrogen adsorption (BET:

Micromeritics, Gemini 2350) after degassing the powder at 150 °C for 2 hours in

nitrogen. The dßET was calculated from the measured SSA and the density (p) of ZnO

(5.61*103kg/m3):

dBET = 6 / (SSA * p) (2.1).

The powder crystallinity was measured by X-ray diffraction (XRD: Bruker, AXS D8

Advance, 40 kV, 40 mA) at 20 (Cu-Ka)=20-70 °, step=0.02
° and scan speed=0.24 7min.

The dc was calculated from the full width at half maximum (FWHM) of the (100) peak

using Scherrer's equation (Klug and Alexander, 1974):

dc = 0.9 * X/(ß - ß') cosO (2.2),

where X is a wavelength of the X-ray (0.154186 nm) and ß, ß' and 0 represent the

measured FWHM, the peak broadening caused by the equipment and a diffraction angle,

respectively. The ß' was determined as 0.141° by measuring the FWHM of the (100)

peak using the ZnO particles of several microns in diameter. The particle morphology

was observed by transmission electron microscopy (TEM: Hitachi, H600, 100 kV).

2.3 Results and Discussion

Figure 2.1 shows the flame height as a function of the fuel equivalence ratio (l+O) and

the precursor solution feed rate. Here, O is the ratio of the required oxygen for complete
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combustion of the supplied precursor solution to the actual dispersion gas oxygen flow

rate. The flame height increased almost linearly with (l+O), in agreement with Mädler

et al. (2002). This suggested that increasing the solution feed rate increased the droplet

concentration and subsequently the fuel concentration in the spray flame, leading to

longer spray flames (Karpetis and Gomez, 2000).

l+O

1 1.5 2 2.5 3

90

£

g 80

2 70

I
JB 60

50

0 12 3 4 5

Liquid feed rate /mL •min

Figure 2.1: Flame height as afunction ofthefuel equivalence ratio (1+<P) (circles)

and the precursor solutionfeed rate (triangles).

Figure 2.2 shows the XRD patterns of the as-prepared powders. All powders were

hexagonal zincite (#36-1451) and no secondary or amorphous phase was observed. The

peak heights increased and the peak widths decreased as the solution feed rate increased,

indicating crystallite growth.

Figure 2.3 compares dc and dBET as function of the solution feed rate. The dBET

increased from 10.4 to 18.4 nm, corresponding to the decrease of SSA from 103 to 58

m2/g, as the solution feed rate increased from 1 to 4 mL/min. The dßET and dc were in

good agreement with each other, indicating that the primary particles were single

crystals. The dc also increased as the solution feed rate increased, indicating that higher

precursor concentration and temperature resulted in larger particles. This is in
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Figure 2.2: X-ray diffraction patterns of the FSP-made ZnO powders for the

precursor solution feed rates of 1, 2, 3 and 4 mL/min. All powders were zincite and

the diffraction peaks became sharper as the solutionfeed rate increased.
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Figure 2.3: XRD crystallite sizes calculated using Scherrer's equation (dc-' circles)

and BET equivalent average primary particle diameter (dßET-' triangles) of the

powders as function of the precursor solution feed. The dc and dßET were in good

agreement with each otherfor all powders, indicating low degree of agglomeration

(necking) and single crystals.
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agreement with Pratsinis et al. (1996) who found that decreasing the oxidant flow rate

and increasing the fuel flow rate resulted in longer diffusion flames, decreasing the SSA

of product TiÛ2 powder. Increasing the flame temperature may also enhance the particle

growth as shown by Windeler et al. (1997) who reported particle growth of flame-made

A1203, Ti02 and Nb205 powders by increasing the residence time, flame temperature

and precursor concentration. In FSP of SiÛ2, the increase of SSA by the decrease of the

flame height was also shown by Mädler et al. (2002). The increase of the flame height

prolongs the particle residence time at high temperatures, which enhanced the particle

growth, leading to the decrease of the SSA (increase of dßET).

Figure 2.4 shows the TEM micrographs of the FSP-made particles, which are

polyhedral aggregates of primary particles, as typically observed with vapor flame-

made SiÛ2 and TiÛ2 (Pratsinis, 1998). The similarity in particle morphology between

vapor and spray flame-made particles indicates that these particles were formed in the

gas phase. The primary particle diameters observed by TEM are consistent with both

the dc and the dßET (Fig. 2.3). Apparently, FSP-made particles are more uniform than

flame-made ZnO (Matsoukas and Friedlander, 1991) or particles made by conventional

spray pyrolysis that exhibited twice as large dBET from dEM and dc (Kang and Park,

1997). Also the particles made here were smaller than Jensen et al. (2000) and Lin et al.

(2000) who did not observe any sensitivity of precursor feed rate on product particle

size. As seen in Fig. 2.4c or 2.4d, the primary particles grew in rod-like shape at higher

solution feed rates. Rod-like particles were obtained also by a sol-gel process in

reversed micelles (Kaneko et al., 2000), a hydrothermal gas discharging method and a

spray-ICP technique (Suzuki et al., 1992). In the latter work, Suzuki et al. (1992) argued

that gas-solid reaction and not coalescence growth would result in particles with

different morphologies when synthesizing various oxide particles by spray-ICP. This

may indicate that the ZnO particles are formed by surface growth on the primary

particles rather than by coalescence of stable clusters.

In liquid phase synthesis, agglomerate-free, rod-like crystalline ZnO nanoparticles

were prepared using reversed micelles and the particle sizes of (110) and (002) faces

were precisely controlled from 10 to 20 nm and 20 to 30 nm, respectively (Kaneko et al.,
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Figure 2.4: Transmission electron microscopic images of the FSP-made ZnO

particles. The primary particle size increased in the order (a), (b), (c) and (d),

corresponding to the precursor solutionfeed rate ofl, 2, 3 and 4 ml/min, respectively.

2000). ZnO nanoparticles of dBET=8 nm with low crystallinity were made by a sol-gel

method and post-calcination at 250 °C (Carnes and Klabunde, 2000). In their process,

the calcination temperature had to increase up to 600 °C in order to obtain better

crystallinity, which resulted in the increase of dBET up to 18 nm. A precipitation method

in microemulsions (Hingorani et al., 1993) and freeze drying (Marinkovic et al., 2000)

produced ZnO particles of dBET=41 and 26 nm, respectively. The particles made here

were smaller in primary particle diameter than Hingorani et al. (1993) and Marinkovic

et al. (2000) and had almost the same dBET but higher crystallinity than those made by
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Carnes and Klabunde (2000). On the other hand, a sol-gel method using reversed

micelles may be better than FSP for close particle property control of ZnO nanoparticles,

although it is questionable if it can be applied industrially as wet chemistry processes

are known for high processing cost (Pratsinis and Mastrangelo, 1989).

Therefore, the FSP-made powder can be attractive for high value applications as

catalytic materials and raw materials for ceramics with homogeneous nano-structure.

2.4 Conclusions

Crystalline zinc oxide nanoparticles of about 10 nm in primary particle diameter were

produced by FSP. The primary particle diameter increased from 10 to 20 nm as the

precursor solution feed rate increased by a factor of 4. The flame height increased

almost linearly as the fuel equivalence ratio (l+O) increased, prolonging, thus, particle

residence time in the flame, enhancing particle coalescence and/or surface growth,

resulting in larger primary particles. The TEM primary particle diameters were in good

agreement with both the dBET and the dc, indicating that the primary particles were

uniform in diameter and single crystals. Compared with the other gas phase-made ZnO

nanoparticles, the FSP-made powder is one of the smallest and most homogeneous in

primary particle diameter. The FSP-made powder also shows almost the same dBET but

higher crystallinity than a sol-gel derived powders. On the other hand, a sol-gel method

using reversed micelles was considered better than FSP for close particle property

control of ZnO nanoparticles.
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3 Synthesis of Zinc Oxide/Silica Composite Nanoparticles by Flame Spray

Pyrolysis

Abstract

Zinc oxide (ZnO)/silica (SiÛ2) composite nanoparticles were made by flame spray

pyrolysis. The effects of the Zn/Si ratio on particle properties were examined and

compared with those of the pure ZnO and SiÛ2 particles made at the same conditions.

Polyhedral aggregates of nano-sized primary particles were obtained in all experiments.

The mixed-oxide primary particle size was smaller than that of pure oxides. The

primary particles consisted of ZnO nano-crystals and amorphous SiÛ2, as seen by high-

resolution transmission electron microscopy (HR-TEM) and X-ray diffraction (XRD)

analysis using the fundamental parameter approach. The ZnO crystal size calculated

from the XRD spectrum was controlled from 1.2 to 11.3 nm by the initial precursor

composition and it was consistent with HR-TEM. The composite particles exhibited an

excellent thermal stability and little crystalline growth of ZnO (e.g. from 1.9 to 2.2 nm)

was observed even after calcination at 600 °C.

3.1 Introduction

Zinc oxide (ZnO) has excellent chemical, electrical and optical properties that find

applications as reinforcing filler for elastomer (Klingender et al., 1990), catalyst (King

and Nix, 1996; Consonni et al., 1999), varistor (Hingorani et al., 1993; Body et al.,

1997; Singhal et al., 1997), electrode of solar cells (Rensmo et al., 1997), photocatalyst

(Jung et al., 1997) and UV-attenuating material (Iwasaki et al., 2000).

The instability of ZnO nanoparticles is, however, a problem in most specialized

applications. For example, sol-gel derived ZnO nanoparticles increased their diameter

by aging for a few days, resulting in a significant red shift in the absorption spectra

This chapter was published in J. Mater. Sei., 37, 4627-4632 (2002).
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(Monticone et al., 1998). The specific surface area (SSA) of the ZnO nanoparticles

decreased from 130 to 70 m2/g after calcination at 400 °C (Carnes and Klabunde, 2000),

reducing the number of reactive sites and thus degrading their catalytic performance. To

suppress ZnO nanoparticle growth by aging, Mikrajuddin et al. (2001) made ZnO/Si02

composite particles, in which crystalline ZnO particles of ~3 nm in size were dispersed

in amorphous SiÛ2, by a combination of sol-gel synthesis and spray drying. They

observed no change in photoluminescence spectra for over 30 days. However, they

focused mainly on the optical properties and therefore the particle SSA and thermal

stability were not evaluated to better understand how ZnO was stabilized. Cannas et al.

(1999) also produced ZnO/Si02 composite particles, in which amorphous ZnO particles

were dispersed in amorphous SiÛ2, by the sol-gel method. They evaluated the reaction

between ZnO and SiÛ2 by the 29Si MAS NMR measurement without presenting the

corresponding particle characteristics.

This chapter investigates synthesis of ZnO/Si02 nano-composite particles in which

crystalline ZnO nanoparticles are dispersed using FSP. Especially, the focus is on the

size control and stabilization of ZnO nanoparticles and the effect of precursor Zn/Si

ratio on the product particle properties.

3.2 Experimental

Zinc acrylate (ZAcr: Fluka, 98%) and hexamethyldisiloxane (HMDSO: Fluka 99%)

were used as Zn and Si sources, respectively. A mixture of 94 vol% methanol (J.T.

Baker, exceed ACS grade) and 6 vol%> acetic acid (Scharlau, reagent grade) was used as

solvent. After dissolving ZAcr in the solvent and adding HMDSO, the liquid was mixed

ultrasonically to obtain a transparent solution. The amounts of ZAcr and HMDSO were

varied to obtain particles with the different compositions at Zn molar ratios, X=0-1,

where X is:

X = Zn/(Zn+Si) (3.1).



31

The concentration of the total metal atoms (Zn + Si) in the precursor solutions was

adjusted to be 0.5 mol/L for all experiments. Powder synthesis was carried out using the

FSP-A reactor (Fig. 1.4) at the standard combustion conditions (Table 1.1), giving a

powder production rate of 1.80 (pure Si02) to 2.44 (pure ZnO) g/h.

The particle morphology was observed by transmission electron microscopy

(TEM: Hitachi, H600, 100 kV) and high-resolution TEM (HR-TEM: Philips, CM30ST,

300 kV). The powder crystallinity was measured by X-ray diffraction (XRD: Bruker,

AXS D8 Advance, 40 kV, 40 mA) at 20 (Cu-Ka)=20-70 °, step=0.02
° and scan

speed=0.24 7min. The crystallite size (cIcf) of ZnO was calculated from the XRD

patterns using the software (Topas 2.0, Bruker AXS, 2000) based on the fundamental

parameter approach (Cheary and Coelho, 1992; Cheary and Coelho, 1998), in which the

effects of the equipment (e.g. X-ray source, slits etc.) were incorporated. The analysis

was carried out by fitting the XRD pattern with the crystalline data of zincite

(Albertsson et al., 1989), assuming that (a) the background was a linear function, (b) the

contribution of amorphous SiÛ2 was described by a broad peak in the range of 20 = 26-

30° and (c) there is no micro-strain in the particles. Only the background level, the

position of the amorphous peak, the crystallite size of ZnO and the intensities of the

peaks were varied to fit the measured spectra. The ZnO crystallite size (des) was

calculated also from the full width at half maximum (FWHM) of the (100) peak and ß'

= 0.141° using eq. 2.2 where des was described as dc- The SSA of the particles was

measured by 5-point nitrogen adsorption (BET: Micromeritics, Gemini 2350) after

degassing the powder at 150 °C for 2 hours in nitrogen. The BET-equivalent average

primary particle diameter (dBEi) was calculated from the measured SSA and the density

(p) of the particles using eq. 2.1, assuming that p is given by:

p
= X *

pz„o (5.61 *103 kg/m3) + (1-X) *
pSl02 (2.2* 103 kg/m3) (3.2).

The product powder was calcined in an alumina crucible at 600 °C for 2 hours in air

(Carbolite, CWF 13/23) to evaluate the thermal stability of ZnO particles.
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3.3 Results

Figure 3.1 shows TEM micrographs of pure ZnO (X=l), 2:1 ZnO:Si02 mixture

(X=0.67) and pure SiÛ2 (X=0) made by FSP. All powders were polyhedral aggregates

of primary particles with average diameters of 10, 8 and 20 nm for X=l, 0.67 and 0,

respectively. The growth of the primary particles was suppressed clearly when mixed

oxides were produced.

Figure 3.1: Transmission electron microscopic images ofFSP-made powders ofpure

ZnO (X=l), 2:1 ZnO:Si02 mixture (X=0.67) and pure Si02 (X=0). Mixed oxide

particles appear to be smaller than either oxide made alone.

Figure 3.2 shows a HR-TEM micrograph of X=0.67. Each primary particle was a

nano-composite, in which very fine crystals of 1-3 nm in diameter were dispersed in the

amorphous phase. The observed lattice distance (Fig. 3.2) was 0.163 nm, which was in

agreement with the distance (0.162 nm) of the (110) plane in hexagonal ZnO (zincite,

#36-1451).
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Figure 3.2: High-resolution transmission electron microscopic image ofZnO/Si02

powder with X=0.67.

Figure 3.3 shows XRD patterns of the FSP-made particles. The pure ZnO particles

(X=l) were zincite (#36-1451). The diffraction peaks were observed at the same angles

as those of the pure ZnO particles in the mixed system, although the peaks were

broadened with increasing SiÛ2 concentration. No zinc silicates (e.g. willemite) were

observed in any powders. Figure 3.4 shows how the fundamental parameter approach of

the XRD pattern is used to determine the phase composition for X=0.67 as a typical

example. The XRD pattern was described well as the sum of the linear background, the

crystalline ZnO and the broad peak attributed to an amorphous phase (e.g. Si02).
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29 /deg. (Cu-Ka)

Figure 3.3: X-ray diffraction patterns ofZnO/Si02powder withX=l, 0.9, 0.8, 0.67,

0.4, 0.2 and 0.

20 30 40 50 60 70

29/deg. (Cu-Ka)

Figure 3.4: Result of the fitting using the fundamental parameter approach in

ZnO/Si02 powder with X=0.67. The black and gray lines correspond to the

measured and calculatedXRDpatterns, respectively.
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Figure 3.5 shows crystallite sizes (dcF or des) of ZnO and dBET for various Zn/Si

ratios. It was difficult, however, to determine the deF (fundamental parameter approach)

in the range of X<0.4 because the peaks were too weak to be determined. It was also

difficult to measure the FWHM for the calculation of the des (Scherrer's equation) in

the range of X<0.9 because of an overlapping of the diffraction peaks. The dcF and des

were in good agreement with each other for both X=l and 0.9, although the accuracy of

des in X=0.9 is questionable because it is difficult to determine FWHM in crystals of

less than 4 nm even in a simple system (Gerhartz, 1972) and the amorphous phase can

affect the shape of the ZnO peaks here. The dcF of the pure ZnO particles (X=l) was in

agreement with the TEM primary particle sizes, indicating that the primary particles

were single crystallites. In the mixed oxides, the dcF of ZnO decreased from 3.9 (at

X=0.9) to 1.2 nm (at X=0.4) as the content of Si increased. At X=0.67, the dcF=2.2 nm
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Figure 3.5: Crystallite sizes ofZnO andBET equivalent mixed orpure oxide average

primary particle diameter as function of Zn/Si ratio. Solid and open circles

correspond to the crystallite sizes calculated using the fundamental parameter

approach (dcF) cind Scherrer 's equation (des), respectively. Open triangles represent

the BET equivalent average primary particle diameter (dßET)-
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was also in agreement with the observed crystallite size in the HR-TEM micrograph

(Fig. 3.2).

In the mixed oxides, the dBET was smaller than those of pure ZnO and SiÛ2 and

decreased from 8.6 (at X=0.9) to 5.0 nm (at X=0.2) as the content of Si increased.

Especially, the remarkable decrease of dBET (by factor of 3.7) was observed by

substituting 20 mol%> of Si with Zn. The dBET of X=l, 0.67 and 0 were consistent with

the TEM primary particle sizes (Fig.3.1). The dBET of X=l was also in good agreement

with the XRD crystallite size. The dBET were larger by factor of 2~4 than dcF in the

composite system, showing that the primary particles were not ZnO single crystals but

the composite as seen in Fig. 3.2.

Figure 3.6 shows intensities of the ZnO and amorphous phases in the calculated

XRD patterns, which corresponds most likely to the amount of each phase. The

intensities of the ZnO and amorphous phases increased and decreased, respectively as

the amount of Si decreased, suggesting that the amorphous phase in the composite

corresponds to amorphous SiÛ2.
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Figure 3.7 shows XRD patterns of powders made at X=l, 0.8, 0.67 and 0.4 before

(dashed lines) and after (solid lines) the calcination at 600 °C for 2 hours. The XRD

peaks obviously became sharper in the calcined pure ZnO (X=l) compared with that

before calcination, resulting in the increase of the des from 10.7 to 25.6 nm. On the

contrary, the XRD patterns were hardly changed by calcination of the mixed system,

which indicates that only little crystalline growth of ZnO (e.g. from 1.9 to 2.2 nm)

occurred till 600 °C, confirming the stabilization role of SiÛ2.

X=Zn/(Zn+Si)
After calcination

' Before calcination

20 30 40 50 60 70

29 /deg. (Cu-Ka)

Figure 3.7: XRD patterns of ZnO/Si02 powder with X=l, 0.8, 0.67 and 0.4 before

(dashed lines) and after (solid lines) the calcination at 600 °C.

3.4 Discussion

Polyhedral aggregates are observed typically with vapor flame-made SiÛ2 and TiÛ2

(Pratsinis, 1998). Because of the similarity in particle morphology of vapor flame and

spray flame-made particles, it can be inferred that particles here were formed in the gas
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phase. In the mixed system, ZnO nanoparticles were dispersed in amorphous SiÛ2,

judging from the HR-TEM and XRD results.

Vemury and Pratsinis (1995) investigated the effects of dopants on the particle

properties of TiÛ2 in flame aerosol synthesis. They reported that the SSA increased by

the doping of Si because (a) the sintering rate of TiÛ2 was much faster than that of SiÛ2,

(b) TiÛ2 were formed first and SiÛ2 followed and (c) the presence of SiÛ2 suppressed

the sintering of TiÛ2. They also reported that the SSA decreased by the doping of Sn

and Al except for the 5 mol% of Sn doping (the lowest amount of the doping in their

experiments) by the substitution of Sn4+ and Al3+ to Ti4+ site because of the similarity of

the ionic radius, enhancing the sintering. Jensen et al. (2000) reported ZnO-AL;03

particle synthesis by flame aerosol synthesis, in which ZnO/ZnAl204 mixed powder was

obtained when substituting 15 or 36 mol% of Zn with Al. The dBET in the mixed system

decreased by factor of 3 compared with pure ZnO. The particle growth suppression was

observed when Zn reacts with Al to form Z11AI2O4 which is different from ZnO/Si02

mixture. Although Jensen et al. (2000) did not propose a detailed mechanism of the

particle growth suppression, they considered that Z11AI2O4 was formed first followed by

nucleation of excess ZnO. In their case, the particle growth suppression was attributed

to the presence of two different particles or nuclei in the flame as it was reported in

former studies (Vemury and Pratsinis, 1995). In this study, Zn2+ and Si4+ cannot be

substituted with each other, because the ionic radius of Zn2+ (0.60 Â) is quite different

from that of Si4+ (0.26 Â) (Lide, 2000). Furthermore, the formation of Zn2Si04

(willemite) may be difficult at residence times in the order of milliseconds in the spray

flame as post-calcination at 1000 °C was necessary to obtain willemite from the spray

pyrolysis-made particles (Morimo et al., 1994; Kang and Park, 2000), although

Lenggoro et al. (2000) directly synthesized willemite by spray pyrolysis allowing for

long residence time (4 sec.) in the hot zone. Therefore, it can be concluded that the ZnO

and SiÛ2 clusters co-exist without substitution or reaction hindering each other's grain

growth.

Molten SiÛ2 clusters may be formed first here, judging from the fact that the

boiling point of SiÛ2 (2950 °C) (Lide, 2000) is higher than the sublimation point of ZnO
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(-2000 °C) (Suzuki et al, 1992). The melting point of Si02 is 1713 °C (Lide, 2000),

which means that the solidification of molten SiÛ2 occurs after nucleation of the solid

ZnO. Although these data refer to the bulk oxides that can be different from those of

nanoparticles, the order of the phenomena during cooling is considered to be same

between them in the nanoscale. Therefore, the composite particle could be formed by

condensation of SiÛ2 clusters from the gas phase followed by formation of solid ZnO

clusters from the gas phase on the molten SiÛ2 followed by subsequent solidification to

form the primary composite particle after smoothing the surface of the particle by

surface tension as observed by TEM (Fig. 3.1). These considerations are in agreement

with the discussion ofVemury and Pratsinis (1995) for the Ti02/Si02 system.

The increase of Zn concentration in the precursor can enhance the coagulation

and/or the surface growth of the ZnO clusters on the molten SiÛ2, increasing the dc (Fig.

3.5). The agreement of the TEM diameter (Fig. 3.1) and dBET (Fig. 3.5) in the mixed

system can be explained by the formation of the smooth spherical particles. The pure

SiÛ2 (X=0) primary particles were larger than pure ZnO (X=l) made at the same

conditions, suggesting that the sintering rate of SiÛ2 is faster than that of ZnO. This can

indicate that suppression of particle growth by the presence of the other oxide is more

effective for pure SiÛ2 rather than ZnO, resulting in the significant decrease of dBET

when substituting Si with Zn.

On the other hand, Vemury and Pratsinis (1995) also reported that the doping of Si

in TiÛ2 inhibited phase transformation from anatase to rutile because the ionic radius of

Si4+ was small enough to enter the titania lattice interstitially, locking the lattice to

inhibit phase transformation. Here, some of Si4+ ions can enter the zinc oxide lattice

interstitially at the surface because of the large difference of the ionic radius between

Zn2+ and Si4+, which may suppress the crystalline growth of ZnO.

The ZnO nanoparticles seem to exist independently and to be surrounded by

amorphous SiÛ2. In this condition, the solid-state diffusion of the metal ions can be

suppressed because Zn2+ and Si4+ cannot be substituted with each other and the

calcination temperature of 600 °C is too low to form willemite, judging from the fact
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that ß -willemite was crystallized at 722 °C from sol-gel derived amorphous Zn2Si04

(Lin and Shen, 1994). Therefore a high thermal stability of the ZnO nanoparticles was

achieved in the mixed system. From these properties, these composite particles can be

quite attractive for catalysts (Carnes and Klabunde, 2000) and optical materials

(Monticone et al, 1998).

3.5 Conclusions

ZnO/Si02 composite nanoparticles were made by FSP. Polyhedral aggregates of nano-

sized primary particles were obtained in all experiments. The primary particles

consisted of ZnO nano-crystals and amorphous SiÛ2. The XRD crystallite size of ZnO,

dcF, was analyzed using the fundamental parameter approach and controlled from 1.2

(at X=0.4) to 11.3 nm (at X=l) by changing the composition of the precursor. The dBET

decreased by the mixing of Zn and Si. The dBET decreased from 10.4 (at X=l) to 5.0 nm

(at X=0.2) and then increased to 18.2 nm (at X=0). In the mixed system, the dBET was

larger by factor of 2~4 than the dcF- The composite particles exhibited an excellent

thermal stability and little crystalline growth of ZnO was observed after calcination at

600 °C for 2 hours, e.g. from 1.9 to 2.2 nm.



41

3.6 References

J. Albertsson, S. C. Abrahams, and A. Kvick. (1989). "Atomic Displacement,

Anharmonic Thermal Vibration, Expansivity and Pyroelectric Coefficient

Thermal Dependences in ZnO." Acta Crystallogr. Sect. B-Struct. Commun. 45,

34-40.

S. Body, H. Alamdari, G. Cross, A. Joly, A. VanNeste, P. Grutter, and R. Schulz.

(1997). "Ball milled ZnO for varistor applications." Synthesis and Properties of

Mechanically Alloyed andNanocrystalline Materials Pts 1 and 2 - Ismanam-96,

Transtec Publications Ltd, Zurich-Uetikon, 993-998.

C. Cannas, M. Casu, A. Lai, A. Musinu, and G. Piccaluga. (1999). "XRD, TEM and Si-

29 MAS NMR study of sol-gel ZnO-Si02 nanocomposites." J. Mater. Chem.

9(8), 1765-1769.

C. L. Carnes, and K. J. Klabunde. (2000). "Synthesis, isolation, and chemical reactivity

studies of nanocrystalline zinc oxide." Langmuir 16(8), 3764-3772.

R. W. Cheary, and A. Coelho. (1992). "A Fundamental Parameters Approach to X-Ray

Line-Profile Fitting." J. Appl. Crystallogr. 25, 109-121.

R. W. Cheary, and A. A. Coelho. (1998). "Axial divergence in a conventional X-ray

powder diffractometer. II. Realization and evaluation in a fundamental-

parameter profile fitting procedure." J. Appl. Crystallogr. 31, 862-868.

M. Consonni, D. Jokic, D. Y. Murzin, and R. Touroude. (1999). "High performances of

Pt/ZnO catalysts in selective hydrogénation of crotonaldehyde." J. Catal. 188(1),

165-175.

W. Gerhartz. (1972). Ullmanns Encyklopadie der technischen Chemie, Weinheim,

Deerfield Beach Florida, Basel.

S. Hingorani, V. Pillai, P. Kumar, M. S. Multani, and D. O. Shah. (1993).

"Microemulsion Mediated Synthesis of Zinc-Oxide Nanoparticles for Varistor

Studies." Mater. Res. Bull. 28(12), 1303-1310.

T. Iwasaki, M. Satoh, T. Masuda, and T. Fujita. (2000). "Powder design for UV-

attenuating agent with high transparency for visible light." J. Mater. Sei. 35(16),

4025-4029.



42

J. R. Jensen, T. Johannessen, S. Wedel, and H. Livbjerg. (2000). "Preparation of ZnO-

AI2O3 particles in a premixed flame." J. Nanoparticle Res. 2, 363-373.

K. Y. Jung, Y. C. Kang, and S. B. Park. (1997). "Photodegradation of trichloroethylene

using nanometre-sized ZnO particles prepared by spray pyrolysis." J. Mater. Sei.

Lett. 16(22), 1848-1849.

Y. C. Kang, and S. B. Park. (2000). "Zn2Si04: Mn phosphor particles prepared by spray

pyrolysis using a filter expansion aerosol generator." Mater. Res. Bull. 35(7),

1143-1151.

D. S. King, and R. M. Nix. (1996). "Thermal stability and reducibility of ZnO and

Cu/ZnO catalysts." J. Catal. 160(1), 76-83.

R. C. Klingender, M. Oyama, and Y. Saito. (1990). "High-strength compound of highly

saturated nitrile and its applications." Rubber World 202(3), 26-31.

I. W. Lenggoro, F. Iskandar, H. Mizushima, B. Xia, K. Okuyama, and N. Kijima.

(2000). "One-step synthesis for Zn2SiÛ4: Mn particles 0.3-1.3 (am in size with

spherical morphology and non-aggregation." Jpn. J. Appl. Phys. Part 2 - Lett.

39(10B),L1051-L1053.

D. R. Lide. (2000). CRC Handbook of Chemistry and Physics 81st edition, CRC Press,

Boca Raton, London, New York, Washington, D.C.

C. C. Lin, and P. Y. Shen. (1994). "Nonisothermal Site Saturation During

Transformations of Zn2Si04." J. Solid State Chem. 112(2), 387-391.

Mikrajuddin, F. Iskandar, K. Okuyama, and F. G. Shi. (2001). "Stable

photoluminescence of zinc oxide quantum dots in silica nanoparticles matrix

prepared by the combined sol-gel and spray drying method." J. Appl. Phys.

89(11), 6431-6434.

S. Monticone, R. Tufeu, and A. V. Kanaev. (1998). "Complex nature of the UV and

visible fluorescence of Colloidal ZnO nanoparticles." J. Phys. Chem. B 102(16),

2854-2862.

R. Morimo, R. Mochinaga, and K. Nakamura. (1994). "Preparation and Characterization

of a Manganese Activated Zinc Silicate Phosphor by Fume Pyrolysis of an

Alkoxide Solution [Zn2Si04-Mn]." Mater. Res. Bull. 29(7), 751-757.

S. E. Pratsinis. (1998). "Flame aerosol synthesis of ceramic powders." Prog. Energy

Combust. Sei. 24(3), 197-219.



43

H. Rensmo, K. Keis, H. Lindstrom, S. Sodergren, A. Solbrand, A. Hagfeldt, S. E.

Lindquist, L. N. Wang, and M. Muhammed. (1997). "High light-to-energy

conversion efficiencies for solar cells based on nanostructured ZnO electrodes."

J. Phys. Chem. B 101(14), 2598-2601.

M. Singhal, V. Chhabra, P. Kang, and D. O. Shah. (1997). "Synthesis of ZnO

nanoparticles for varistor application using Zn-substituted aerosol OT

microemulsion." Mater. Res. Bull. 32(2), 239-247.

M. Suzuki, M. Kagawa, Y. Syono, and T. Hirai. (1992). "Synthesis of Ultrafine Single-

Component Oxide Particles by the Spray-ICP Technique." J. Mater. Sei. 27(3),

679-684.

S. Vemury, and S. E. Pratsinis. (1995). "Dopants in Flame Synthesis of Titania." J. Am.

Ceram. Soc. 78(11), 2984-2992.



44



45

4 Synthesis of a-Willemite Nanoparticles by Post-Calcination or In-situ

Heating of Flame-Made Zinc Oxide/Silica Composites

Abstract

Crystallization of zinc silicate and formation of a-willemite (Zn2SiÛ4) nanoparticles

were investigated by post calcination or in-situ heating of flame-made zinc oxide/silica

composite. A crystallization of ß-willemite was observed by calcination at 800 °C. A

pure a-willemite phase was obtained at 900 °C. At this calcination temperature, the dc

and dBET of the powder were 63 and 44 nm, respectively. The nano-composite structure

of the FSP-made particles can suppress crystalline growth of ZnO during calcination to

maintain a high reactivity of ZnO with SiÛ2, obtaining pure a-willemite with high

specific surface area at low calcination temperatures. On the other hand, in-situ heating

of the aerosol subsequent to the FSP process resulted in a mixed phase of ZnO, ß-

willemite and Zni 7Si04 up to 1300 °C.

4.1 Introduction

Mn-doped rhombohedral zinc silicate (Zn2SiÛ4: a-willemite) has been used widely as a

green phosphor material for plasma display panels (PDP) (Justel and Nikol, 2000). The

a-willemite phase is produced typically by solid-state synthesis at high temperatures

(e.g. 1200 °C) and milling after calcination (Chang et al., 1989; Lenggoro et al., 2000).

In order to prevent degradation in its luminescence properties by the milling process,

emphasis is placed on developing alternative routes of fine a-willemite particles.

Li et al. (1995) investigated a-willemite particle synthesis by hydrothermal

processing where they controlled particle morphology (cubic or acicular) and diameter

from 200 to 1500 nm by adjusting the hydrothermal conditions. Lu et al. (2001)

produced a-willemite particles of 350-700 nm in diameter by seeded hydrothermal

This chapter was published in Part. Part. Syst. Charact. 19, 354-358 (2002).
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synthesis. Zhang et al. (2001) made a-willemite particles of 40-100 nm in diameter with

a small amount of triclinic zinc silicate by sol-gel synthesis and post-calcination at 850

°C. Morimo et al. (1994) obtained a-willemite particles of 1000 to 6000 nm in diameter

by spray pyrolysis (SP) and post-calcination at 1100 °C. Kang and Park (2000)

examined a-willemite particle synthesis by SP at various synthesis (furnace) and post-

calcination temperatures. They reported that SP at 1000 °C resulted in a mixed phase of

ZnO and orthorhombic zinc silicate (ß-willemite) while post-calcination at 800 °C

initiated formation of a-willemite and at 1200 °C a pure a-willemite phase was obtained.

Lenggoro et al. (2000) successfully prepared a-willemite particles of 300 and 50 nm in

diameter and crystal size, respectively, by SP without post-calcination. This was

achieved by applying a high temperature (1300 °C) and long residence time (~4 s)

during the SP process. Other methods for zinc silicate synthesis are wet chemical

synthesis (Chang et al., 1989), combustion synthesis and post-calcination (Chandrappa

et al., 1999) and low-temperature synthesis in an aqueous medium (Ahmadi et al., 2000).

In summary, the reported a-willemite particles ranged from several hundred

nanometers to several micron sized. This may be caused by the fact that a particle size

demanded for a PDP-phosphor today is several microns (e.g. 1-4 (j,m (Justel and Nikol,

2000)) and a high temperature is necessary to obtain pure a-willemite except for the

hydrothermal method. The applied high temperature always resulted in a crystalline

growth. On the other hand, nano-crystalline phosphor materials of less than 10 nm in

crystallite size have gained attention for their high luminescent efficiency as observed in

the Tb-doped Y2O3 (Bhargava, 1997; Goldburt et al., 1997). Therefore, it is important to

establish a process for controlled nano-crystalline a-willemite synthesis, considering

existing and up-coming demands in particle size. This chapter focuses on synthesis of a-

willemite nanoparticles by post-calcination or in-situ heating subsequent to the FSP

process of the FSP-made ZnO/Si02 nano-composite particles.
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4.2 Experimental

The precursor solution of X=0.67 (see eq. 3.1) was prepared in the same way as in

chapter 3. Powder synthesis was carried out using the FSP-A reactor (Fig. 1.4) at the

standard combustion conditions (Table 1.1) except for the solution feed rate of 2

mL/min. For post calcination, the prepared powder was heated in an alumina crucible at

600, 800, 850, 900 and 1000 °C for 2 h in air applying a heating rate of 5 °C/min

(Carbolite, CWF 13/23).

On the other hand, a quartz tube or furnace was set between the FSP-A reactor and

filter for in-situ heating subsequent to the FSP process of aerosol (Fig. 4.1). A quartz

tube of 380 mm in length with an inner diameter of 54 mm covered with an isolating

A sectional

image of
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Vacuum Pump
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Nozzle irhir
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Nozzle (j

(b) FSP-A-F

Figure 4.1: Schematics of the FSP-A reactor combined with (a) a quartz tube (the

FSP-A-Q reactor) and (b) afurnace (the FSP-A-F reactor).
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material was placed on the nozzle for confinement of the spray flame (the FSP-A-Q

reactor: Fig. 4.1a), giving a combustion gas temperature of about 600 °C at the outlet of

the tube. At the same down stream position, the gas in the normal FSP-A reactor had a

temperature of 200 °C. A residence time in the tube was calculated as 15 ms, assuming

that both the precursor solution and methane were reacted completely, the combustion

gas flew out homogeneously from the outlet of the tube and the gas had a temperature

of 600 °C at 1 atm. The post-heated powder was collected also on the filter. A stainless

tube with a furnace (Carbolite, CFM 62 mm) of 420 mm in height was set on top of the

nozzle (the FSP-A-F reactor: Fig. 4.1b), leaving a distance of 50 mm from the nozzle

for additional heating of aerosol. The tube consisted of inlet, heating and cooling zones.

The inlet zone was a single tube of 80 and 58 mm in length and inner diameter. The

heating zone was a bundle of six tubes (see a sectional image of the tube in Fig 4.1) of

420 and 16 mm in length and inner diameter to obtain a good heat transfer from the tube

wall to aerosol. A cone-shaped stainless block was put at an inlet of the heating zone to

distribute the aerosol into the six tubes homogeneously. The cooling zone was also a

single tube of 58 mm in inner diameter surrounded by a water jacket of 180 mm in

length to prevent the filter from thermal damage. The cooling zone was connected with

the filter holder, where the powder was collected on the filter with the aid of a vacuum

pump. The total flow rate of the vacuum pump was adjusted to 43, 20 and 9 L/min,

giving a residence time of 0.7, 1.5 and 3.4 s in the hot zone of the furnace, respectively.

The particle morphology was observed by transmission electron microscopy

(TEM: Hitachi, H600, 100 kV). The crystalline phase of the powder was measured by

X-ray diffraction (XRD: Bruker, AXS D8 Advance, 40 kV, 40 mA) at 20(Cu-Ka)=20-

70°. The crystallite size (dc) of a-willemite was calculated from the full width at half

maximum (FWHM) of (-220) peak using eq. 2.2. The peak broadening (ß') caused by

the equipment was determined as 0.131° by measuring the FWHM of the (-220) peak

using a-willemite particles of several microns in diameter. The specific surface area

(SSA) of the powder was measured by 5-point nitrogen adsorption (BET: Micromeritics,

Gemini 2350) after degassing the powder at 150 °C for 2 h in nitrogen. The BET-

equivalent average primary particle diameter (dßET) of a-willemite was calculated from

the measured SSA and the density (4.1*103 kg/m3) (Lide, 2000) using eq. 2.1.



49

4.3. Results and Discussion

4.3.1 Post Calcination

Fig. 4.2 shows the change of XRD pattern after post-calcination of the FSP-made

powder. The XRD spectrum after calcination at 600 °C was almost same as that of

X=0.67 (Fig. 3.7), suggesting that nano-composite structure of ZnO and SiÛ2 was

maintained also in case of the increased precursor solution feed rate (2 mL/min). A

crystallization of ß-willemite was observed by calcination at 800 °C. A formation of ß-

willemite was reported also by Kang and Park (2000) and Lenggoro et al. (2000) at low

furnace temperatures (< -1000 °C) in SP, suggesting that ß-willemite is an intermediate

phase before forming a-willemite. A nucleation of a-willemite (#37-1485) as well as a

slight crystalline growth of ZnO were observed at a calcination temperature of 850 °C.

A formation of pure a-willemite and its crystalline growth occurred by calcination at

900 and 1000 °C, respectively.

2

ce

a

1000°C*2h
O a-willemite (#37-1485)

# ß -willemite (#14-0653)

O zincite (#36-1451)

jv-kX
850 °C*2 h

800 °C*2 h

• • •

o <>o
600 °C*2 h

20 30 60 7040 50

20 /deg.(Cu-Ka)

Fig. 4.2: Change of the X-ray diffraction (XRD) pattern by post-calcination of the

FSP-made powder. There is almost no change in the XRD spectra till 600 °C. A

pure a-willemite phase is obtained after calcination at 900 °C.
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The observed FWHM were 0.260 and 0.226°, giving dc of 63 and 85 nm for the

calcined powders at 900 and 1000 °C, respectively. The dßET were 44 and 77 nm for the

calcined powders at 900 and 1000 °C, respectively, which were slightly smaller than dc-

This may be caused by an inhomogeneous particle size distribution and/or non-smooth

particle surface. If large particles are contained in the powder, they may have little

influence on the specific surface area but can sharpen the XRD peaks, resulting in larger

de than dßET- On the other hand, a non-smooth particle surface can increase the SSA,

also resulting in larger dc than dßET-

Fig. 4.3 shows TEM micrographs of the a-willemite particles after calcination at

900 and 1000 °C. The primary particles were nearly spherical and partially aggregated

(or necked). The observed primary particle diameters were qualitatively consistent with

the dc of the corresponding particles, indicating that the primary particles were single

crystalline.

Fig. 4.3: Transmission electron microscopic images of the a-willemite particles

obtained after calcination for 2 h at 900 and 1000 °C.



51

The dßET of the a-willemite powders produced in this research were lower than the

direct SP-made particles (300 nm) (Lenggoro et al., 2000) and equivalent to (sol-gel

synthesis + post-calcination)-made particles (40-100 nm) (Zhang et al, 2001). The dc in

this study was equivalent to that of the direct SP-made particles (~50 nm) (Lenggoro et

al., 2000). For the FSP-made powder, the temperature of pure a-willemite formation

(900 °C) was much lower than that in SP (Kang and Park, 2000), where the diffraction

peaks of ZnO still remained after post-calcination at 1000 °C, although the nucleation

temperature of a-willemite was higher in the FSP-made powder (850 °C) than that of

the SP-made powder (800 °C) (Kang and Park, 2000).

The ZnO crystals in the as-prepared FSP-made powder are considered highly

crystalline and thus thermally stable because of the high reaction temperature in the

spray flame, which may suppress the crystallization of a-willemite at a low calcination

temperature (800 °C). On the other hand, once large ZnO particles are formed, they can

sustain high temperatures (e.g. 1000 °C) because large ZnO particles may be less

reactive with SiÛ2, disturbing a pure a-willemite formation. However, in the FSP-made

powder, crystalline growth of ZnO can be suppressed during calcination by Si02

(Akhtar et al., 1992; Vemury and Pratsinis, 1995), maintaining, a small ZnO size and

thus high reactivity for these crystals, resulting in a pure a-willemite formation with less

particle growth at lower calcination temperatures. The a-willemite powder obtained by

post-calcination of the FSP-made powder is one of the smallest in both primary particle

diameter and crystallite size, which may be promising as a phosphor material.

4.3.2 In-situ Heating

Figure 4.4 shows XRD patterns of the powders made using the FSP-A-Q or FSP-

A-F reactors at different furnace temperatures (1100-1300 °C) with a constant residence

time (1.5 s). A mixed phase of ZnO, ß-willemite and Zni 7Si04 (#24-1466) was obtained

by using the FSP-A-Q reactor, suggesting that ZnO and SiÛ2 in the composite particles

reacted partially to form intermediate zinc silicates by minimizing cooling the aerosol.
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A Zincite (#36-1451) O ß -willemite (#14-0653)

• Zn17Si04 (#24-1466)
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20 /deg.(Cu-Ka)

Figure 4.4: X-ray diffraction patterns ofpowders made using the FSP-A-Q (quartz

tube) or FSP-A-F (furnace) reactors. Synthesis using the FSP-A-F reactor was carried

out at different furnace temperatures (1100-1300 °C) with a constant residence time

(1.5 s).

However, when using the FSP-A-F reactor, the peak heights at 20=~32 and ~36 °

increased compared with the result of the FSP-A-Q reactor, corresponding to a

formation of ß-willemite and/or a crystalline growth of ZnO. Increasing furnace

temperature did not affect this crystalline structure so much except that the amount of ß-

willemite increased judging from the increase of the peak at 20=~26 °.

Figure 4.5 shows XRD patterns of the powders prepared using the FSP-A-F reactor

at a furnace temperature of 1100 °C with different residence times. The crystalline phase

of the product powder was not changed.

The Zni 7Si04 phase was obtained under high pressure (e.g. 80 kbar) (Syono and

Akimoto, 1971). Although it is unclear why Zni7Si04 was formed at an ambient

pressure here, an incomplete reaction between ZnO and SiÛ2 in a short time may form

the non-stoichiometric phase. The additional heating by furnace (FSP-A-F) gives energy
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A Zincite (#36-1451) O ß -willemite (#14-0653)

• Zn17Si04 (#24-1466)
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Figure4.5: X-ray diffraction patterns of the powders made using the FSP-A-F

reactor at afurnace temperature of1100 °C with different residence times.

to the aerosol, enhancing the reaction between ZnO and SiÛ2 (or Zni 7Si04) to form ß-

willemite as well as the crystalline growth of ZnO compared with the confinement of

heat by a quartz tube (FSP-A-Q). Although both the furnace temperature and the

residence time in the hot zone were almost same as those in Lenggoro et al. (2000), a-

willemite was not obtained in this research. The flame-made particles is thermally stable

as seen in CeÛ2 (Mädler et al, 2002), which may suppress the reaction of ZnO with

SiÛ2 in a short residence time in the furnace, disturbing a formation of a-willemite. To

obtain a-willemite directly by FSP, it may be necessary to utilize a complex precursor

(Bickmore et al., 1996) as well as to optimize synthesis conditions.

4.4 Conclusions

A crystallization of ß-willemite and a nucleation of a-willemite as well as a slight

crystalline growth of ZnO were observed by calcination at 800 and 850 °C, respectively,

of the FSP-made ZnO/Si02 nano-composite. A pure a-willemite phase was obtained at a
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calcination temperature of 900 °C. The dc and dßET of the calcined powders were 63 and

44 nm at 900 °C and 85 and 77 nm at 1000 °C, respectively, which were qualitatively

consistent with the observed diameters in the TEM. These values were one of the

smallest reported in the literature. The nano-composite structure of the FSP-made

particles can suppress crystalline growth of ZnO during calcination to maintain a high

reactivity of ZnO with SiÛ2, achieving a pure a-willemite formation at lower calcination

temperatures than with other processes.

In case of in-situ heating of the aerosol subsequent to the FSP process, a mixed

phase of ZnO, ß-willemite and Zni 7Si04 was obtained regardless of using a quartz tube

or a stainless tube with a furnace, suggesting that ZnO and SiÛ2 in the composite

particles reacted partially to form intermediate zinc silicates. A furnace heating

enhanced the ß-willemite formation and/or a crystalline growth of ZnO. Increasing

furnace temperature did not affect this crystalline structure so much except for an

increase of the ß-willemite phase, whereas a change of residence time (0.7-3.4 s) gave

no difference in crystalline phase of the product powder. The a-willemite phase was not

obtained by in-situ heating of the aerosol.
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5 Evolution of the Morphology of Zinc Oxide/Silica Particles Made by

Spray Combustion

Abstract

Pure and mixed ZnO-Si02 particles were made by flame spray pyrolysis (FSP) of zinc

acetate (ZA) and hexamethyldisiloxane (HMDSO) or Si02-sol dispersed in methanol or

water-in-oil emulsion, respectively. The product particles were characterized by

nitrogen adsorption, infrared absorption, X-ray diffraction. The evolution of solid or

hollow particle formation along the flame axis was unraveled by transmission electron

microscopy (TEM) after collection by thermophoretic sampling (TS). The effects of

silicon precursor and solvent on product particle characteristics were evaluated. The

characteristics of the product particles were controlled by the Si precursor and solvent.

5.1 Introduction

Various processes have been investigated to prepare ZnO/Si02 mixed oxide particles for

their unique optical and chemical properties as reviewed in chapter 3.1 (ZnO/Si02

composite) and 4.1 (Zn2Si04 compound). On the other hand, morphology and/or

crystallinity of FSP-made particles can be controlled by the precursor solution

composition as shown in Fig. 1.3 (chapter 1.1). The ECM process can also make solid

or hollow ceramic particles (Tani et al., 2003: Appendix-A). All previous studies have

shown how various process parameters can control the characteristics of FSP- or ECM-

made particles. These studies, however, have treated the flame as a "black box". The

goal of this chapter is to understand particle formation by FSP and ECM from various

precursors using the same reactor (FSP-B, Fig. 1.5) to unravel the effect of precursor,

solvent state and process on particle formation. Furthermore, thermophoretic sampling

(George et al., 1973; Arabi-Katbi et al., 2001) of the particles in the flame was applied

also to unravel the evolution of particle morphology along the flame axis. Finally,

This chapter was accepted for publication in J. Am. Ceram. Soc. (2003).
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product particles were characterized by nitrogen adsorption, energy dispersive X-ray

spectroscopy, infrared spectroscopy, X-ray diffraction and microscopy.

5.2 Experimental

Zinc acetate (ZA: Wako, S grade) and either Si02-sol (Nissan Chemical, Snowtechs O,

containing 20 wt% SiÛ2 of 10-20 nm in size in water) or hexamethyldisiloxane

(HMDSO: Wako, S grade) were used as Zn and Si source, respectively. The precursors

were dissolved or dispersed with methanol (Wako, S grade), resulting in solutions (or

stable suspensions) of 0.5 mol/L in total metal ion concentration for all FSP

experiments. The w/o emulsions were prepared from deionized water, kerosene (Wako)

and a surfactant (hexa (2-hydroxy -1,3-propylene-grycol) diricinoleate: Taiyo Kagaku,

Sunsoft 818H) for ECM experiments, where ZA and/or the Si02 sol were dissolved or

dispersed with water whereas HMDSO was mixed with kerosene. Hydrogen peroxide

(Wako, S grade, 30 %) was added (5 vol%) into the aqueous phase to stabilize the

emulsion spray flame. The total metal ion concentration in the ECM emulsions was

adjusted also as 0.5 mol/L as for the FSP solutions. The aqueous phase, oil phase and

surfactant were mixed at a volume ratio of 65, 33.5 and 1.5, respectively, and stirred at

10,000 rpm for 10 min, forming the w/o emulsion of aqueous microspheres 1-2 (j,m in

diameter dispersed in the oil phase. Particle synthesis was carried out using the FSP-B

reactor (Fig. 1.5) at the standard combustion conditions (Table 1.1).

The particle morphology was obtained by transmission electron microscopy (TEM:

Nihon Denshi, JEM2000EX, 200 kV). The compositional analysis was carried out by

energy dispersive X-ray spectroscopy (EDS: Nihon Denshi, JSM-890, 15 kV). The

crystallinity was evaluated by X-ray diffraction (XRD: Rigaku, RINT2200, 40 kV, 30

mA) at 20 (Cu-Ka)=20-70° and scan speed=27min. The ZnO crystallite size (dc) was

calculated using eq. 2.2. The specific surface area (SSA) was determined by nitrogen

adsorption (Micro Data, 4232) after degassing the powder at 150 °C for 20 min in

nitrogen. The BET-equivalent average primary particle diameter (dßET) was obtained

using eq. 2.1, assuming the density (p) is given also by eq. 3.2 (5.61 *103, 2.2* 103,
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4.5* 103 kg/m3 for ZnO, SiÛ2 and 2ZnO/Si02, respectively) as the theoretical densities

of ß-willemite (4.3*103 kg/m3, #14-0653) and Zm7Si04 (3.9*103 kg/m3, #24-1466)

were similar to that of 2/3 ZnO + 1/3 SiÛ2 mixture. Infrared (IR) absorption spectra of

the powder were obtained by IR spectroscopy (Nicolet, Avantar 360). For

thermophoretic sampling, a copper mesh (3 mm in diameter) covered with carbon film

was set on the sampling head, which was driven by air (2 atm) at 1 m/s in average

velocity and held in the center of the flame for 50 ms to collect particles. The obtained

particles were observed also by TEM. All powders are labeled by product (ZnO: Z,

Si02: S or 2 ZnO/Si02: ZS) - process (FSP: F or ECM: E)- silicon precursor (HMDSO:

H or Si02 sol: S) so 2 ZnO/Si02 made by FSP using HMDSO is labeled as ZS-F-H.

5.3 Results and Discussion

5.3.1 Morphology

Figure 5.1 shows TEM images of the FSP- or ECM-made ZnO and SiÛ2 particles.

Polyhedral aggregates of nanoparticles, observed typically with flame-made particles

(Pratsinis, 1998), were made in case of ZnO (Z-F and Z-E) and HMDSO-derived SiÛ2

powders (S-F-H and S-E-H) regardless of the process employed, FSP or ECM (Fig.

5.1a-d). This indicates that these oxides were made by gas phase reaction. Apparently,

the ZA and HMDSO precursors rapidly evaporated from the droplets and formed

nanoparticles by condensation and sintering. Submicron-sized spherical particles were

obtained for the sol-derived SiÛ2 powders (S-F-S and S-E-S), again regardless of the

process (Fig. 5.le, f). This suggests that the Si species (e.g. atoms, ions or oxide

clusters) did not evaporate from the Si02-sol particles in the flame, forming aggregates

of them by evaporation of the solvent in the droplets. Judging from the contrast in the

TEM image (Fig. 5. le), the S-F-S powder consisted of hollow and solid particles, the

diameters of which were far smaller than the dispersed droplet size (e.g. 15 (am in

Sauter Mean Diameter), suggesting fragmentation of the droplets in the spray flame.

Size distribution and/or various thermal histories of the fragments in the flame may

result in the inhomogeneous particle morphology. The S-E-S particles (Fig. 5.If) were
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S-F-S Solid (e) S-E-S

Hollow Hollow

Fig. 5.1: Morphology of the FSP- or ECM-made ZnO (a, b) and Si02 (c, d, e, fi

particles. The first sample letter indicates product (ZnO: Z or Si02: S) - the second

one, the process (FSP: F or ECM: E)- and the third one (for Si02), the silicon

precursor (HMDSO: H or Si02-sol: S). ZnO (a, b) and HMDSO-derived Si02 (c, d)

resulted in aggregates of nanoparticles indicative of a gas-phase route for particle

formation by precursor evaporation, oxidation, coagulation and sintering.
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primarily spherical and hollow with several cavities in the particles, suggesting they

may be aggregates of hollow particles as with ECM-made hollow AI2O3 and Y2O3

particles (Tani et al., 2003: Appendix-A). The particle diameters were similar to those

of S-F-S. Fragmentation of the droplets and hollow particle formation from aqueous

microspheres in the fragments may result in the porous structure.

Figure 5.2 shows TEM images of the FSP- or ECM-made 2ZnO/Si02 particles.

The powders made using HMDSO as Si precursor comprised of nanoparticles although

few large particles (up to 100 nm) co-existed (Fig. 5.2a, b). Complete evaporation of the

Zn- and Si- precursors formed nanoparticles regardless of the process (FSP or ECM) as

with the synthesis of the individual pure oxides (Fig. 5.1a-d). Intimate mixing of Zn

Fig. 5.2: Morphology of the FSP- or ECM-made ZnO/Si02 particles using HMDSO

(a, b) and Si02-sol (c, d) as Si-precursor. Only nanoparticles were seen for HMDSO-

derived 2ZnO/Si02 (a, b) whereas Si02-sol-derived 2ZnO/Si02 (c, d) was a mixture of

nanoparticles and large particles (e.g. 100-300 nm).
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with Si species can suppress ZnO particle growth, resulting in smaller primary particle

sizes of ZS-F-H and ZS-E-H than those of Z-F and Z-E, respectively, as with the results

in chapter 3. Zinc oxide/silica powders made from the Si02-sol as Si precursor (Fig.

5.2c, d) were a mixture of nanoparticles and large particles (e.g. 100-300 nm) regardless

of the combustion process also. No hollow particles were seen in the ZS-F-S and ZS-E-

S powders, differed from the sol-derived Si02 powders (Fig. 5. le, f).

Figure 5.3 shows EDS spectra of (a) ZS-F-H, (b) large particles in ZS-F-S and (c)

nanoparticles in ZS-F-S. The Cu-La peak was originated from Cu mesh for observation.

For ZS-F-H (Fig. 5.3a), both Zn and Si were seen in the EDS spectrum and it was

primarily similar for several analysis points, suggesting homogeneous mixing of ZnO

and SiÛ2. Strong Si-Ka and weak Zn-La peaks were seen in the EDS spectrum of the

large particles in ZS-F-S (Fig. 5.3b), indicating they were mostly SiÛ2. Scattering of the

beam and/or nucleation of ZnO from the gas phase on the large particles can result in

the Zn-La peak in the spectrum. In contrast, the nanoparticles in ZS-F-S (Fig. 5.3c)

Zn-La Si-Ka

O-Ka Cu-La i

0 0.5 1 1.5 2

Energy /keV

Fig. 5.3: EDS spectra of (a) HMDSO-derived 2ZnO/Si02 (ZS-F-H) (b) large

particles in Si02-sol-derived 2ZnO/Si02 (ZS-F-S) and (c) nanoparticles in ZS-F-S

made by FSP. The Si and Zn species were localized in the large particles and

nanoparticles, respectively, for ZS-F-S.
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were primarily ZnO although the EDS spectrum also showed a weak Si-Ka peak, which

can be explained also by scattering of the beam and/or partial evaporation of the Si

species. The EDS spectra of ZS-E-H and ZS-E-S resembled to those of ZS-F-H and ZS-

F-S, respectively. These results prove that the nanoparticles and large particles were gas

phase-made ZnO and liquid phase-made Si02, respectively, corresponding to the

morphology of the Z-F (or Z-E) and S-F-S (or S-E-S) particles and the XRD results

where little (or no) zinc silicates were formed (see chapter 5.3.2). Independent

nucleation of ZnO in the gas phase can result in a mixture of ZnO with the particles of

the Si02-sol. The sizes of the nanoparticles for ZS-F-S and ZS-E-S were smaller than

those of Z-F or Z-E, respectively, and also the large SiÛ2 particle sizes for ZS-F-S and

ZS-E-S were smaller than those of S-F-S and S-E-S although they had broad size

distributions. These results will be discussed further (chapter 5.3.4).

5.3.2 Crystalline phase and specific surface area

Figure 5.4 shows XRD spectra of the FSP- or ECM-made ZnO and 2ZnO/Si02 powders.

The Z-F and Z-E powders (Fig. 5.4a, d) were hexagonal zincite (#36-1451) of 108 and

53 nm in dc, respectively. Larger crystallites were formed in the hotter methanol spray

flame (FSP) than in the emulsion one (ECM). The peaks from zincite were broadened,

decreasing the dc to 26 and 27 nm for ZS-F-S and ZS-E-S (Fig. 5.4b, e), respectively,

corresponding to the TEM observation (Figure 5.1 and 5.2), and little (or no) zinc

silicate phases (e.g. ß-willemite: #14-0653 and Zni7Si04: #24-1466) were detected for

both powders. The essentially similar dc by both processes indicates that the crystallite

size in the mixed oxides is determined by the presence of silica rather than the

combustion conditions as has been shown by Mädler et al (2002) and also in chapter 2.

During FSP or ECM of ZA and Si02-sol, complete evaporation of ZA limits the

reaction of Zn-compounds with the Si02-sol particles in the liquid phase, leading to

independent nucleation of ZnO and SiÛ2 in the gas and liquid phase, respectively,

resulting in a mixture of ZnO and SiÛ2. On the other hand, mixed oxide powders made

by FSP or ECM using HMDSO (Fig. 5.4c, f) resulted in a mixture of zincite, ß-

willemite and Zni 7Si04, although the peaks were very broadened. The dc could not be
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Fig. 5.4: X-ray diffraction (XRD) patterns ofthe productpowders. Only zincite was

detected for ZnO (a, d) and Si02-sol-derived 2ZnO/Si02 (b, e) whereas very

broadened peaks from zinc silicates and zincite were seen for HMDSO-derived

2ZnO/Si02(c,fi.

calculated for ZS-F-H and ZS-E-H because of the overlapping of the diffraction peak of

ß-willemite and zincite. Intimate mixing of the Zn with Si species in the gas phase

suppressed each other's particle growth, resulting in the broadened XRD peaks of the

product powders consistent with the results in chapter 3.

Table 5.1 summarizes SSA, dBET and dc of the FSP- and ECM-made powders. For

ZnO synthesis, the dßET and dc of Z-E were smaller than those of Z-F, corresponding to

the TEM observations (Fig. 5.1), which can be explained by a lower temperature of the

emulsion spray flame (ECM) than that of the methanol spray flame (FSP). Likewise, the

dßET of the ECM-made powders was smaller than those of the FSP-made ones produced

from the same precursors except for the HMDSO-derived 2ZnO/Si02 powder (ZS-F-H

and ZS-E-H). The hollow shell thickness calculated from the dßET (dßET/3: ~10 nm)
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Table 5.1: Specific surface area (SSA), BET-equivalent average primary particle

diameter (dßsr) and ZnO crystallite size by XRD (dc). The sample ID shows product (S:

Si02, ZS: 2 ZnO/Si02 or Z: ZnO), process (F: FSP and E: ECM) and Si precursor (S:

the Si02 sol or H: hexamethyldisiloxane). The dxRD ofZS-E-S and ZS-F-H could not be

calculated (n. c).

Sample ID SSA /m2 g"1 dßET /nm dxRD /nm

Z-F 23

ZS-F-H 71

ZS-F-S 32

S-F-H 227

S-F-S 81

Z-E 31

ZS-E-H 56

ZS-E-S 39

S-E-H 338

S-E-S 115

47 127

19 n. c.

41 26

12 No data

34 No data

34 53

24 n.c.

34 27

8 No data

24 No data

(Tani et al., 2003: Appendix-A) was far smaller than the observed shell thickness (e.g. >

100 nm) by TEM, suggesting the shell is porous. Judging from the XRD peak heights of

zinc silicates (Fig. 5.4c, f), ECM enhances the formation of zinc silicates compared to

FSP. As reported that BaTiÛ3 rather than a mixture of BaO (or BaCOs) and TiÛ2 was

made by ECM (Tani et al., 2001: Appendix-B), a longer flame length (particle residence

time) and the lower temperatures of the emulsion spray flame (ECM) than that of the

methanol spray flame (FSP) favored the reaction of ZnO with SiÛ2.
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5.3.3 IR spectra

Figure 5.5 shows IR spectra of the powders. Two absorption peaks at -1100 and -800

cm"1 typical for Si02 (Nyquist and Kagel, 1971) were observed in the IR spectrum of

the S-F-H powder. The other FSP or ECM-made Si02 powders (S-F-S, S-E-H and S-E-

S) exhibited primarily same IR spectra as with S-F-H. A very weak absorption typical

for ZnO (Nyquist and Kagel, 1971) was detected in the IR spectrum of Z-F, which

resembled to that of Z-E. A peak was seen at -900 cm"1 for the ZS-F-H and ZS-E-H

powders whereas the ZS-F-S and ZS-E-S powders showed two peaks at -900 and

-1100 cm"1. Lin and Shen (1994) reported that sol-gel-derived amorphous zinc silicate

showed absorption of IR at 940 cm"1 and argued that the Si-O-Zn linkage shifted the

infrared absorption by the Si-0 stretching from 1096 cm"1 (silica) to 940 cm"1. Most of

the Si-0 bonding can be linked (or influenced) with Zn by intimate mixing of the Zn

2

d

o

o

S-F-H

Z-F

ZS-F-H

ZS-F-S

ZS-E-H

ZS-E-S

2000 1500 1000

Wave number/ cm1

500

Fig. 5.5: IR spectra of the product powders. The infrared absorption by the Si-0

stretching was shiftedfrom ~1100cm~ to ~900 cm for HMDSO-derived 2ZnO/Si02

(c, e), suggesting most of the Si-0 bonding can be linked (or influenced) with Zn,

while the Si-0 bonding with and without the influence by Zn co-existedfor Si02-sol-

derived 2ZnO/Si02 (d,f).
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with Si species in the gas phase for ZS-F-H and ZS-E-H, shifting the IR absorption

from -1100 to -900 cm"1, corresponding to the XRD results where ZnO crystal growth

was suppressed by intimate mixing of the Zn with Si species and zinc silicates were

formed partially. While, independent nucleation of ZnO and SiÛ2 can form the Si-O-Zn

linkage partially (e.g. at the surface of the SiÛ2 particles) for ZS-F-S and ZS-E-S,

resulting in the two absorption peaks at -900 and 1100 cm"1.

5.3.4 Particle formation in the spray flame

Figure 5.6 shows TEM images of the FSP-made ZnO (Z-F), ECM-made ZnO (Z-E) and

FSP-made SiÛ2 derived from Si02-sol (S-F-S) particles colleted at flame heights of 4, 6

and 8 cm. It was difficult to obtain particles at 2 cm in flame height because of melting

of the Cu mesh for TEM observation. For Z-F synthesis (Fig. 5.6a), large particles (e.g.

> 100 nm in diameter) were seen on the carbon film at 4 cm, and a formation of

nanoparticles and their particle growth were observed at 6 and 8 cm, respectively,

indicating the Zn species was not evaporated at 4 cm whereas their evaporation was

completed at 6 cm. This is substantially different from gas-fed flame aerosol synthesis

where only nanoparticles were seen even at 0.3 cm in flame height (Arabi-Katbi et al,

2001). For Z-E synthesis (Fig. 5.6b), submicron-sized particles were attached with the

Cu mesh at 4 cm although the carbon film was burned out, and large particles still

existed on the carbon film at 6 cm whereas only nanoparticles were observed at 8 cm.

The lower temperature of the emulsion spray flame (ECM) than that of the methanol

spray flame (FSP) delays the evaporation of the Zn species in the flame, suppressing

ZnO particle growth as observed by TEM (Fig. 5.1) and XRD (Fig. 5.4). No

nanoparticles were observed for S-F-S synthesis (Fig. 5.6c), indicating evaporation of

the Si precursor did not take place in the flame. In addition, the particle size was not

changed so much at 4, 6 and 8 cm although small particles were seen also in the TEM,

which may suggest that fragmentation of the droplets is completed before 4 cm.

Compared with the S-F-S particles collected on the filter (Fig. 5.le), solid particles

rather than hollow ones were likely to be seen for S-F-S collected in the flame although

hollow particles also existed (e.g. Fig. 5.6c, 6 cm). Sintering may be enhanced for the
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particles passing through the center of the flame because of long residence time in a hot

zone, favoring solid particle formation.

(a) Z-F (b) Z-E (c) S-F-S

Fig. 5.6: Morphology of (a) the FSP-made ZnO (Z-F), (b) the ECM-made ZnO (Z-

E) and (c) Si02 sol-derived Si02 by FSP (S-F-S) particles colleted atflame heights

of 4, 6 and 8 cm by thermophoretic sampling. Complete evaporation of the

precursor andparticle formation in the gas phase tookplace at 6 and 8 cmfor Z-F

and Z-E, respectively, while evaporation of the precursor did not take place for S-

F-S
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Figure 5.7 shows TEM images of the FSP-made 2ZnO/Si02 (ZS-F-H and ZS-F-S)

particles colleted at flame heights of 4, 6 and 8 cm. Submicron-sized spherical particles

were seen at 4 cm for both ZS-F-H (Fig. 5.7a) and ZS-F-S (Fig. 5.7b) synthesis,

(a) ZS-F-H (b) ZS-F-S

Fig. 5.7: Morphology of the FSP-made (a) HMDSO-derived 2ZnO/Si02 (ZS-F-H) and

(b) Si02-sol-derived 2ZnO/Si02 (ZS-F-S) colleted atflame heights of 4, 6 and 8 cm by

thermophoretic sampling. Both Zn and Si species were evaporated completely at 6 cm

for ZS-F-H whereas ZnO and Si02 particles were nucleated independently in the gas

and liquidphase, respectively.
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indicating the Zn and Si species was not evaporated at 4 cm as with Z-F synthesis (Fig.

5.6a). Only nanoparticles were observed at 6 and 8 cm for S-F-H, suggesting complete

evaporation of the Zn and Si species. A mixture of nanoparticles and large particles (e.g.

100 nm) were formed at 6 cm for ZS-F-S synthesis, respectively, suggesting

independent nucleation of ZnO in the gas phase. The large particles (mostly SiÛ2) at 6

cm were likely to be smaller in diameter than those at 4 and 8 cm for ZS-F-S although

small particles (e.g. 100-200 nm) were shown also at 4 and 8 cm, which may suggest

that further fragmentation followed by particle growth took place by evaporation of the

Zn species and/or gas generation by decomposition of ZA from the droplets, differed

from the particle formation of S-F-S (Fig. 5.6c). This may result in the smaller diameter

of the large particles (mostly Si02) in ZS-F-S (Fig. 5.2c) than that of the S-F-S particles

(Fig. 5. le) and no hollow particle formation of ZS-F-S (Fig. 5.2c). A release of the Zn

species from the droplets (or fragments) may be delayed because of presence of SiÛ2 for

ZS-F-S and ZS-E-S compared with the ZnO synthesis (Z-F and Z-E), suppressing the

ZnO crystal growth in spite of independent nucleation of ZnO and SiÛ2.

5.4 Summary

The evolution of particle morphology during FSP synthesis of solid and hollow

nanoparticles was unraveled by thermophoretic sampling and microscopic analysis.

Gas phase reaction took place for ZnO synthesis from ZA (Z-F and Z-E) and SiÛ2

synthesis from HMDSO (S-F-H and S-E-H), forming nanoparticles, whereas the SiÛ2-

sol particles were not evaporated, creating submicron-sized SiÛ2 particles (S-F-S and S-

E-S), regardless of the process (FSP or ECM). Thermophoretic sampling showed that

complete evaporation of the dispersed droplets took place along the flame axis for the

methanol and emulsion spray flames. A high flame temperature of the methanol spray

flame (FSP) can enhance the release of the metal species to the gas phase, leading to the

particle growth, resulting in larger dBET and dc of the FSP-made particles compared with

those of the ECM-made ones prepared from the same precursor for ZnO and SiÛ2

synthesis.
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Intimate mixing of the Zn and Si species in the gas phase suppressed particle growth,

forming nanoparticles with broadened XRD peaks of ZnO and zinc silicates for ZS-F-H

and ZS-E-H powder synthesis, whereas independent nucleation of ZnO and SiÛ2 in the

gas and liquid phase, respectively, resulted in a mixture of ZnO nanoparticles and large

SiÛ2.particles (e.g. 100-300 nm) for ZS-F-S and ZS-E-S synthesis. The IR spectra

indicated most of the Si-0 bonding can be linked (or influenced) with Zn for ZS-F-H

and ZS-E-H whereas the Si-0 bonding with and without influence of Zn co-existed for

ZS-F-S and ZS-E-S, corresponding to intimate mixing and independent nucleation,

respectively, of the Zn with Si species. Thermophoretic sampling showed only

nanoparticles for ZS-F-H powder whereas mostly ZnO nanoparticles and large SiÛ2

particles co-existed for ZS-F-S powder at 6 and 8 cm in flame height.
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6. Current research state and future directions

Some of the most important challenges in 21st century are reduction of energy

consumption and improvement of air pollution. Emphasis can be placed on

development of highly efficient catalysts for energy conversion and emission gas

purification. Nanoparticles plays one of the key roles for the development because of

their high catalytic efficiency at less than 10 nm in primary particle diameter. While, it

is important to control dispersion and interface states of catalysts with their supporting

and/or promoting materials for higher catalytic performance in the mixed system.

Flame synthesis can make mixed oxide nanoparticles with different dispersion and

interface states from those prepared by wet chemical processes (e.g. co-precipitation

and impregnation) at one step, and therefore can be attractive to develop catalysts with

improved performance. Recently, flame-made V205/Ti02, Ti02/Si02, Pt/Ti02 and

Pt/AbOs catalysts were reported to exhibit unique characteristics compared with

commercial ones made by wet chemical processes. One-step deposition of Au on TiÛ2

or SiÛ2 nanoparticles was investigated also by FSP.

Zinc oxide is used as promoter of Cu catalysts for methanol synthesis and water

gas shift reaction, which are important for methanol reforming fuel cell technology, and

also promising for photocatalysts and electrode of solar cells. In this research, pure and

mixed ZnO-Si02 nanoparticles were made successfully by FSP, and the ZnO crystal

size and mixing state of ZnO with SiÛ2 were controlled by composition of the precursor

solutions. For the next step, the research should be extended to how these FSP-made

particles perform for these applications and also to one-step FSP synthesis of Cu/ZnO

nano-composite catalysts. In addition, it will be necessary to investigate relationship

between particle characteristics and catalytic properties for further development.

The FSP technology can be applied also to various mixed oxide systems. From a

viewpoint of industry, reduction of noble metals is required strongly for limited

resources and low production cost in polymer-electrolyte fuel cell electrodes and
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automotive exhaust-gas purification catalysts. Transition metal oxides are expected to

replace noble metals and much effort has been taken for the development. However, it is

still difficult to satisfy the demands because reactivity and/or thermal stability are not

enough for these applications. High thermal stability and unique interface state of the

flame-made composite nanoparticles may lead to a breakthrough for the development,

which will be of a great impact both scientifically and industrially. The research will

have to be carried out also in this direction, which is really a big challenge.

On the other hand, high efficiency optical devices can be required also to lower

power consumption for display and lamp industries. Utilization of nanoparticles can be

attractive as luminescence efficiency increases with decrease of a primary particle

diameter of phosphors. This research showed an alternative route to produce a nano-

sized host material for phosphor. For the next step, the research will be extended to

preparation of phosphor nanoparticles doped with activators and to evaluation of their

optical properties.



75

Appendix-A

Morphology of Oxide Particles Made by the Emulsion Combustion Method

Abstract

Various oxide powders were prepared by the emulsion combustion method (ECM)

using metal precursors, kerosene and a surfactant. The product particles were

characterized by transmission electron microscopy (TEM), nitrogen adsorption and X-

ray diffraction. Hollow Y-AI2O3 particles were produced from aluminum nitrate or

chloride precursors dispersed in air, whereas dispersion of the precursor emulsion in

oxygen resulted in solid a-Al203 particles. Hollow spheres were obtained also for TiÛ2,

ZrÛ2 and Y2O3 by ECM of titanium tetrachloride, zirconium oxynitrate and yttrium

nitrate in aqueous solution. A simple method was developed to predict the thickness and

diameter of hollow particles using the nitrogen adsorption data and initial droplet

concentration of the ECM spray. The TEM diameter and shell thickness of hollow

particles were consistent with those predicted. In contrast, solid particles were formed

by ECM for ZnO, Fe2Û3, CeÛ2 and MgO from aqueous solution of their corresponding

nitrates.

A.l Introduction

The spray aerosol process is a promising technique for synthesis of oxide powders

because a variety of precursors can be used. Typically, a solution of metal salts (e.g.

nitrates, acetates or chlorides) is sprayed into a hot wall reactor (furnace) in spray

pyrolysis (SP) where the reaction occurs in the dispersed droplet, forming the product

particle(Tohge et al., 1991; Messing et al., 1993). Its diameter ranges from submicron to

several microns corresponding to the sprayed droplet size and precursor concentration.

Messing et al.(1993) reviewed morphology control of oxide particles by SP by showing

various SP-made particles (e.g. spherical, skeleton-like and fibers). They highlighted the

This chapter was published in J. Am. Ceram. Soc., 86(6), 898-904 (2003).
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important factors that influence the particle morphology: solubility of the oxide

precursor, degree of supersaturation of the solute and heating rate of the droplet.

When dissolving a precursor with organic solvent (e.g. ethanol and octane) instead

of water, the spray can be ignited to form a self-sustaining flame, which behaves as a

reactor (flame spray pyrolysis: FSP) (Sokolowski et al., 1977; Laine et al., 2000; Mädler

et al., 2002). High reaction temperatures (over 2000 K) can be achieved in FSP by

optimizing combustion conditions (e.g. oxidant flow rate and precursor solution feed

rate), leading to gas phase reaction of the precursor, forming polyhedral aggregates of

nanoparticles as with vapor flame-made oxide particles (Pratsinis, 1998) regardless of

the droplet size. At this point, FSP is distinguished from SP although there may be some

exceptions because the reaction (in the liquid or gas phase) strongly depends on the

physical properties (e.g. boiling point) of the species and the flame temperature.

Inductively coupled plasma (ICP) instead of a flame can be used also as a heat source

for particle synthesis (spray ICP pyrolysis: S-ICP). Suzuki et al.(1992) reported single

component oxide particle synthesis with different morphology from various metal salt

aqueous solutions by S-ICP. Reactions are thought to occur in the gas phase also during

S-ICP because nanoparticles were obtained from micron-sized precursor solution

droplets.

An emulsion combustion method (ECM) (Takatori et al., 1999) is classified as FSP

from a viewpoint of using a flame as a heat source. On the other hand, the flame

temperature in ECM is lower than that in FSP because the water-in-oil (w/o) emulsion

used in the previous studies contains much water (over 60 vol% of the emulsion). In

addition, the sizes of ECM-made BaTiÛ3 (Tani et al., 2001: Appendix-B) and hollow

AI2O3 (Tani et al., 1998) particles correspond to those estimated from the aqueous

microsphere size in the w/o emulsion and the precursor concentration, suggesting that in

ECM the reaction occurs in the liquid phase as with SP. It should be noted that the

ECM-made hollow AI2O3 particles can be attractive for insulating and lightweight filler

materials as well as catalyst carriers because of their small size (submicron), very thin

shell (-10 nm) and high specific surface area (-50 m2/g). Therefore, the ECM process is
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promising for synthesis of hollow particles of other oxides utilized for fillers and

catalytic materials (e.g. TiÛ2 and TxOi).

In this chapter, AI2O3 particles were synthesized from different precursor solutions

and various metal oxide particles were prepared by ECM to obtain submicron-sized

hollow particles with thin shell and to better understand the mechanism of particle

formation. Product particles were characterized by nitrogen adsorption, electron

microscopy and X-ray diffraction. Quantitative correlations of the hollow particle

thickness and diameter were developed and compared to experimental data.

A.2 Experimental

Three types of AI2O3 precursor solutions were used. The nitrate or chloride solutions

were prepared by dissolving aluminum nitrate (Wako, S grade: AN) or aluminum

chloride (Wako, S grade: AC1), respectively, in deionized water to obtain 2 mol/L

transparent solutions. The partially hydrolyzed aluminum nitrate solutions were made

by adding a NH3 aqueous solution (Wako, 25-28 %, S grade) into the aluminum nitrate

solution till pH=3 where the solution became slightly viscous but transparent.

Titanium chloride (Wako, >99%) and zirconium oxynitrate (Wako, >97%) were

used for TiÛ2 and ZrÛ2 synthesis, respectively. Metal nitrates (Wako, S grade) were

used for the synthesis of CeÛ2, Fe2Û3, MgO, TiÛ2, Y2O3 and ZnO. The metal salts

except for titanium chloride were dissolved in deionized water to obtain 1 mol/L

solutions. Titanium chloride was diluted with hydrochloric acid (1 mol/L) to stabilize

titanium ions (1 mol/L).

Kerosene (Wako) and hexa (2-hydroxy- 1,3-propylene-grycol) diricinoleate (Taiyo

Kagaku, Sunsoft 818H) were used as oil phase and surfactant, respectively, for the

emulsion phase. These liquids were mixed with a volume ratio of 63 (aqueous phase)

/35 (oil phase) /2 (surfactant) and stirred at 10,000 rpm for 10 min. to form a w/o type

emulsion. An observation of the emulsion by optical microscopy shows that the
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diameters of the aqueous microspheres were about 1 to 2 \xm for all experiments

regardless of the type of the precursor.

Powder synthesis was carried out using an emulsion combustion reactor (Fig. A.l)

(Takatori et al., 1999) where the nozzle was set at the top of the reactor and the flame

was formed downward. The emulsion was supplied by a pump at a feed rate of 10

cm3/min to the nozzle, where the emulsion was dispersed by 12 L/min of air resulting in

an average dispersed droplet size (Sauter Mean Diameter) of 12 (j,m by light scattering

(Tou-nichi, LDSA-1300A). Oxygen was used also as dispersion gas for synthesis of

alumina powder from the emulsions of nitrate solutions. The dispersed emulsion droplet

was ignited by two hydrogen-air premixed flames which were set at the sidewall of the

reactor. The total flow rates of hydrogen and air in the supporting flames were 8 and 20

L/min, respectively. In addition, 40-50 L/min of air was supplied through 8 holes of 3

mm in diameter each that were uniformly spaced around the nozzle providing excess of

oxidant. A flame temperature was measured by a thermocouple (CA) at 100 mm below

Emulsion

Dispersing
Air or CL

Main

Flame

Supporting
Flame

Hood

Vacuum Pump

Figure A.l: Schematic of the reactor usedfor synthesis by the emulsion combustion

method.
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the nozzle and set at 720-750 °C by changing the air flow rate. The temperature

increased up to 950-1000 °C when using O2 as dispersion gas. The product powder was

collected by a bag filter (Gore-tex) with the aid of a vacuum pump.

The product particle morphology was observed by scanning (SEM: Akashi,

Shigma-V, 19 kV) and transmission electron microscopy (TEM: Nihon Denshi,

JEM200CX, 100 kV). An average particle diameter (dEM) was estimated by counting

20-30 particles of the SEM or TEM image. The crystallinity was characterized by X-ray

diffraction (XRD: Rigaku, RAD-2B, 30 kV, 30 mA) at 20 (Cu-Ka)=20-70° and scan

speed=27min. The specific surface area (SSA) was measured by nitrogen adsorption

(Micro Data, 4232) after degassing the powder at 150 °C in nitrogen. The BET-

equivalent average primary particle diameter (dßET) of solid particles is calculated from

the measured SSA and solid density (p, g m"3) using eq. 2.1.

When a primary particle is formed from an aqueous microsphere in the emulsion

during ECM, its diameter can be estimated from a mass balance using the diameter of

the aqueous microsphere (a, m), the metal ion concentration (C, mol m"3), the molecular

weight of product oxide (M, g) and the p. Hence, the diameter (ds) of solid particles is

calculated from that mass balance as:

ds = a
* (CaM/p)1/3 (A.l),

where a is a molar number of product oxide made from 1 mol of metal ions (e.g. a=0.5

and 1 for AI2O3 and ZnO, respectively). When only hollow particles are formed, their

outer diameter (du) can be obtained by a similar mass balance:

(7ia3/6) * (CaM/p) = 7idH3/6 - 71 (dH - 21)3/6 (A.2),

where t is the thickness of the hollow shell. The shell thickness (t) of hollow particles

can be obtained also by the measured SSA provided that no solid particles are present

and the internal SSA is accessible to the gas as it is typically seen with cracks or shells

of hollow particles:
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SSA = (7idH2 + 7i(dH-2t)2)/((7idH3/6 - 7i(dH-2t)3/6) * p) (A.3).

The ds and dBET were calculated independently and compared with the dEM in case of

the solid particles. The du and t of the hollow particles were determined from the

measured SSA by combining and solving eq. A.2 and A.3 accurately and compared

with the dEM and observed shell thickness. For dû » t as seen commonly by

microscopy, simple expressions can be obtained for the hollow particle shell thickness

(Appendix-D):

t = dBET/3 (A.4)

and the hollow particle diameter:

dH = (ds3/2dBET)1/2 (A.5).

A.3 Results

A.3.1 Alumina particle synthesis

Figure A.2 shows SEM and TEM images of the ECM-made AI2O3 powders prepared

from the emulsions containing nitrate (AI2O3-N), chloride (AI2O3-CI) and partially

hydrolyzed nitrate (AI2O3-H-N) solutions with air as dispersion gas. The SEM and TEM

image of the nitrate-derived powder prepared with oxygen as dispersion gas (AI2O3-N-

O) were shown also in Fig. A.l. The AI2O3-N powder was an aggregate of submicron-

sized (dEM=680 nm) hollow primary particles with a thin shell of about 10 nm in

thickness. The morphology and dEM (630 nm) of the AI2O3-CI powder were similar to

those of the A1203-N powder, while the A1203-H-N powder was an aggregate of solid

particles of dEM=230 nm. The AI2O3-N-O powder was composed of spherical solid

particles of dEM=310 nm.
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Figure A.2: Scanning and transmission electron microscopy images of the ECM-

made Al20s powders derivedfrom aluminium nitrate (AI2O3-N), chloride (Al203-Cl)

and partially hydrolyzed nitrate (AI2O3-H-N) solutions dispersed in air and from

nitrate solution prepared using oxygen as dispersion gas (AI2O3-N-O). The AI2O3-N

and -CI particles were hollow with similar morphology. The AI2O3-H-N and AI2O3-

N-0powders were composed ofsolidparticles.
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The alumina powders prepared with air dispersion were y-alumina (spinel

structure), which is observed typically in flame made powders (Laine et al., 2000).

Amorphous phase was considered to co-exist in these particles because of the diffused

ring patterns in the electron diffraction patterns. On the contrary, a-alumina was

obtained for the AI2O3-N-O powder as seen in Sokolowski et al. (1977). The SSA of the

AI2O3-N, -CI and -H-N powders were 52, 63 and 14 m2/g, respectively, while the

AI2O3-N-O powder had 11 m2/g. Clearly the use of oxygen resulted in high flame

temperatures that facilitated particle sintering as it reduced the SSA by 80 % compared

to AI2O3-N and promoted the high temperature phase of a-alumina. Typically,

combustion in pure oxygen is faster, resulting in higher maximum temperatures and

steep cooling rates, leading to large spherical particles as has been seen with titania

(Pratsinis, 1998).

A.3.2 Other metal oxide particle synthesis

Figure A.3 shows SEM and TEM images of the ECM-made TiÛ2, ZrÛ2 and Y2O3

powders. Hollow particles were observed in these compositions. Primary particles of the

TiÛ2 powder were submicron-sized (dEM=550 nm) hollow spheres with a thin shell of

about 20 nm in thickness. The surface of the hollow shell in TiÛ2 was rougher than that

of AI2O3 (Fig. 2: AI2O3-N or -CI). Hollow spheres of 380 and 40 nm in dEM and shell

thickness, respectively, are observed in the TEM of the Zr02 powder. The Y203

particles were spherical aggregates of hollow particles with a shell thickness of less than

10 nm. The average aggregate size was 1.9 (am but it was difficult to determine the

hollow primary particle diameter.

Figure A.4 shows SEM and TEM images of the ECM-made ZnO, Fe2Û3, CeÛ2 and

MgO powders that were made of solid particles. A mixture of solid particles of dEM=66

nm and submicron-sized hollow particles of more than 100 nm in shell thickness were

observed in the ZnO powder. The Fe2Û3 powder was made of large aggregates

consisting of solid primary particles (dEM=140 nm). Small primary particles of less than

40 nm in size were aggregated to create porous spheres of dEM=740 nm in the CeÛ2
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Figure A.3: Scanning and transmission electron microscopy images of the ECM-

made Ti02, Zr02 and Y2O3 powders. Hollow particles were obtained with these

powders.

powder. The MgO powder was a mixture of large solid spheres of dEM=320 nm and

small particles of less than 40 nm in size.

Table 1 summarized crystalline phases and SSA of the powders. Anatase and rutile

were observed as major and minor TiÛ2 phases, respectively. The main ZrÛ2 phase was

tetragonal, as observed typically in SP (Zhang et al., 1990) and S-ICP (Suzuki et al.,

1992), along with a small amount of monoclinic phase. In the other compositions, the

crystalline phases were c-type rare earth (Y2O3), wurtzite (ZnO), corundum (Fe2Û3),
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Figure A.4: Scanning and transmission electron microscopy images ofthe ECM-made

ZnO, Fe20s, Ce02 and MgO powders. Solid particles were obtained in these

compositions.
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fluorite (CeÛ2) and rock salt (MgO), all of which are stable phases. The SSA was varied

from 7.2 (Fe2Û3) to 54 (Y2O3) m2/g regardless of the particle morphology.

Table A.l: Crystalline phases and specific surface areas (SSA) of the ECM-made

powders.

Composition Ti02 Zr02 Y203 ZnO Fe203 Ce02 MgO

Crystalline

phase

SSA /mV1

Anatase +

Rutile

39

Tetra.+

Monocli.

11

C-type rare

earth

54

Wurtzite

(zincite)

12

Corundum

(hematite)

7.2

Fluorite

(cubic)

24

Rock salt

(cubic)

26

A.4 Discussion

A.4.1 Comparison between the observed and calculated particle characteristics

Table A.2 summarized the particle diameter and shell thickness calculated from the

characteristics of the emulsions and/or the measured SSA using eq. 2.1, eq. A.1-A.5 and

a=l (am which is typical for all emulsions based on visual observations. For the AI2O3-N

and AI2O3-CI powders, the dû and t were in agreement with the dEM and shell thickness,

respectively, of the micrographs. The ds of the AI2O3-H-N and AI2O3-N-O powders

were close to the dEM whereas the dBET of these powders were smaller than the dEM- This

further supports that solid particles were created from one aqueous microsphere. The

non-smooth surface of the particles and/or the particle size distribution may increase the

SSA, resulting in the smaller dBET than dEM in these powders.

The dû and t of the TiÛ2 and ZrÛ2 powders were consistent with the dEM and the

observed shell thickness, indicating that one aqueous microsphere generated one hollow

particle. The differences between the t and the observed shell thickness were larger in

TiÛ2 and ZrÛ2 than those in AI2O3-N or -CI, which may be caused by the rough surface

of the TiÛ2 and ZrÛ2 particles. The t of the hollow Y2O3 particles was consistent with
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the observed shell thickness whereas the du was much smaller than the dEM of the

aggregates, suggesting the aggregate was created from a number of aqueous

microspheres. On the other hand, the dispersed droplet size (12 (j,m) seems too large to

form one hollow sphere of dEM=l-9 |J.m in the experimental conditions (e.g. precursor

concentration). Secondary atomization by micro explosion of the emulsion (Kitamura et

al., 1990) can occur in the flame to generate smaller droplets, from which the aggregates

may be formed.

Table A.2: Calculated diameter and shell thickness for the ECM-made powders. The

solid particle diameters (ds and dbet) were calculated from the emulsion composition

and the powder specific surface area (SSA), respectively. The outer diameter (du) and

shell thickness (t) ofthe hollow particles were calculated accurately and approximately

from the emulsion characteristic and the SSA using equations A.2-A.5.

Powder

Solid

ds /nm dBET /nm

Hollow (accurate)

eq. 5.2 and 5.3

dû /nm t /nm

Hollow (approximate)

eq. 5.4 and 5.5

dû /nm t /nm

A1203-N

AI2O3-CI

AI2O3-H-N

AI2O3-N-O

310 130

310 140

680 11

740 9.4

660 11

730 9.3

Ti02

Zr02

Y2O3

—

520 13

370 29

720 7.4

510 13

340 29

710 7.3

ZnO

Fe203

Ce02

MgO

240 86

250 160

280 33

220 64

— —
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The ds of the ZnO and Fe2Û3 powders were much larger than the dEM of the

primary particles, suggesting that a number of primary particles are formed from one

aqueous microsphere. The dBET of these powders were roughly consistent with the

observed primary particle diameters even though large hollow particles (ZnO) and large

aggregates (Fe2Û3) were seen also in the SEM. Large hollow particles of ZnO would be

formed irregularly from the dispersed droplet containing many aqueous microspheres

because the particle mass can be ten times larger than the mass of the particle made

from one aqueous microsphere, assuming that the large hollow particle is 600 nm and

100 nm in diameter and shell thickness, respectively, from the SEM and TEM

observations (Fig. A.4). The ds and dBET of the CeÛ2 powder was much smaller than the

dEM of the aggregates and in agreement with the primary particle size, respectively. The

ds of the MgO powder was nearly consistent with the dEM of the large spheres as with

the AI2O3-H-N and AI2O3-N-O powders, whereas the dEM of the small particles is much

smaller than the ds as with the ZnO and Fe2Û3 powders, suggesting that droplet-phase

and gas-phase particle formation may proceed simultaneously during ECM because of

the inhomogeneous flame temperature. The dBET was larger than the dEM of the small

particles. The existence of the large particles decreased the SSA, resulting in the larger

dBET than the dEM of the small particles. Finally, the simplified calculation of du and t

(eq. A.4 and A.5) gave almost the same values as the accurate equations A.2 and A.3

regardless of particle composition (Table A.2).

A.4.2 Mechanism ofAI2O3 particle formation

Zhang et al. (1990) prepared ZrÛ2 particles by SP from 1 mol/L zirconium oxynitrate

(ZN), chloride (ZC) or hydroxychloride (ZHC) solutions, the relative saturations of

which were -1.0, 0.23 and 0.18, respectively. Although volume precipitation was

expected when using the nearly saturated ZN solution, hollow particles were formed

because the volume fraction of the solid salt upon precipitation was 0.085, which was

much less than the percolation criterion of 0.16 (Zhang et al., 1990). In contrast, solid
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particles were obtained from the ZC or ZHC solutions because the ZC and ZHC volume

fractions were higher than 0.16.

Here, the relative solute saturation in the AN and AC1 solutions is 0.67 and 0.57

(Nakahara, 1997), respectively. The AN and AC1 volume fractions were 0.20 and 0.37,

respectively, which satisfy the percolation criterion (>0.16). Thus, solid particle

formation can be expected for the AN and AC1 solutions if precipitation occurs before

complete evaporation of water. On the other hand, AN melts at 73 °C and decomposed

to AI2O3 via intermediate compounds (e.g. AI2O3-3^05-14^0 at 140 °C) (Nakahara,

1997), suggesting that the molten AN microspheres can be formed after complete

evaporation of water. In this case, the volume fraction of AI2O3 to molten AN is smaller

than 0.16, predicting a hollow particle formation consistent with our results. Foaming of

the molten AN by decomposition may also result in hollow particles.

In contrast, AC1 is decomposed in water to aluminum hydroxide without melting

by evaporation of hydrogen chloride (Nakahara, 1997), indicating that the morphology

can be different between the AI2O3-N and -CI if the particle formation occurs after

complete evaporation of water. However, the AI2O3-CI particles had similar hollow

shape with AI2O3-N particles, suggesting that the morphology of the ECM-made AI2O3

particles cannot be predicted by the percolation theory alone. Messing et al. (1993)

showed that a rapid heating rate caused surface precipitation and thus a hollow particle

formation. In ECM, combustion of the oil phase can lead to a rapid heating rate,

dominating the process regardless of the properties of the metal salts, forming hollow

particles with similar morphology between the AI2O3-N and -CI particles. On the other

hand, Messing et al. (1993) also pointed out that gelation or polymerization caused a

solid particle formation when using metal alkoxides and organic acid solutions in SP.

Gel-network is considered to be formed in the partially hydrolyzed AN solutions,

resulting in the solid AI2O3-H-N particles.

Ortega et al. (1991) reported (Ba,Ca)TiÛ3 powder synthesis by SP where hollow

and solid particles were formed at furnace temperature of 1200-1400 and 1500-1600 °C,

respectively. They argued that hollow particles were formed at first and then densified
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in the aerosol phase at high temperatures. Such a restructuring from hollow to solid

particles may preferably occur when using O2 as dispersion gas in ECM because of the

higher maximum flame temperature than that when using air. In addition, the mass of

the solid AI2O3-N-O particles was similar to that of hollow AI2O3-N particles,

suggesting that the solid AI2O3-N-O particles were formed by restructuring of the

hollow ones.

A.4.3 Mechanism of other oxide particle formation

The ECM process is attractive for generation of hollow particles because of its rapid

heating rate of the aqueous microsphere, resulting in surface precipitation following the

above discussion. The hollow TiÛ2, ZrÛ2 and Y2O3 primary particles can be formed

primarily by the same mechanism as AI2O3-N and AI2O3-CI particles, although the Y2O3

powder shows an unusual aggregate structure. On the other hand, solid particles were

obtained here with ZnO, Fe2Û3, CeÛ2 and MgO powders.

Jain et al. (1997) reported that the volume fraction of ZnO, Fe2Û3, CeÛ2 and MgO

to the corresponding molten metal nitrates was smaller than 0.16 and thus hollow

particles are expected by SP if the decomposition occurred in the molten metal nitrate

droplet. They also showed the experimental results from the literature where hollow

Fe2Û3, MgO and ZnO particles were formed by SP of the same precursors as those here.

In addition, the dEM of the ZnO, Fe2Û3, CeÛ2 and MgO primary particles were much

smaller than the corresponding ds, indicating that both the percolation theory and the

hollow sphere restructuring (Ortega et al., 1991) cannot explain the solid ZnO, Fe2Û3,

CeÛ2 and MgO particle formation by ECM.

Mädler and Pratsinis (2002) reported that a mixture of B12O3 nanoparticles and

large spheres (both hollow and solid) was prepared by FSP of bismuth nitrate. They

suggested that nanoparticles were made in the gas phase while large hollow spheres

were created in the liquid phase without having the chance to restructure (Ortega et al.,

1991) since steep cooling rates were used. The inhomogeneous particle morphology in
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Mädler and Pratsinis (2002) is similar to that in the ZnO and MgO powders. Although

the flame temperature in ECM is lower than that in FSP, the gas phase reaction may

create the fine primary particles in these powders.

Suzuki et al. (1992) investigated the morphology of single component oxide

particles produced by S-ICP from the same metal salts as those in this study except for

using zirconium nitrate instead of oxynitrate for ZrÛ2 synthesis. They reported that

spherical (AI2O3, TiÛ2, ZrÛ2 and Y2O3), rod-like (ZnO), polyhedral (Fe2Û3 and CeÛ2)

and cubic (MgO) particles were obtained by S-ICP, indicating that non-spherical

particles were obtained in the compositions that resulted in the solid particle formation

in ECM. Suzuki et al. (1992) suggested that the gas-solid reaction (surface growth) and

not the coalescence growth would cause non-spherical particle formation. In these

systems, surface energy is thought to be high and therefore the surface reaction may be

preferred rather than a generation of new nuclei from the gas phase. On the contrary,

surface energy would be relatively low in the systems that spherical particles were

formed in S-ICP although it is difficult to compare the surface energy quantitatively.

Therefore, the surface energy and resulting stability of the oxide nuclei may influence

hollow or solid particle formation by ECM.

Windeler et al. (1997) showed that the oxide with higher solid-state diffusion

coefficient resulted in the larger primary particles in flame synthesis of AI2O3, TiÛ2 and

M^Os, where AI2O3 and TiÛ2 have lower solid-state diffusion coefficient than M^Os.

On the other hand, the lower solid-state diffusion coefficient of either the metal or

oxygen ions in A1203 (O2": 6.3* 10"8 cm2/s) is lower than that in ZnO (Zn2+: 1.3*10"5

cm2/s) and MgO (O2": 2.5* 10"6 cm2/s) (Kuczynski et al., 1967), which may suggest that

relatively high solid-state diffusion coefficient resulted in the solid particle formation by

ECM in ZnO and MgO.
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A.5 Conclusions

Various single metal oxide powders were prepared by ECM. Hollow AI2O3 particles

with similar morphology were produced from nitrate and chloride solutions using air as

dispersion and oxidant gas. Rapid heating in ECM resulted in surface precipitation

regardless of the properties of the metal salts, forming hollow particles from one

aqueous microsphere of the emulsion as was the case also for TiÛ2, ZrÛ2 and Y2O3

made by ECM. The shell thickness of thin hollow particles can be described well by a

simple equation, t = dBET/3. Solid AI2O3 particles were obtained by ECM of partially

hydrolyzed nitrate solution combusted in air and of nitrate solution combusted in

oxygen through gel-network formation in the precursor solution and hollow sphere

restructuring, respectively. A number of fine and large solid particles were obtained for

ZnO, Fe2Û3, CeÛ2 and MgO, which cannot be explained by the percolation theory or

hollow sphere restructuring. Precursor evaporation and gas phase reaction can result in a

number of fine solid particles. Hollow and solid oxides made by ECM were in close

correspondence with spherical and non-spherical oxides, respectively, made by S-ICP.

Oxides with relatively high solid-state diffusion coefficients were likely to prefer solid

particles. Surface energy and/or diffusion coefficient of oxides may influence the

hollow or solid particle formation by ECM.
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Appendix-B

Reactive Barium Titanate Particle Synthesis by Emulsion Combustion

Method

Abstract

Barium titanate (BaTiOs) particles were made by the emulsion combustion method

(ECM) at a flame temperature of 850 °C from a water-in-oil emulsion containing

barium nitrate and titania sol as precursor. Particle characteristics and sintering behavior

of the product particles were evaluated. The prepared particles were nearly spherical in

shape, 200-500 nm in diameter and polycrystalline. The particle diameter observed by

scanning electron microscopy was consistent with that calculated from the aqueous

microsphere size in the emulsion, the precursor concentration and the density of BaTiÛ3.

The X-ray diffraction (XRD) pattern showed that the main product was BaTiÛ3 and a

small amount of Ba2TiÛ4 phase was formed. The product powder compact was

densified up to 90 % of the theoretical density at a sintering temperature of 1200 °C,

which was lower by 100 °C than that produced by hydrothermal synthesis. The fine

polycrystalline structure of the ECM-made particles was considered to enhance the

densification at lower temperatures. The sintered specimen showed a typical

temperature dependence of dielectric constant in BaTiÛ3.

B.l Introduction

Barium titanate (BaTiOs) and related systems are one of the most important materials

for multilayer ceramic capacitors (MLCs) because of their excellent dielectric properties

(Takagi and Tanaka, 1990). Recent demands for capacitors with a higher capacitance

and smaller size necessitate a thickness of each layer in MLCs to be several

micrometers (Kanai et al., 1994). A lower sintering temperature is required also for

reduction of the production cost.

This chapter was published in J. Ceram. Soc. Jpn., 109(12), 981-985 (2001).
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Many noble processes have been applied to obtain fine and reactive BaTiÛ3

particles. Abe and Kanai (1991) reported that submicron-sized BaTiÛ3 particles

prepared by hydrothermal synthesis were densified at lower temperatures than those of

BaTiÛ3 particles made by a co-precipitation or conventional solid-state calcination

method. Kumazawa et al. (1996) controlled the BaTiÛ3 particle size from 40 to 200 nm

by varying Ba/Ti ratio in the solution for hydrothermal synthesis. A sol-crystal method

produced homogeneous BaTiÛ3 particles, resulting in a higher dielectric constant

(s/so=3700) at room temperature than that prepared by a conventional solid-state

calcination method (Takeuchi et al., 1997). Brewster and Kodas (1997) made

submicron-sized dense BaTiÛ3 particles by flame spray pyrolysis without showing their

sintering characteristics. Sol-gel synthesis (Wu et al., 1984), spray pyrolysis (Nonaka et

al., 1991), combustion synthesis (Zhu et al, 1996), chelate decomposition (Lu et al.,

1997), a polymerized complex method (Arima et al., 1996) were utilized also for

synthesis of BaTiÛ3 particles.

In this chapter, BaTiÛ3 particles were made by the emulsion combustion method

(ECM) (Takatori et al., 1999). Particle characteristics and sintering behavior of the

product particles were evaluated and compared with particle prepared by hydrothermal

synthesis.

B.2 Experimental

A barium nitrate aqueous solution (0.3 mol/L) and a titania sol (Nissan Chemical

Industries, Ltd., TA-15) were used as barium and titanium sources, respectively.

Primary particles (< 10 nm) were agglomerated to form secondary particles (< 100 nm)

in the titania sol. A mixture of the barium and titanium precursor (Ba/Ti = 1/1 in molar

ratio), kerosene and hexa (2-hydroxy-l,3-propylene-grycol) diricinoleate (Taiyo

Kagaku, Sunsoft 818H) were prepared as aqueous phase, oil phase and surfactant,

respectively. These liquids were mixed and stirred with a volume ratio of 63 (aqueous

phase) /35 (oil phase) /2 (surfactant) at 10,000 rpm for 10 min to form a water-in-oil
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(w/o) emulsion. An observation of the emulsion by optical microscopy shows that the

diameter of the aqueous microspheres was about 1 to 2 micrometer. Powder synthesis

was carried out using the ECM reactor (Fig. A.l) at the standard combustion conditions

(Table 1.1) where the indicated flame temperature at 100 mm below the nozzle was

about 850 °C.

The morphology of the product particles was observed by scanning electron

microscopy (SEM: AKASHI, SHIGMA-V). An average particle diameter (dEM) was

determined by counting about 100 particles in the SEM. The crystalline phase was

characterized by X-ray diffraction (XRD: Rigaku, RAD-2B, 30 kV, 30 mA) at 20 (Cu-

Ka)=20-70° and scan speed=27min. The specific surface area (SSA) was measured by

nitrogen adsorption (Micro Data, 4232) after degassing the powder at 150 °C in nitrogen.

The BET-equivalent average primary particle diameter (dBET) of solid particles is

calculated from the measured SSA and the density of BaTiÛ3 (6.02* 103 kg/m3) using eq.

2.1. The composition of the powder was analyzed by inductive coupled plasma (ICP:

Shimadzu, ICPS-2000).

The product powder was die-pressed at 40 MPa and isostatic-pressed at 300 MPa

to form a green disc. The green disc was sintered at 1000-1400 °C for 4 hours in air. The

density of the sintered body was measured by the Archimedes method. The

microstructure of chemically etched surface and crystalline phase of the sintered body

were evaluated by SEM and XRD, respectively. The sintered disc was ground,

electroded on both surfaces and annealed at 500 °C for 1 hour in air to remove residual

stress. Dielectric constant at 1 kHz and its temperature dependence were measured in a

temperature range from -40 to 200 °C at an increasing rate of 2 °C/min using an

impedance analyzer (HP, 4194A) and a thermostatic chamber (TABAI-ESPEC, PL-1F).

The morphology, crystalline phase, composition and densification behavior of the

ECM-made particles were compared with those of the particles with a similar primary

particle diameter fabricated by hydrothermal synthesis (HT: Sakai Kagaku, BT-03, 0.3

(am in diameter).
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B.3 Results and Discussion

B.3.1 Particle characteristics

Figure B.l shows SEM images of the ECM- and HT-made powders. The ECM-made

particles (Fig. B.la) were nearly spherical in shape and 315 nm in dEM, although the

diameter had a distribution (e.g. 200 to 500 nm). The HT-made particles (Fig. B.lb)

were similar in morphology (nearly spherical) and dEM (330 nm) to the ECM-made

particles in the low magnification image. However, the primary particle structure was

different between these two particles in the high magnification images (Fig. B.lc, d),

which showed that the ECM-made particles were polycrystalline consisting of small

crystals whereas the HT-made particles were single crystalline judging from the surface

morphology.

Fig. B.l: Morphology ofthe BaTiO3 particles prepared by the emulsion combustion

method (ECM: a and b) and hydrothermal synthesis (HT: c and d).

Figure B.2 shows XRD patterns of the ECM- and HT-made powders. The main

product was BaTiÛ3 and a small amount of Ba2TiÛ4 phase was detected also in the
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Fz'g. 5.2: X-ray diffraction patterns of the BaTiOs powders prepared by the

emulsion combustion method (ECM) and hydrothermal synthesis (HT).

ECM-made powder, where BaCÛ3, TiÛ2 and other barium titanates with different Ba/Ti

ratio were not observed. The HT-made powder was pure BaTiÛ3.

The SSA, Ba/Ti ratio and concentration of impurities of the ECM- and HT-made

powders were summarized in table B.l. The SSA of the ECM-made powder was 6.3

m2/g, which was larger by factor of 1.7 than that of the HT-made powder (3.7 m2/g).

The Ba/Ti ratio of the ECM and HT-made particles was same with each other. The

amounts of the impurities in the ECM-made powder were almost the same to those in

the HT-made powder except for the Na concentration which is consistent with the

calculated one (310 ppm) from the concentration of Na in the surfactant (700 ppm) and

its amount in the emulsion.

Assuming that a spherical and solid BaTiÛ3 particle is formed from an aqueous

microsphere of 1-2 urn in diameter, the primary particle diameter (ds) is calculated

using eq. A.l (See appendix-A) as 225-450 nm, which is nearly consistent with the dEM

(315 nm), suggesting that one solid particle was formed from one aqueous microsphere
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in the emulsion. The dBET of the ECM-made powders was 156 nm, which was half of

the dEM- Polycrystalline structure of the primary particles can increase the SSA. While,

the dBET of the HT-made powders (265 nm) were close to the dEM, corresponding to

smooth surface of the primary particles (Fig. B.l).

Table B.l: Specific surface area (SSA), Ba/Ti ratio and impurity concentrations of the

ECMandHT-made powders.

ECM-made powder HT-made powder

SSA/mV1 6.3 3.7

Ba/Ti ratio 0.981 0.981

Na concentration /ppm 300 60

Sr concentration /ppm 140 170

Ca concentration /ppm 30 10

Other impurities /ppm <10 <10

As shown in Appendix-A, there can be many possible routes to form solid particles

by ECM such as gelation of the precursor droplet (or microsphere in the emulsion)

(Messing et al., 1993), restructuring of hollow particles (Ortega et al., 1991) and gas-

phase reaction (Mädler and Pratsinis, 2002). In these mechanisms, gas-phase reaction is

considered not to take place because the TiÛ2 sol particles are difficult to evaporate in

the flame as with the SiÛ2 sol particles where gas-phase reaction did not occur even in

the methanol spray flame (see chapter 5). Brewster and Kodas (1997) prepared BaTiÛ3

particles by spraying barium acetate and titanium lactate aqueous solution into

hydrogen-air diffusion flame where a low flame temperature (-1000 °C in adiabatic

temperature, Ta) resulted hollow and irregularly shaped particles whereas solid particles

with smooth surface were formed at high flame temperatures (< -1500 °C in Ta).

Assuming the emulsion consists of 63 vol% pure water and 37 vol% undecane, the Ta

of the emulsion spray flame is calculated as 1472 °C (see chapter 1.4) ,
which is slightly
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lower than that of solid particle formation (Brewster and Kodas, 1997) and thus not

enough for complete sintering of the crystals in the particle, forming solid particles with

rough surface (polycrystalline structure). On the other hand, the TiÛ2 sol may behave as

nuclei where the precipitation and/or reaction of Ba ions with TiÛ2 take place,

disturbing a homogeneous precipitation on the surface of microspheres by combustion

of the oil phase and thus hollow particle formation, resulting in solid BaTiÛ3 particles.

B.3.2 Sintering behavior and characteristics of sintered ceramics

Figure B.3 shows densification behaviors of the ECM- and HT-made powder compacts.

The increase of relative density was observed even at a sintering temperature of 1000 °C

and the relative density reached 94.4% at 1200 °C in the ECM-made powder compact.

The relative density of the HT-made powder compact was lower at sintering

temperatures from 1000 to 1200 °C and almost same at sintering temperatures of 1300

and 1400 °C, compared with those of the ECM-made powder compact, suggesting a

higher reactivity of the ECM-made particles than the HT-made ones. Comparing with

| 0.6

Green disc 100° 1200 1400

Sintering temperature /°C

Fig. B.3: Densification behaviors of the BaTiOs powder compact prepared by the

emulsion combustion method (ECM) and hydrothermal synthesis (HT).
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the HT-made particles, the ECM-made ones have higher SSA and thus higher surface

energy, increasing a driving force for sintering (Kamigaito and Kamiya, 1998), resulting

in lower densification temperatures. On the other hand, the ECM-made powder

containing Ba2Ti04 phase is slightly inhomogeneous in composition. The compositional

gradation in the ECM-made powder compact may enhance solid-state diffusion and thus

densification during sintering. The Na ions contained in the ECM-made particles may

replace the lattice sites of Ba ions to create oxygen vacancy, promoting sintering as with

lead titanate system (Idrissi et al., 1999).

Figure B.4 shows SEM images of the etched surface of the ECM-made specimen

sintered at 1200, 1300 and 1400 °C. The surfaces were over-etched to observe domain

structures in the grain. As the sintering temperature increased, the average grain size

increased and was 1.8, 3.7 and 4.9 (am for the specimens sintered at 1200, 1300 and

1400 °C, respectively. Stripe patterns (see arrows in Fig. B.4) were formed slightly and

observed clearly on the grain surfaces of the specimen sintered at 1300 and 1400 °C,

respectively, indicating a formation of domain structure to release residual strain in the

grains. Arlt et al. (1985) suggested the tetragonal distortion of the BaTiÛ3 unit cell

decreased at room temperature to less than 1 % at < 1 (j,m in grain size. Small grain size

of the specimen sintered at 1200 °C may suppress the domain formation although an

Fig. B.4: Microstructure of the ECM-made BaTiOs ceramics sintered at 1200, 1300

and 1400 °C
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obvious change of the tetragonality by sintering temperature was not observed in the

XRD of the specimens (Fig. B.5).
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Fig. B.5: X-ray diffraction patterns of the ECM-made BaTiOs ceramics sintered at

1200, 1300 and 1400 °C

Figure B.6 shows dielectric constant (s/so)-temperature curves of the specimen

sintered at 1200, 1300 and 1400 °C. They showed typical temperature dependences of

s/so, including two peaks at 20 and 120 °C, corresponding to orthorhombic-tetragonal

and tetragonal-cubic phase transitions of BaTiÛ3, respectively. The s/so at 20 °C were

1780, 2320 and 2990 for the specimen sintered at 1200, 1300 and 1400 °C, respectively.

The s/so at 20 °C of the specimens were smaller than those reported values by Kinoshita

and Yamaji (1976) (s/s0=3000-5000), Abe and Matsumoto (1991) (s/s0=4300) and Wu

et al. (1984) (s/so=3000) although the s/so is affected strongly by specimen

characteristics (e.g. purity and microstructure) and thus a qualitative comparison may be

difficult.
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Fig. B.6: Dielectric constant-temperature curves ofthe ECM-made BaTiOß ceramics

sintered at 1200, 1300 and 1400 °C

The s/so at 20 °C increased and the peaks of s/so at the phase transition

temperatures became sharp as the sintering temperature and thus grain size increased.

Arlt et al. (1985) investigated the effect of grain size (0.3-100 urn) on s/so of BaTiÛ3

ceramics and reported the s/so decreased as the grain size increased at > 1 urn in grain

size by decrease of the density of domain walls contributing to the increase of s/so

whereas the s/so increased as the grain size increased at < 1 urn in grain size because of

the change of the ferroelectric structure. In this study, the increase of s/so can be

explained by the formation of the domain structure with the grain growth, although the

s/so decreased in this grain size range in Arlt et al.(1985). This may be caused by the

differences of the particle characteristics (e.g. impurity and microstructure). On the

other hand, the sharp peaks of s/so at the phase transition temperatures by increasing

sintering temperature can correspond to an improvement of compositional homogeneity

(Wu et al., 1984), which may also increase the s/so.
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B.4. Summary

Spherical and polycrystalline BaTiÛ3 particles of 200-500 nm in diameter were made

by ECM. The dEM was in agreement with the ds, suggesting that the primary particles

can be formed from one aqueous microsphere in the emulsion. The main phase of the

powder was BaTiÛ3 and a small amount of Ba2TiÛ4 phase was detected also. The dßET

was smaller than the dEM, corresponding to the polycrystalline structure. The product

powder compact exhibited a high reactivity and was densified up to 90 % of the

theoretical density at a sintering temperature of 1200 °C. Relatively high SSA of the

ECM-made particles can increase surface energy, enhancing the sintering, resulting in

lower densification temperatures by 100 °C than that of the HT-made one. Domain

structures were seen on the grain surfaces of the specimen sintered at 1300 and 1400 °C.

The sintered specimens showed typical temperature dependences of s/s0, including two

peaks at 20 and 120 °C, corresponding to the phase transition of BaTiÛ3. The s/so at 20

°C increased and the peaks of s/so at the phase transition temperatures became sharp as

the sintering temperature increased, which may be explained by grain growth and/or

improvement of the compositional homogeneity of the grains.
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Appendix-C

Calculation of Adiabatic Temperatures

Table C.l summarizes molecular weight (FW), density and standard molar enthalpy of

formation (AH) at 25 °C of the molecules (Lide, 2000). Table C.2 and C.3 show molar

heat capacity at constant pressure (Cp) as a function of temperature (T /°C) (Felder and

Rouseau, 1986) and reactions of the fuels used in this study, respectively.

Table C.l: Summary ofmolecular weight (MW), density and standard molar enthalpy of

formation (AH) at 25 °C ofthe molecules usedfor calculation (Lide, 2000).

MW Density AH at 25 °C

g/mol g/cm3 KJ/mol

Hydrogen (gas) — — 0

Nitrogen (gas) — — 0

Oxygen (gas) — — 0

Water (gas) — — -241.8

Carbon dioxide (gas) — — -393.5

Methane (gas) — — -74.6

Water (liquid) 18.02 1 -285.8

Methanol (liquid) 32.04 0.79 -239.2

Undecane (liquid) 156.31 0.74 -327.2

Table C.2: Molar heat capacity at constant pressure (Cp) as afunction of temperature

(T/°C) (Felder andRousseau, 1986).

Gas Cp /J (mol K)"1

Oxygen Cp == 29.10+1.158* 10"2 T-0.6076*10"5 T2+1.311*10"9 T3

Nitrogen Cp = 29.00+0.2199* 10"2 T+0.5723*10"5 T2-2.871*10"9 T3

Carbon dioxide Cp = 36.11+4.233* 10"2 T-2.887*10"5 T2+7.464*10"9 T3

Water (gas) Cp == 33.46+0.688* 10"2 T+0.7604*10"5 T2-3.593*10"9 T3
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Table C.3: Summary ofreactions ofthefuels used in this study.

Fuel Reaction

Methane CH4 + 2 02 -* C02 + 2 H20

Hydrogen H2 + 1/2 02 -> H20

Methanol CH3OH + 3/2 02 -> C02 + 2 H20

Undecane C11H24 + 17 02 ^ 11 C02 + 12 H20

Assuming 1 mol gas molecules is 22.4 L in volume at 25 °C, the molar number (n) and

total standard enthalpy of formation (n A H) at 25 °C of each molecule before and after

combustion are calculated using Table C.l and C.3. While, a heat (Hg) necessary to

raise gas temperature from 25 °C to Ta for each molecule is given using Table C.2 as;

Hg = n/^5ACp(T)dT (C.l).

The change of the total enthalpy by combustion is equal to the heat necessary to raise

the temperature of the combustion gas and remained oxygen after combustion from 25

°C to Ta and therefore the Ta is calculated numerically using eq. C.2;

E n AH (25 °C, before combustion) - S n AH (25 °C, after combustion)

= Hg (02) + Hg (N2) + Hg (C02) + Hg (H20) (C.2).

This shows how the Ta of the FSP-A reactor in Table 1.1 is calculated. Methane,

methanol and oxygen of 0.0705, 0.0247 and 0.677 mol (Table 1.1), respectively, are

supplied to the FSP-A reactor per a minute. The total enthalpy (S n AH) of these

molecules before combustion is calculated from Table C.l as shown below:

S n AH (25 °C, before combustion) = n AH (CH4) + n AH (CH3OH) + n AH (02)

= 0.0705*(-74.6) + 0.0247*(-239.2) + 0.677*0

= -11.2/KJ (C.3).
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Assuming complete combustion (Table C.3), methane and methanol consume oxygen of

0.178 mol, generating carbon dioxide and water of 0.0952 and 0.190 mol, respectively.

The total enthalpy (Z n AH) of the combustion gas and remained oxygen is calculated

also from Table C. 1 as shown below:

S n AH (25 °C, after combustion) = n AH (C02) + n AH (H20) + n AH (02)

= 0.0952*(-393.5) + 0.0190*(-285.8) + (0.677-0.178)*0

= -83.5/KJ (C.4).

From eq. C.3 and C.4, the left-hand side of eq. C.2 is 72.3 KJ, which corresponds to the

combustion energy per a minute and is used to raise the temperature of the combustion

gas and remained oxygen after combustion from 25 °C to Ta. For example, the heat

necessary to raise the temperature of carbon dioxide of 0.0952 mol from 25 °C to 2000

°C is calculated from Table C.2 using eq. C.l:

j* 2000

Hg (C02) = 0.952 * J 25 (29.10 + 1.158*10"2 T

=0.952 * [29.IO T + (1.158*10"2/2) T2

-1 2000

+ (1.311*10"9/4)T4 J25

= 10.3KJ

In the similar way, the Hg (H2O) and Hg (O2) are obtained as 16.3 and 34.7 KJ,

respectively. Therefore, the right-hand side (RHS) of eq. C.2 at 2000 °C is 61.3 KJ,

which is smaller than the combustion energy (72.3 KJ), indicating the Ta is higher than

2000 °C. On the other hand, the RHS of eq. C.2 at 3000 °C (96.9 KJ) is larger than the

combustion energy, indicating the Ta is lower than 3000 °C. Here, the RHS of eq. C.2

becomes the closest to the combustion energy at 2319 °C, satisfying eq. C.2, giving the

TA of 2319 °C for the FSP-A reactor (Table 1.1).

- 0.6076* 10"5 T2 + 1.311*10"9 T3 )dT

- (0.6076* 10"5/3)T3
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Appendix-D

Calculation of hollow particle diameter and thickness

The numerator of the right hand side (RHS) of eq. A.3 can be written as (du » t):

7tdH2 + 7i(dH-2t)2 = 7i(2 dH2 - 4 dH t + 412) = 2 7idH2 (D. 1).

Ignoring small terms (dH » t), the denominator of the RHS of eq. A.3 can be written

also as:

(7idH3/6 - 7i(dH-2 t)3/6) *
p
= (np/6) (dH3 - dH3 + 6dH21 - 12 dH t2 + 8 tB3) = Tip dH21 (D.2).

Substitution of eq. D.l and D.2 in eq. A.3 gives:

SSA = 2 7tdH2 / Tip dH21 = 2 / p t

and upon simplifying: t = 2 / (SSA * p)

and using eq. 2.1 the hollow particle thickness is: t = dßET / 3 (D.3).

Substitution of D.2 in eq. A.2 gives:

(7ia3/6) * (CaM/p) = n du tB

simplifying this and using equation D.3 and eq. A.l gives:

ds /6 = dH dBET /3

Therefore, the hollow particle diameter is: dH = (ds3 / 2 dßET)
m

(P-4).

These simple equations apply best when dH > 10 t.
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