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ZUSAMMENFASSUNG

Titandioxid (Ti02) ist ein Halbleitermaterial mit einem breitem

Leitungsband und besitzt hohe optische Absorption im UV Bereich

« 400 nm). Diese Eigenschaften machen Ti02 attraktiv für

Anwendungen in Photokatalyse und UV-Schutz (Sonnencreme, UV

Filter). Besonders nanostrukturiertes Ti02 ist ein vielversprechendes

Material für eIne Vielzahl von Anwendungen 1m Umwelt

(Photokatalyse, Sensoren) und Energiebereich (Photovoltaik,

Wasserspaltung, Wasserstofflagerung). Andere Eigenschaften sind die

hohe Stabilität und unbedenkliche Toxizität des Materials, wie auch die

weit verbreiteten und billigen Syntheseverfahren. In der Industrie wird

Ti02 als Pigment (200 - 300 nm im Durchmesser) großtechnisch in

Dampf gespeisten Flammenreaktoren für die kommerzielle Anwendung

in z.B. Sonnencreme, Farbe, Lacke und Zahnpaste, hergestellt.

In den letzten Jahrzehnten hat sich die Forschung und

Entwicklung auf die Herstellung, Anwendung und Modifikation von

Ti02 im Nanobereich konzentriert. Die Modifikation umfasst, unter

anderem, die chemische Dotierung mit dem Ziel, die Eigenschaften des

Ti02 (z.B. Größe, Kristallinität, elektronische Struktur) zu kontrollieren,

wie auch die chemischen Oberflächenbehandlungen, die die Interaktion
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mit der Umgebung (z.B. Dispergierbarkeit, Photostabilität) beeinflussen

können.

In dieser Dissertatiop wurde die direkte Synthese von in-situ

beschichteten Nanopartikeln mittels Flammensprühpyrolyse (FSP)

erforscht. In der Industrie werden solche Beschichtungen in mehreren

Schritten vornehmlich in der Nassphase ausgeführt, wodurch die

Nachfrage nach einem einfachen, nur einen Prozessschritt umfassenden

Gasphasenverfahren für die Beschichtung von TiOz und anderen Oxiden

steigt. Der Schwerpunkt lag hier bei der Entwicklung eInes

Einschrittverfahrens für die Herstellung und Beschichtung mit Silica

(SiOz) von TiOz Nanopartikeln mit Rutil als dominierende Kristallphase.

Silicabeschichtungen passivieren die photokatalytisch aktive TiOz

Oberfläche durch den hermetischen Verschluss von chemisch aktiven

Stellen. Dies verbessert die Photostabilität in der Endanwendung, wo die

Partikel in organischen Flüssigkeiten oder Polymeren eingebunden

werden. Auf Grund der besonderen Bedeutung der Partike1- und

Aggregatgröße für z.B. die Transparenz in der Nanoverbundstruktur,

wurde weiterhin der Aggregatzustand von unbeschichteten TiOz In

dieser Arbeit untersucht und quantifiziert.

In einer Übersicht werden die Fortschritte auf dem Gebiet der

Flammensynthese mit dem Schwerpunkt auf TiOz präsentiert. Dabei lag

der Fokus auf den Möglichkeiten Partikeleigenschaften, wie z.B. Größe,

Kristallinität und Aggregationszustand, und in machen Fällen sogar die

Verteilung der einzelnen Komponenten in den Mischoxidpartikeln, zu

kontrollieren.

Der Aggregations- und Agglomerationszustand von flammen

hergestellten TiOz Partikeln wurde mittels Hochdruckdispergierung und

dynamischer Lichtstreuung bestimmt und quantifiziert. Elektrostatisch

stabilisierte Suspensionen von TiOz Partikeln wurden durch eine Düse



xi

bei Drücken von 200 bis 1400 bar dispergiert. Agglomerate (durch

schwache, physikalische Kräfte verbundene Partikel) wurden

aufgebrochen und eIne bimodale Volumenpartikelverteilung aus

Primärpartikeln und Aggregaten (durch starke, chemische Kräfte

verbundene Partikel) gemessen. Der Höchstwert des Feinpartikelanteils

der mit FSP hergestellten Partikeln War vergleichbar zu dem gemessenen

Primärpartikeldurchmesser und der bestimmten Kristallgröße, was

andeutet, dass mindestens 45% der Masse vom FSP-TiOz im nicht

aggregierten Zustand vorliegt. Im Vergleich bestand das industriell

hergestellte TiOz (Degussa P25) hauptsächlich aus Aggregaten. Die

Bildung von Aggregaten wurde mittels eIner thermischen

Nachbehandlung (Sintern) von FSP TiOz im Bereich von 200 bis 800°C

untersucht. Die Größe des Feinpartikelanteils und der Aggregate

wuchsen stufenweise jeweils in Folge von Kornwachstum und

Sinterbrücken zwischen den Partikeln gekoppelt mit der

Phasenumwandlung von Anatas zu Rutil.

Es wurde ein Prozess für; die in-situ Beschichtung von in der

Flamme hergestellten Partikeln entwickelt. Ein FSP Reaktor wurde mit

einem Quarzglasrohr geschlossen und Hexamethlydisiloxan (HMDSO)

Dampf von Stickstoff (Nz) getragen, wurde mit dem TiOz Aerosol

(25 g/h), nach deren Entstehung in der Flamme, auf verschiedenen

Höhen über dem FSP Brenner in Querstrom gemischt. Verfrühte Zugabe

von HMDSO Dampf ergab separate SiOz und schlecht beschichtete TiOz

Partikel, während bei späterer Zugabe, gleichmäßige und homogene

Beschichtungen von 2 bis 4 nm Dicke entstanden. Die erhaltene

Schichtdicke hing vom Silicagehalt ab und die Qualität der Schicht

wurde in der photokatalytischen ,Oxidation von Isopropanol (IPA) zu

Aceton ausgewertet. Die Zugabe von 10 oder mehr Massenprozent SiOz

ergab deutlich reduzierte Photoaktivität. Im Vergleich ergab· die Co-



xii

Oxidation von allen Precursoren für Si/Al/Ti in der Flamme große Si02

Domänen und deshalb nur partielle Beschichtungen von Ti02 das

dadurch eine hohe photokatalytische Aktivität aufwies.

Der Einfluss der Mischintensität zwischen frisch geformten Ti02

Aerosol und HMDSO-beladenem N2 auf die Beschichtungsmorphologie

der Partikel wurde experimentell und durch numerische

Strämungssimulation untersucht. Die Austrittsgeschwindigkeit oder

Anzahl der Düsenausgänge für HMDSO-beladenen N2 wurde variiert.

Numerische Strämungssimulation zeigte, dass tiefe Flussraten oder

wenige Düsenausgänge eine unvollständige Mischung über den

Querschnitt des Reaktors ergaben. Unter solchen Bedingungen sank die

Beschichtungseffizienz: Transmissionselektronenmikroskopieaufnahmert

(TEM) zeigten separate Si02 und schlecht beschichtete Ti02 Partikel,

wohingegen bei hoher Mischungsintensität oder mehreren

Beschichtungsdampfdüsen von Si02 eingekapselte Ti02 Partikel, die eine

tiefe Photoaktivität in UV-belichteten IPA Suspensionen aufwiesen,

erzielt wurden.

Schließlich wurde die Beschichtungsqualität und Effizienz der

partiell oder hermetisch Si02-beschichteten Ti02 Produktpartikeln

bewertet. Das Ausmaß der Si02 . Oberflächenbeschichtung konnte

elektrophoretisch und chemisch bestimmt werden. Silica verschob den

isoelektrischen Punkt (IEP) in wässrigen Suspensionen zu tieferen pH,

aber vollständige (2: 10 Massenprozent) Si02 Beschichtungen ergaben

negative Zetapotentiale bei allen pH und kein IEP konnte gemessen

werden. Isopropanol Chemisorption konnte angewendet werden um die

Beschichtungsqualität zu bestimmen. Reines Titandioxid chemisorbierte

Isopropanol und setzte einen grossen Teil in Propen um, währ.end keine

Chemisorption auf reinem Si02 stattfand. Daher chemisorbierten

ungenügend beschichtete Partikel Isopropanol während vollständige
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Beschichtungen dies nicht taten. Hermetische und partielle

Beschichtungen wiesen auch eindeutig unterschiedliche FT-IR Spektren

im Bereich von Si-O-Si asymmetrischen Vibrationen auf.
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SUMMARY

Nanostructured titania (TiOz) is a promising material in a range of

environmetal and energy applications. These include photocatalysis and

sensing, as weH as photovoltaics, water splitting and hydrogen storage.

Titania is a semiconducting material with a wide band gap and exhibits

high optical absorption in the UV region « 400 nm) which also makes it

attractive for UV protection. Other benefits are the stability and non

toxicity of the material as weH as readily available, cheap synthesis

methods. Industrial, large scale production of pigmentary titania (200 -

300 nm in diameter) is conducted in vapor-fed flame reactors for

commercial use in e.g. sunscreens, paints and toothpaste.

Research and development efforts in the past few decades have

been devoted to TiOz nanomaterial preparation, application and

modification. Bulk chemical research involves doping to control material

properties such as size, crystaHinity and electronic structure. Surface

chemical modifications on the other hand are targeted at particle

interactions with the surrounding environment, e.g. dispersability and

photostability in an organic matrix.

In this thesis, direct synthesis of in-situ coated nanostructured

particles made by flame spray pyrolysis (FSP) was explored. TypicaHy

such coatings are achieved by tedious multi-step wet-phase processes.
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Thus there is a strong interest to develop simple, one-step gas-phase

processes to coat TiOz and other oxide materials. So emphasis was

placed here on developing a one-step process for synthesis and coating of

TiOz nanopartic1es by inert and transparent SiOz. The aim is to passivate

the photocatalytically active TiOz surface by hermetic SiOz coatings, to

prevent the degradation of their host liquid or polymer matrices in the

final suspension or nanocomposite products. Material properties were

characterized with focus on the coating quality and optimized with the

aim to significantly reduce the photocatalytic activity. The aggregation

state of bare TiOz was also quantified, as it affects further processing

and, in particular, the transparency of nanocomposites.

In the overview, the progress in the field of flame synthesis is

presented focusing on TiOz and highlighting the possibilities to control

partic1e characteristics such as size, crystallinity, extent of aggregation

and in some cases even the spatial distribution of individual components

in multicomponent TiOz-based partic1es.

The extent of flame-made TiOz partic1e aggregation and

agglomeration was determined and quantified by high pressure

dispersion and dynamic light scattering. Electrostatically stabilized

titania partic1e suspensions were dispersed through a nozzle at 200 to

1400 bar. Agglomerates (partic1es bonded by weak physical forces) were

broken up resulting in bimodal partic1e size distributions composed of

their primary particles and aggregates (partic1es bonded by strong

chemical forces). The peak of the FSP-made fine partic1e mode was

comparable to its primary partic1e diameter and crystallite Slzes

indicating that at least 45% by mass of FSP-made TiOz is non

aggregated. In contrast, industrially produced TiOz (Degussa P25) was

composed largely of aggregates. The evolution of aggregates was further

studied by post-synthesis sintering of FSP-made TiOz from 200 to
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800°C. The Slze of the fine particle and aggregate modes grew

progressively as a result of grain and neck growth, respectively, coupled

with phase transformation.

A process was developed for in-situ coating of flame-made

particles. A mostly rutile TiOz-producing spray flame (25 g/h) was

enclosed by a quartz glass tube while hexamethyldisiloxane (HMDSO)

vapor carried by N z was T-mixed downstream of the flame by a metal

torus pipe ring placed at various heights above the FSP burner.

Premature HMDSO vapor injection resulted in separate SiOz and

poody-coated TiOz particles, while smooth and homogeneous coatings,

2 - 4 nm thick, were formed as HMDSO was added further downstream

at high enough temperatures for complete oxidation of HMDSO to SiOz.

The coating thickness was controlled by the silica content and the coating

quality was evaluated in the photocatalytic oxidation of isopropanol

(IPA) to acetone. Addition of 10 wt% SiOz or more resulted in limited

photoactivity. In contrast, co-oxidizing all precursor for Si/Al/Ti in the

flame, results in large SiOz domains and thus only partial coatings on

TiOz particles which exhibit a high photocatalytic activity.

The effect of mixing intensity between the freshly-formed TiOz

aerosol and the HMDSO-Iaden N z gas on product particle coating

morphology was investigated experimentally and by computational fluid

dynamics (CFD). The exit velocity or the number of jet outlets for

HMDSO-Iaden N z gas was varied. The CFD showed that low flowrates

or few jet outlets resulted in incomplete mixing across the radius of the

reactor. At such conditions the coating efficiency decreased: separate SiOz

and poody coated TiOz particles were observed in transmission electron

microscopy (TEM) images. In contrast, SiOz-encapsulated TiOz particles

were obtained at high mixing intensity or with multiple coating vapor

jets which exhibited low photoactivity in UV-irradiated IPA suspensions.
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Finally, the coating quality of the partially and hermetically Si02

coated Ti02 product particles was assessed. The extent of Si02 surface

coverage could be determined elec~r.ophoreticallyand chemically. Silica

shifted the isoelectric point (IEP) in aqueous suspensions to lower pR,

however, complete Si02 (2: 10 wt%) coatings resulted in negative zeta

potentials at all pR and thus no IEP was obtained. Similarly,

isopropanol chemisorption could be applied to determine the coating

quality. Pure titania chemisorbed isopropanol and converted a large

fraction to propene, while no chemisorption took place on pure Si02•

Thus, insufficiently coated particles still chemisorb isopropanol while

complete coatings do not. Rermetic and partial coatings also yielded

distinctly different FT-IR spectra in the region of Si-O-Si asymmetric

vibrations.



Overview:

Flame Synthesis of Ti02 Particles

Abstract Partic1e synthesis in flames, with special focus on titania-based

(TiOz) materials is reviewed. Vapor-fed flame synthesis, industrially used

for large-scale manufacture of pigmentary titania, as weIl as the more

versatile flame spray pyrolysis are presented. The significance of partic1e

size and crystallinity is exemplified for application in sensors and

nanocomposites and methods to control these characteristics during their

flame synthesis are emphasized. The influence of the degree of

aggregation is discussed and a novel promising method to distinguish

aggregates (chemical bonds) from agglomerates (van der Waals forces) is

presented. Examples on multicomponent TiOz-based partic1es are given,

focusing on the differences in their structures. FinaIly, SiOz-coating of

TiOzis addressed as there is a growing interest to develop simple, one

step processes for surface functionalization of nanopartic1es. Recent

work investigating the evolution oE SiOz/TiOz partic1e morphology in

vapor-fed flame reactors is highlighted.



2

1.1 Flame processes for particle synthesis

In vapor-fed flame synthesis (VFS) a volatile precursor 1S

combusted or hydrolyzed in a hydrocarbon, hydrogen or halide flame. [1)

Various flame configurations areused for the manufacture of

nanopartic1es, such as premixed and diffusion flames ron in co-flow or

counterflow. [2) The partic1es form by gas-phase nuc1eation and grow by

surface reaction and/or coagulation and subsequent coalescence into

larger partic1es. In flame spray pyrolysis (FSP) aprecursor spray solution

of high-enthalpy content organics is ignited and sustained by a rather

small pilot flame. This process is thus more versatile compared to VFS as

non-volatile precursors can be supplied. The spray is accomplished by

solution atomization through conventional air-assist or ultrasonic

nozzles. Complete precursor evaporation leads to solid nanoparticles as

in VFS, while incomplete droplet evaporation leads to hollow and shell

like micron-sized partic1es. [3) Systematic scale-up studies in academic

laboratories have been conducted both on VFS[4,S,6) and FSP reactors[7).

For example, Figure 1.la,b shows a FSP reactor in an academic

laboratory producing up to,l kg/h of nanopartic1esY) The partic1es are

collected on filters (Figure 1dC,d), alternatively cyc10nes or electrostatic

precipitators can be used. [8) The synthesis of a wide variety of not only

oxide materials, but also metals salts, metals as weIl as direct1y deposited

porous or dense films has been achieved by VFS and FSP. [3)

About 60% of the annual world market of pigmentary titania

(- 2 million tons) is produced by the chloride process where titanium

tetrachloride (TiCI4) reacts with oxygen in VFS reactors direct1y forming

partic1es of proper size and crystallinity. [9) In contrast, in the

discontinuous sulfate process (40% of the annual world market) Ti02

particles are formed by wet-phase precipitation and obtain the required
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Figure 1.1: Pilot-scale FSP reactor'71 with piston pumps for precursor delivery (a) and control

panel (b) as weil as the hag house filter unit (c) with 12 synthetic filter tuhes for particle

coilection (d).
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product characteristics in a subsequent calcination step. [9] As a result, the

volume of waste products and the cost for waste-treatment facilities is

higher in the sulfate compared to the chloride process. [9] This also

exemplifies the advantage of gas phase processes for their process

simplicity: no liquid by-pro,ducts, easier particle collection from gases

than liquid streams, fewer processes artd high product purity. [10]
"

Although such large quantities of titania as weIl as carbon blacks

and other ceramics (e.g. SiOz, Ab03) are produced daily in flame

processes, their manufacturing was developed in a rather evolutionary

manner and rather little has been known on the process fundamentalsY 1]

Thus research in the past 10 - 20 years has focused on developing process

diagnostics along with a quantitative understanding of combustion

aerosol formation. For example, the evolution of particle morphology

has been investigated by thermophoretic sampling and transmission

electron micrsoscopy (TEM)[lZ] and flame temperatures during particle

synthesis have been measured by Fourier transform infrared

spectroscopy (FTIR). [13] In-s~'tu monitoring of particle growth has been

achieved using synchrotron X-ray scattering. [14] Data collected with these

techniques can now be directly compared to mathematical models[15] and

important process control parameters have been identified both

computationally and experimentaIly.

1.2 Particle size and crystallinity

1.2.1 Control of Ti02 size and crystallinity in flame synthesis

The primary particle formation and aggregation in flame synthesis

lS now quite weIl understood. In general, the product particle

characteristics are affected 'by their' synthesis temperature history and

concentration that are controlled by burner configuration, precursor
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composition and oxidant/fuel flow rates. [11] In the following, examples

will be given for the control of Ti02 size and crystallinity during flame

synthesis.

The average partic1e Slze and crystallinity of Ti02 made in

diffusion flames can be broadly controlled from about 10 nm (mostly

anatase) to 100 nm (mostly rutile) by changing the temperature and

velocity field of the flame with vanous reactant mlxlng

configurationsY6,17] Figure 1.2 shows a typical TEM image of spherical

VFS-made Ti02 with an average diameter of 70 nm. Partic1es po1yhedral

in shape can be made by increasing the high temperature residence time,

e.g. by enc10sing the flame reactor. [18] In premixed stagnation flames

partic1es only 3 nm in diameter could be synthesized. [19] The partic1e size

and even shape can also be controlled by the addition of dopants, e.g. Si

reduces the partic1e size[20].

Figure 1.2: TEM image ofVFS-made Ti02 by oxidation oftitanium tetraisopropoxideFIJ

Predominantly the anatase phase (80 - 90 wt% and the balance

rutile) is formed in oxygen-rich VFS[21] or FSp[22] flames (Figure 1.3).

Upon calcination of the product powders anatase transforms into the
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thermodynamically more favorable rutile phase which lS also

accompanied by grain growth. [23] The thermal stability of titania can be

enhanced by addition of dopants during flame synthesis (Figure 1.3), e.g.

by Si[8,24] or Nb[25]. In contrast, doping by Al[24,26], Zr or Sn[24] favors the

formation of rutile. Laser irradiation during partic1e formation in the

flame enhances rutile formation[27], while it is retarded and partic1e size

decreases when applying an electrical field across the flame. [28]

100 ,.....----------------,

-0- AlzÜ3

~ 'Zr02

80 -0- Si0
2

~ 60
.~

~

~ 40

20

O..l..-..r---.,---.,...------,-----,----,--J

o 2 4 6 8 10

wt% oxide dopant

Figure 1.3: The rutile fraction in FSP-made Ti02as a/unction 0/oxide dopant cantent.

A novel process has also been developed for c10se control of

primary partic1e size and crystallinity by rapidly quenching the freshly

made titania flame aerosol in a critical flow nozzle. [29] The rapid flame

cooling achieved by nozzle-quenching is demonstrated in Figure 1.4[21]

by the line-of-sight temperature profiles measured by FTIR

spectroscopy[13]. Unquenched (filled symbols) as well as nozzle-quenched

(5 cm above the burner; open symbols) flames reach a maximum
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temperature of Tmax = 2450 K at 1.8 cm height above the burner (HAB).

The temperature of the unquenched, particle-free CH4/0 2 flame (filled

circles) remains nearly constant at Tmax up to 5 cm above the burner and

then decreases almost linearly to 650 K at 20 cm HAB. Particle-Iaden,

unquenched flames are slightly hotter and their visible flame lengths are

longer than that of the particle-free (CH4) flame as their enthalpy content

is higher. In contrast, above 4 cm HAB the temperature of the nozzle

quenched flames drops rapidly by about 100 KI mm and reach 1600 K at

HAB =4.7 cm (0.3 cm in front of the nozzle) regardless of particle

content. This steep temperature reduction is attributed to mixing with

ambient air drawn into the nozzle resulting in 900 K at 0.8 cm

downstream of the nozzle. [29)

201510. 5

-+- 80 wt% TiOz-producing flame

--A-- pure SiOz-producing flame

___ CH
4
-flame

~ pure SiOz-producing flame nozzle-quenched

-0- CH4-flame nozzle-quenched
O'--_J....---..:-L--_L..-_L----JL...-----JL---J_---J

o

500

~

~:f 1500

~
§<
~ 1000

f-<

2500

2000

Height above bumer (HAB), cm

Figure 1.4: Average flame temperature along the burner axis (centerline) as a function of

height above burner (HAB) for unquenched (filted symbols) and nozzle-quenched (open

symbols) CH4 (0.51/min)/02 (21/min) co-jlow diffusionflames without precursor (circles), as

welt as producing pure silica (triangles) and 80 wt% Ti02(diamonds). The flame temperature

decreases by 750 Kinfront ofthe quenching nozzle. f21)
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Partic1e growth in such a nozzle-quenched flame reactor can

essentially be frozen at desired levels by this rapid quenching. [Zl,Z9]

Precise control of the average primary partic1e diameter from 5 to 50 nm

and phase composition is achieved by positioning the quenching nozzle

above the burner and controlling gas 'and precursor flow rates. [Z9] For

example, positioning the nozzle at 5 cm above the burner nearly halved

the product partic1e size and changed its crystallinity from pure anatase

to mostly rutile. [Zl] At high precursor flow rates when the oxygen content

in the flame was low, even titanium suboxides formed that exhibit a

bluish coloration. [Z9]

1.2.2 Significance in sensors and nanocomposites

A detailed review on TiOz nanopartic1e applications was published

recently by ehen and Mao. [30] Here the significance of size and

crystallinity control is illustrated for the use of TiOz in sensors and

nanocomposites. Sensors are important in process monitoring and safety

systems. The most common semiconducting gas sensors are based on

either SnOz or TiOz. The main advantage of TiOz sensors compared to

the more common SnOz, is their insensitivity to ambient humidityy1]

Key factors governing the sensitivity and selectivity of gas sensors are

the grain size and crystalline structure of the material. It has been

reported that the chemical sensitivity and catalytic activity of

semiconductor sensors depend linearly on the surface area, with larger

surface area providing more active sites for gas-solid interaction,

resulting in large change of conductivity or high sensitivity at very low

concentration levelsyz,33] Thermal pre-treatment of sensing devices at a

sufficient high annealing temperatU1;e is required to ensure the stability

of the layer. This thermal stabilization often produces an excessive grain

coarsening of the sensing powders, resulting in a lower surface-to-
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volume ratio and poor sensor response. In case of Ti02 calcination

temperatures over 600 oe lead to a crystallographic phase transition

from anatase to rutile. [34] Anatase is more suitable than rutile for ambient

monitoring of harmful gases and so it is necessary to stabilize the

anatase phase at higher temperatures and hinder this transition to rutile.

Further, anatase is an-type semiconductor, while rutile exhibits p-type

conductivityYS] Dopants are typically added to Ti02 either to improve

thermal stability or sensitivity and selectivity. [32,36,37]

In photocatalysis the significance of Ti02 size and crystallinity has

been widely studied. Ti02 is regarded as the most efficient and

environmentally benign photocatalyst and it has been most widely used

for photodegradation of various pollutants. [3D] The commercially

available flame-made Degussa P25 is often used as a benchmark

material, as its mixed anatase/rutile phase exhibits a high

photoactivity. [38] Rutile Ti02-based nanocomposites can be used as UV

filters, coatings for UV-sensitive materials and lenses as the partic1es

absorb UV light, are transparent at the visible wavelengths and possess a

high refractive index. [39] The anatase phase is less suited for these

applications as its absorption edge is located at lower wavelengths[4o] and

generally has a higher photocatalytic activity which can lead to

degradation of the polymer matrix[41]. Rutile can be synthesized by

thermal treatment of anatase titania, [42] however this also leads to grain

growth and aggregation. The larger partic1es or aggregates significantly

scatter light[43] and as a result the composites are opaque[39,44].

1.3 Aggregation and agglomeration

Primary particles may be held together by chemical sinter bonds

(aggregates) and/or physically by van der Waals forces (agglomerates).

Typically a material's performance depends mostly on primary partic1e
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size and erystallinity, while proeessing depends heavily on the extent of

aggregation. For example, agglomerates are easily dispersed in liquid

matriees (nanoeomposites, paints and mieroeleetronies), while

aggregates are attraetive in reinforeing, eatalysis and porous films as

with lightguide performs. [3] Grass et al. [45] showed theoretieally that in

high-temperature synthesis of TiOz, aggregate formation starts at the end

of full eoaleseenee and stops at the end of sintering where agglomerate

formation starts. In general, fast eooling rates and high temperatures

favor the formation of less aggregated partic1es. For example,

eoaleseenee in the flame ean be enhaneed by in-situ laser irradiation

resulting in non-agglomerated TiOz partic1es. [Z7] Rapid flame eooling by

nozzle-quenehing (Figure 1.4)· ean also deerease the degree of

aggregation[Z9] while applying and external eleetrie field aeross the flame

ean enhanee agglomeration. [46]

The quantitative analysis of aggregation and agglomeration poses

a problem, while size and erystallinity ean be routinely measured by

nitrogen adsorption and X-ray diffraetion, respeetively. Sinter neeks in

aggregates ean be distinguished in TEM images, however ean not be

quantified. Small angle seattering has been used to measure aggregate

sizes[47] and even to monitor real-time agglomerate growth[48]. However,

this teehnique ean give no information on the bond strength in these

struetures. In post-synthesis proeesses, agglomerates ean be broken up by

e.g. ultrasonieation[49] or highpressure dispersion[50], whieh allows for

quantifieation of the aggregate size obtained from dynamie' light

seattering. A sehematie of a high pressure dispersion apparatus is shown

in Figure 1.5. [50] High stresses are applied on the agglomerates as they

pass through a dispersion nozzle and are broken up in laminar and

turbulent flows. The obtained suspensions are stable Slnee re

agglomeration as often observed during ultrasonieation[51] does not
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occur, and their aggregate and even primary partic1e slzes can be

determined e.g. by dynamic light scattering[50,52].

High pressure
intensifier va

Suspension
reservoir

r-~I4--_r.===I-:::c:..Q
Pressurized
air

Flush water

--Q
1------11.-- c::>

Excess gas

~c::> .
Dispersion V2 ~I Dispers~d
nozzle~ suspension

Figure 1.5: High-pressure dispersion' apparatus'. The suspension from the reservoir passes from

a barrier chamber through the dispersion nozzle with apressure drop ofup to 1500 bar, where

suspended particles are fragmented upon expansion. [50}

1.4 Structure of multicomponent TiOz particles

1.4.1 Spatial distribution

In multicomponent partic1es the spatial distribution of individual

components is important. [3) In flam'e synthesis this is firstly governed by

the physicochemical properties of the individual components and

secondly by process parameters such as precursor concentration and

temperature.

Homogeneaus mlxlng in i the .form of mixed oxide crystal

structures or solid solution can form if the individual components have

similar evaporation, conversion and nuc1eation rates. [3] For example,

similar ionic radii of Sn4
+ (0.69 A) and A13

+ (0.53 A) compared to Ti4
+
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(0.61 A) lead to the formation of substitutional solid solutions of these

dopant oxides with TiOz during flame synthesis while Si4+ is small

enough to enter the titania crystallattice interstitiaIly. [Z4]

In contrast, sequential formation of individual particle

components favors their segregation. [3] For example, in VFS VZ05 coats

TiOz as VZ0 5 is more volat~Je and condenses later on the TiOz particles

formed upstream in the fla:me. [53] Such particles were applied in the

catalytic selective reduction of NO by NH3 and exhibited superior

performance to their wet-made counterparts. [53] Similarly, small metal

clusters on TiOz support particles can readily be synthesized in flames

and find applications in sensors and catalysts. The vapor pressure of

noble metals is higher than that of TiOz, thus noble metal clusters

nucleate heterogeneously on the support surface. [54] Supported metals

prepared by flame processes for catalysts include Pt/TiOz[55] (Figure

1.6a), Ag/TiOz[56] as weIl as bimetallic Au-Ag/TiOz[57] and for sensors

Cu/TiOz[Z5]. Sequential formation of individual particle components can

also lead to segregated p~ases within one particle, [3] e.g. as seen .1n

amorphous and crystalline domains in SiOz/TiOz particles (Figure

1.6b)[Zl]. Further, coated particles can form as seen for C/TiOz[58] (Figure

1.6c) and SiOz/TiOz[59].

Figure 1.6: Electron microscopy images o!PtITiOP5J, Si021TiOPIJ and CI TiOpsJ.
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1.4.2 SiOrcoating ofTi02

A variety of component spatial distributions in multicomponent

TiOz-based partic1es have been achieved by FSP, however direct control

of product partic1e morphology has not been widely studied. The control

of component segregation has been achieved in Pt/BaiAlz03catalysts by

developing a two-nozzle FSP synthesis. [60] However, in the case of

titania and several other materials (e.g. FeZ03[61], ZnO[6Z]) there IS In

interest to develop flame processes for their surface passivation.

Titania is photocatalytically active when exposed to UV light and

thus its surface needs to be passivated prior to incorporation in a liquid

or polymer matrix. [63] Further, unmodified inorganic partic1es tend to

aggregate in a polymer matrix, resulting in poor mechanical or optical

properties.[64] This can be overcome by surface modification of the oxide

partic1es with organic or inorganic molecules. [65] Industrially flame-made

titania pigments are typically coated in a post-synthesis, multiple step,

wet-phase treatment (Figure 1.7): nanosized hydrous oxides of Al, Zr, Sn

or Si are precipitated onto the surface of titania, according to a process

pioneered by DuPont in the 1960s. [66,67,68] There is strong interest in

developing processes that can combine flame synthesis and partic1e

coating in a single gas phase process advantageous for its simplicity.

Similarly, flame synthesis allows preparation of catalysts, e.g. Pt/Alz03,

in one step, whereas the conventional route by precipitation and

impregnation is a multi-step process. [54]

Gas-phase coating of already made titania partic1es has been

achieved in hot-wall aerosol flow[69] or fluidized bed reactors(70]. In the

former, titania can also be first synthesized and the coating precursor is

then added downstream the partic1e formation zone to produce oxide

coatings on the titania partic1es. [71] Powell et al. [71] produced titania
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Comparison ofpreparation methods for SiOz-coated TiOz
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Figure 1.7: Comparison of conventional wet-phasel68J and in-situ flame coating methods for

the synthesis of Si02-coated Ti02• In-situ flame-coating allows preparation in one step,

whereas the conventional route by impregnation is a multi-step process.

particles with an average size of 0.8 ~m from TiCl4 and applied silica

coatings 5 - 100 nm thick by introducing SiCl4 at various concentrations

into the hot-wall reactor (5 - 60 wt% TiOz). Varying the mixing modes

of silica and titania precursors in a tubular furnace, Lee et al. [72] made

SiOz/TiOz partic1es, inc1uding core-shell and mixed type structures

containing 20 - 100 wt% TiOz. In flame reactors co-oxidation of Si and

Ti precursors can result in SiOz-coated TiOz partic1es. [Zl,59] The product

partic1e morphology is controlled by the Si/Ti precursor ratio and the

flame temperature. Figure 1.8 shows STEM images and EDX analysis of

20 wt% SiOz/TiOz particles produced in a VFS reactor.[Zl] A single, fully

SiOz-coated TiOz partic1e is seen in Figure 1.8a. Silicon but no titanium

is detected by EDX analysis at positions 1 and 3 near the partic1e edges.

At position 2 in the center of the partic1e both silicon and titanium are

detected as the silica coating layer and the titania core are detected. The
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Figure 1.8: STEM image and EDX analysis 0/ particles with 20 wt% Si02collected by

thermophoretic sampling at 15 cm above the burner but comparable to ones collected on the

filter. Positions (1, 2, 3) tor EDX analysis are marked in the STEM images. The titania

particle in image (a) is encapsulated by silica, and the particle in image (b) has two segregated

regions 0/silica and titania /used together at an interfacial region. [21J

coating thickness on these entirely encapsulated titania particles is about

2 - 5 nm. However, the dominant particle morphology is rather

segregated in distinct domains of silica and titania (Figure 1.8b). Here,

only titanium was detected at position 3, while in the center of the

darker area of the particle only silicon gives a signal (position 1). At the

interface between the two regions, both silicon and titanium are detected

(position 2).

The dynamic evolution of the such particle morphologies has been

studied by thermophoretic sampling and electron microscopy. [Zl] Figure

1.9 shows TEM images of 20 wt% SiOz/TiOz particles that were

thermophoretically sampled at 1, 3, 5 and 15 cm height above the burner

(HAB). Surface-enrichment of SiOz on TiOz can also be promoted by
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separate introduction of gaseous Ti and Si precursors to the flame

burner. (73]

Fractal-like partic1es as well as single spherical partic1es can be

seen at HAB = 1 cm (Figure 1.9a). Particles with both a crystalline

titania region (dark), and an amorphous region (light) indicating silica

are also visible. Particles grow further by coagulation and coalescence

through the high temperature region (up to HAB = 6 cm, Figure 1.4) of

the flame. At 3 cm HAB, individual spherical or agglomerate partic1es of

either titania or silica exist, as well as many partic1es with segregated

regions of silica and titania (Figure 1. 9b). At 5 cm HAB all particles have

fully coalesced and no agglomerates are observed (Figure 1.9c). Here

Figure 1.9: TEM images 0/ nanoparticles with 20 wt% Si02 collected by thermophoretic

sampling at (a) 1, (b) 3, (c) 5, and (d) 15 cm above the burner. The evolution 0/silica-coated

product particles at various flame heights can be observed. [2IJ
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also separate silica regions on the surface are discernible. Most partic1es

sampled 15 cm above the burner are either individually coated spherical

ones or have distinct Si02 and Ti02 regions (Figure 1.9d) as was shown

in Figure 1.8. Here, the flame temperature has dropped significantly

(Figure 1.4) and partic1e growth has ceased. In some particles silica

which was observed as separate islands on the surface of titania at 5 cm

HAB has fused on the surface forming,thinner coating layers.

Oxidation of the more concentrated Ti precursor proceeds faster

than that of Si forming larger spherical particles of titania and small

silica agglomerates (Figure 1.9a). The filamentary Si02 formed at early

stages in the flame (Figure 1.9a) deposits upon collision on the surface of

the spherical Ti02 partic1es followed by fusion. [59] If collisions between

silica and titania partic1es take place at the flame edge or high up in the

flame (HAB> 5 cm), silica partic1es may have grown too large and/or

the temperature is too low for complete coalescence on the titania

surface (Figure 1.9d).

The formation of Si02 encapsulated Ti02 partic1es rather than

large silica patches on the surface. (Figure 1.8) can be enhanced by

placing a quenching nozzle[29] at 5 cm HAB. [21] Silica surface diffusion

and rearrangement on the titania surface then essentially freezes

(Figure 1.4), forming a homogeneous coating layer. Without flame

quenching partic1e collisions still take place at HAB> 5 cm. Segregated

or inhomogeneously coated partic1es are formed by silica-titania partic1es

colliding in these colder parts of the flame (Figure 1.8b).
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1.5 Concluding remarks

Annually 2 million tons of pigmentary titania (TiOz) is produced

in vapor-fed flame (VFS) reactors. In the past few decades, the interest in

smaller than pigmentary titania partic1es has grown, as nanopartic1e size

is beneficial in a range of applications, e.g. in photocatalysis, cosmetics,

photovoltaics and sensors. Academic research has focused on better

understanding the evolution of primary partic1e size, crystallinity and

more recently aggregation in flame reactors and partic1es can now be

tailored to meet the demands in the final applications. The deve10pment

of flame spray pyrolysis (FSP) has enabled the synthesis of sophisticated,

often muticomponent products as this process does not rely on volatile

precursors as VFS. Most nötably noble metals can be deposited on

titania supports for the use as photocatalysts or sensors. The synthesis of

such materials capitalizes on the fact that noble metals form by

heterogeneous nuc1eation on the titania support. However, the control of

spatial distribution in other multicomponent systems still needs to be

addressed. An example is the SiOz-coating of TiOz, which is essential to

passivate the photocatalytically active titania surface for the use as UV

adsorber in nanocomposites. During flame synthesis of SiOzlTiOz the

operational window for formation of coatings is quite narrow, mostly

partic1es segregated in amorphous SiOz and crystalline TiOz regions are

synthesized. The evolution of SiOz-coated TiOz in VFS had been studied

by Fourier transform infrared spectroscopy and thermophoretic

sampling. The recent advances in the field are promising to synthesize

highly functional materials by one-step flame synthesis in the future.
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Distinguishing between Aggregates and

Agglomerates of Flame-Made Ti02 by

High-Pressure Dispersion1

Abstract The potential of high pressure dispersion (HPD) and dynamic

light scattering (DLS) is explored for rapid and quantitative estimation

of the extent of partic1e aggregation and agglomeration by analyzing the

entire partic1e size distribution. Commercially available and tailor-made

TiOz partic1es by flame spray pyrolysis (FSP) were characterized by X

ray diffraction, nitrogen adsorption and transmission electron

microscopy (TEM). Volume distributions of these titania partic1es were

obtained by DLS of their e1ectrostatically stabilized (with Na4PZ07)

aqueous suspensions. Dispersing these suspensions through a nozzle at

200 to 1400 bar reduced the size of agglomerates (partic1es bonded by

weak physical forces) resulting in bimodal size distributions composed of

their constituent primary particles and aggregates (partic1es bonded by

strong chemical or sinter forces). Sintering FSP-made partic1es from 200

to 800°C for four hours progressively increased the minimum primary

partic1e size (by grain growth) and aggregate size (by neck growth and

phase transformation). I •

1 Part ofthis chapter is published in Powder Technol. 181,292 (2008).
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2.1 Introduction

Non-agglomerated Ti02 particles are desired for pigments or

composites[l] while agglomerated ones are desired when making catalyst

pellets to facilitate reactant/product flOW[2]. The interparticle bond

energies can range from weak van der Waals forces (soft-agglomerates or

just agglomerates) to stronger solid-state necks (hard-agglomerates or

aggregates). [3] Grass et al. [4] showed theoretically that in high

temperature synthesis of Ti02, aggregate formation starts at the end of

full coalescence and stops at the end of sintering where agglomerate

formation starts. Though there are a number of techniques to measure

agglomerate size there is rather little in discerning the degree of

agglomeration quantitatively. For example, optical or electrical mobility

techniques measure agglomerate sizes but nothing can be said if these

are aggregates or agglomerates. Small angle scattering has been used to

measure primary particle and aggregate sizes[5] and recently, even to

monitor real-time agglomerate growth[6]. This is however a cumbersome

technique with limited accessibility that is confined to fundamental

studies rather than process instruments. Fragmentation of aerosols by

impaction can give an estimate of the bond strength. [7]

In post-synthesis processes, agglomerates can be ruptured by

simple mechanical stirring, low energy agitation[8] or ultrasonication[9].

However, for nanoparticles often higher stresses are needed to break

even physical bonds, e.g. by ball-milling[IO] or high shear mixing in rotor

stator systems[11]. Particles are often contaminated from roilling media

and even phase transformation can be induced. [12] Ultrasonication

initially breaks up agglomerates, but later on leads to re

agglomeration[13]. High-pressure dispersion (HPD) of nanoparticle

suspenSIons can lead to impurity-free fragmentation and minimize re-
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agglomeration. [14] This has been used to break flame-made agglomerates

of SiOz nanoparticles. Physical bonding within agglomerates could be

broken-up in turbulent flow resulting in stable dispersions as was

monitored by the diffusion equivalent particle diameter obtained from

dynamic light scattering (DLS). Agglomerates in turbulent flow

dissociate by break-up or erosion where primary particles are sheared

from the agglomerate surface. Erosion and break-up can be distinguished

by analysis of the fragment particle size distribution, as erosion yields a

bimodal distribution by creating a distinct fine particle mode whereas

simple break-up shifts the original mode to finer sizes. [9]

Here the capacity of HPD for quantitative assessment of the

fraction of single primary particles, aggregates and agglomerates is

investigated, for the first time to the best of our knowledge, by

examining the effect of applied pressure drop on the entire size

distribution of flame-made TiOz particles. Upon dispersion of their

suspension by HDP, the resulting fragment size distributions are

analyzed by DLS as well as by nitrogen adsorption and X-ray diffraction

monitoring thus both grain, crystallite and aggregate growth. Titania

particles made by flame spray pyrolysis[15] (FSP) with closely controlled

characteristics[16] as well as commercially available ones (Degussa P25)

are characterized by HPD-DLS at various pressure drops obtaining the

minimum fraction of unagglomerated particles. Furthermore, the degree

of aggregation is increased progressively by sintering FSP-made TiOz

particles at 200 - 800 oe for four hours. These particles are characterized

similarly to reveal primary particle growth, and most importantly,

aggregate growth as a function of sintering temperature distinguishing

between neck growth and phase transformation growth.
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2.2 Experimental

2.2.1 Flame synthesis and sintering

The flame spray pyrolysis (FSP) reactor used for TiOz synthesis

has been described in detail elsewhere. (16) Titanium-tetra-iso-propoxide

(TTIP, Sigma-Aldrich, purity > 97%) was used as precursor and diluted

with xylene (Riedel-de-Haen) to a 0.8 M solution that was injected

through the center capillary of the FSP nozzle by a syringe pump

(Inotec, RS 232) at 5 m1lmin. Oxygen (Pan Gas, purity > 99%) was fed

at 5 11min through the surrounding annulus dispersing the solution into

droplets. The pressure drop at the nozzle was held constant at, 1.5 bar,

by adjusting the annulus gap width. A supporting premixed CH4 /0 z

(ratio: 1.513.2) flame surrounding the dispersion oxygen annulus ignited

and stabilized the spray flame. A sinter metal ring surrounding the

CH4 /0 z flame supplied additional 5 11min Oz-sheath. As reference,

vapor-fed flame-made TiOz by Degussa (P25) was used (SSA = 50 m Z1g,

dBET = 30 nm, X a = 34 nm, 82 wt% anatase).

Product particles were sintered in a tubular oven (Nabertherm) for

four hours from 200 to 800°C. The oven temperature was measured by a

NiCr-Ni thermocouple (MDW GmbH, Type K) positioned right above

the powder sampie. The sampie was placed on a metal sIed and

introduced into the pre-heated oven.

2.2.2 High pressure dispersion

"As-prepared" TiOz particles (0.01 vol% if not otherwise stated)

were stirred into a solution of 0.1 mM Na4PZ07 in distilled water for 10

minutes using a magnetic stirrer to ensure complete wetting. These

suspensions were passed through a high pressure dispersion apparatus
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described in detail elsewhere. [14] Apressure drop ranging from 200 to

1400 bar was applied by the high pressure intensifier using pressurized

air. The TiOz suspension was expanded through a 1 cm long nozzle of

125 !J.m diameter and collected for analysis in a container.

2.2.3 Particle and dispersion characterization

The specific surface area (SSA) was measured by nitrogen

adsorption by a five point Brunauer-Emmet-Teller method at 77 K

(Micrometrics Tristar 3000). The powder was dried by flowing nitrogen

at 150°C for at least one hour prior to measurement. The BET

equivalent average diameter (dBET) was calculated as dBET = 6/(SSA*pp),

where PP is the weighted density of TiOz (4260 or 3840 kg/m3 for rutile

or anatase, respectively). X-ray diffraction (XRD) patterns of the

powders at 28 = 20 - 70° were obtained with a Bruker AXS D8 Advance

diffractometer operating with Cu Ku radiation (40 kV, 40 mA). The

fundamental parameter approach and the Rietveld method[17] were

applied to determine the anatase and rutile crystallite sizes, Xa and Xr,

respectively, and phase composition. Partic1e images were obtained by

transmission electron microscopy (TEM; CM30ST microscope, FEI

(Eindhoven), LaB6 cathode, operated at 300 kV, SuperTwin lens, point

resolution --2 A). For TEM analysis the powders were mixed with

ethanol and deposited onto a holey carbon foil supported on a copper

grid. The suspensions were highly diluted with Na4PZ07 solution and

dropped onto carbon coated copper grids for TEM analysis (CMI2,

Philips) of the agglomerates before and after dispersion.

The zeta potential of the suspensions was measured with a Pen

Kern 501 instrument (Collotec Messtechnik GmbH). Partic1e diameters

in suspension were determined by dynamic light scattering (DLS,

Beckmann Coulter, N4 Plus). An autocorrelation function was applied
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to calculate diffusion equivalent particle diameters (da) based on the

Stokes-Einstein equation. [14] Particle volume distributions were

calculated by a CONTIN algorithm. [18,19]

2.2.4 Validation with Si02 agglomerates

The volume distributions obtained by DLS were compared to

volume distributions obtained from SAXS and scanning mobility particle

sizer (SMPS) measurements for vapor, flame-made SiOz synthesized with

211min Oz and dispersed L1p = 800 bar.[14] SAXS measurements were

preformed at the European Synchrotron Radiation Facility (Grenoble,

FR) using the high brilliance SAXS beamline ID02. Data treatment and

experimental setup are detailed in Wengeler et al. [14] The volume

distributions were obtained by fitting the scattering curve with a

maximum entropy method[ZO] using a program developed by Jemian et

al. [Zl].

For the SMPS measurements SiOz particles were dispersed

without addition of stabilizer. An aerosol was prepared by passing the

suspension through a Collison nebulizer[ZZ] followed by a silica-gel

diffusion dryer. The aerosol was then classified with a differential

mobility analyzer[Z3] (DMA; Model Grimm 5.4-900) to obtain singly

charged aerosol particles with a narrow size distribution. To further

Increase monodispersity, the small fraction of larger particles with

multiple charges always present in DMA classified aerosols was

removed with an impactor positioned upstream of the DMA. An aerosol

stream with a constant flow rate of 0.311min was drawn into a

condensation particle counter[Z3] (CPC; Model Grimm 5.403) using its

internal pump. The particle number concentration was always < 104cm-3

so that only the more accurate, single particle count mode[Z3] of the CPC

was used. The SMPS analysis could not be performed with TiOz, as the
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particle suspensions are not stable without the addition of the stabilizer

that crystallizes during drying and thus Ti02 particle size distributions

before/after dispersion can not be measured.

Figure 2.1 shows the volume distributions of flame-made Si02

obtained by DLS (0), SAXS (ß) and SMPS (0). All measurements

yielded distributions with two distinct peaks. The position of these was

in good agreement, especially for DLS and SAXS as both are measured

in the liquid phase. For SMPS measurement of the silica aerosol, a

broader distribution to smaller particle sizes is obtained, which might

stern from nebulization and drying of the dispersion. In general, the

largest error by DLS is caused by very broad distributions present in the

sampie. This mainly sterns from the 6th power dependence of the radius

to the scattered light.

o
10

1
Flame-made Si02

L1p = 800 bar

100

-0- DLS
------f:;:.- SAXS
-0- SMPS

1000

Agglomerate diameter (dp)' nm

Figure 2.1: Vo/ume distributions Jor flame-made Si02 dispersed at 800 bar (2/1min O;) by

DLS (0), SAXS (L1) and SMPS (0).
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2.3 Results and discussion .

2.3.1 Particle synthesis and sintering characterization

Figure 2.2 shows TEM images of the "as-prepared" (a) TiOz

partic1es and after their sintering for four hours at 400 (b), 600 (c) and

800 oe (d). Sinter necks can not be discerned in the "as-prepared"

sampIe, as well as for those sintered at 400 oe. In contrast, some necking

appears at 600 oe that becomes dominant at 800 oe when partic1es have

grown significantly and large sinter necks have evolved. Spherical

partic1es are no longer visible. The sintering process is also depicted by

the electron diffraction patterns (Figure 2.2: insets): their intensity

increases with sintering temperature so at 800 oe the pattern resembles

that of single crystals.

Figure 2.2: TEM images ofthe "as-prepared" FSP-made Ti02 (a), as weil as sintered at 400

(b), 600 (c) and 800 oe (d).
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Figure 2.3 shows BET-equivalent particle diameter (circles),

crystallite size (triangles) and anatase content (squares) as a function of

sintering temperature for four hours. The anatase content of the "as

prepared" powder is about 87 wt%, typical for TiOz aerosol formation in

rapid1y-cooled oxygen-rich flamesY6,Z4] The "as-prepared" anatase and

rutile crystal sizes are about 24 and 11 nm, respective1y, while the

dBET = 19 nm. The anatase crystal size is larger than dBET, indicating non

spherical, monocrystalline particles with little degree of aggregation as

confirmed by TEM (Figure 2.2a).
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Figure 2.3: BET-equivalent Ti02 particle diameter (circles), anatase (up-triangles) and

rutile (down-triangles) crystallite sizes, and anatase weight /raction (squares, right axis) as a

/unction 0/sintering temperature.

The anatase content is constant Up to 400 oe whi1e at 600 oe it has

decreased slightly to 82 wt%. At 800 oe a complete anatase to rutile

transformation has taken p1ace as expected at these temperatures[Z5]

where dBET and X y also increase significantly to about 150 and 105 nm,

respectively, in agreement with TEM (Figure 2.2d). The dBET, X a and X y



38

had increased continuously, albeit slowly, below 600 oe. For example,

dBET increases from 19 nm for "as-prepared" particles to 27 nm when

sintered at 600 oe. The enlargement of anatase crystallites with sintering

temperature was also shown by Song and Pratsinis[2S] who reported a

steep increase in Xa of about 15 nm between 500 and 600 oe while here

only an increase of about 3 nm is observed (Figure 2.3). Their faster

sintering rate of anatase cr~stals[is] inight stern from the smaller starting

crystallite size (about 10 nm) compared to the present study (Figure 2.3).

High SSA particles sinter and undergo phase transformation faster than

low SSA ones. [26,27] This could be a result of more surface defects on

high-area particles. [26]

The dBET increases during sintering with the evolution of sintering

necks and coalescence of particles. This process starts at about 300 oe or

even lower, whereas phase transformation sets in above 400 oe. Xia et

al. [28] reported on a transformation temperature of 650 oe for 17 nm Ti02

particles in good agreement with the data shown in Figure 2.3. It was

proposed by Amores et al. [29]. that at the initial sintering stages the
i '

smallest particles with the, highest defect densities coalesce forming

larger anatase particles. Rutile then nucleates at the boundary of two

anatase particles during their sintering and transforms into a larger

partide, [29] which would explain the large increase in rutile crystallite

size at the transformation temperature (Figure 2.3).

2.3.2 Particle dispersion

The zeta potential (S) of a suspenSlOn is a function of particle

surface charge. [30] In dispersions where ( is dose to zero (isoelectric

point), particles tend to agglomerate. At highly negative or positive

( ~ S1 > 30 mV), particles in dispersions tend to repel each other at:d

therefore do not agglomerate. The stabilizer Na4P207 is a small, highly
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charged molecule with P20 7
4- ions adsorbing to the partic1e surface. As c;

increases, the suspension is electrostatically stabilized, e.g. the steric

contribution to the stabilization is smalI. [31) Figure 2.4 shows zeta

potential (filled symbols, left axis) and mean hydrodynamic partic1e

diameters da (open symbols, right axis) obtained by DLS of Ti02

Degussa P25 (circ1es) and "as-prepared" here by FSP (squares) as a

function of Na4P207 concentration. As the zeta potential measurements

could only be conducted in a very narrow partic1e concentration range

due to instrument limitations, a partic1e concentration of 0.005 vol% was

chosen. However, a significant (lO%)deviation of c; at increased partic1e

volume concentrations was shown previously only for 0.001 mM

Na4P207 at higher concentrations (0.1 vol% for P25). Thus the c;
measured here should be comparable to the ones during dispersion

(0.01 partic1e vol%).
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Figure 2.4: Zeta potential (filled symbols) and particle diameters (open symbols) ofDegussa

P25 (circles) and FSP-made Ti02 (squares) as a function of Na4P207 concentration in the

solution. The particle concentration in solution was 0.005 vol%.
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Without stabilization; large flocs are formed and partic1e size as

well as zeta potential can not be measured (Figure 2.4). At 0.001 mM

Na4PZ07 the zeta potential ofP25 (e) is -34 mV, this decreases to -55 mV

at 0.3 mM Na4PZ07. Increasing the Na4PZ07 concentration above 1 mM,

slightly increases c;. The P25 partic1e diameter (0) of about 400 nm was

not largely influenced by the Na4PZ07 concentration. For the FSP

sampie the most stable suspension was found at a N a4PZ07 concentration

of 0.1 mM (?= -58 mV, .). At this concentration the partic1e diameter

was 96 nm (0), while initially at 0.001 mM Na4PZ07 a very large partic1e

diameter was measured (~8000 nm). The partic1e diameter then

increased as the N a4PZ07 concentration was increased and the solution

became more unstable. Based on these results, a Na4PZ07 concentration

of 0.1 mM was chosen to assure stable suspensions. The partic1e sizes of

selected sampies were re-measured after two weeks storage and no

changes were detected, thus demonstrating the long term suspension

stability.

2.3.3 Agglomerate fragmentation

During high pressure dispersion, Reynolds stresses anslng from

turbulent flow velocity fluctuations break up agglomerate structures by

shear and elongation in turbulent eddies. [14] This is demonstrated here by

the shift of the partic1e volume distribution of the "as-prepared" TiOz to

smaller sizes with increasing dis,persion pressure drop (Figure 2.5a).

Initially (0 bar, circ1es) a Unimodal distribution peaking at 70 nm is

obtained and its large tail reaches up to 340 nm. After dispersion at

200 bar (up-triangles), the large tail of the distribution has shifted

substantially to smaller sizes with the smallest reaching 30 nm,

indicating break-up of these large agglomerates. After dispersion .at

800 bar (squares) the peak is still around 70 nm though, a distinct second
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peak appears at 30 nm now. This becomes even more evident after

dispersion at 1200 (down-triangles) and 1400 bar (diamonds) where a

bimodal distribution is observed with a peak of high intensity at 25 nm

and a second smaller mode at about 70 nm.

The size of the first peak is comparable to the primary particle size

(Figure 2.2a) indicating that this mode consists mostly of single primary

particles. The bimodal distribution obtained after dispersion at 1200 and

1400 bar becomes even more evident in the cumulative representation of

the volume distributions (Figure 2.5b). It also shows that the larger mode

of the distribution is no longer shifted at pressure drops > 800 bar

indicating that it consists mostly of aggregates. Furthermore Figure 2.5b

shows that the fine mode that represents at least 45 % of the total mass

(at 1400 bar) consists mostly of non-aggregated primary particles of

similar size to the BET and XRD sizes.

After dispersion at 1400 bar agglomerates were broken up into

their constituent primary particles (peak around 25 nm) and aggregates

(peak around 70 nm). This is shown in ,TEM images of Figure 2.6 of the

"as-prepared" (0 bar, a) and dispersed at 1400 bar sample (b). In the "as

prepared" sample large agglomerate structures can be seen. The smaller

agglomerates are aggregates as structures of similar size can still be

found after dispersion at 1400 bar. At 1400 bar also small clusters of

primary particles are visible, in agreement with the small mode in the

measured distribution (Figure 2.5a). Similarly by ultrasonication, after a

rapid initial size reduction, continued ultrasonication does not further

alter the size significantly[13,321 and nanopowders can not be broken

completely down to their primary particle size[301. This is attributed to

erosion mechanism where primary particles and small aggregates

consisting of a few prim~ryparticles break away from the larger

agglomerates[301 as with ultrasonication of sol-gel made silica
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agglomerates also[91. Also during impaction of aerosol agglomerates only

bonds between clusters are broken while the sub-units themselves do not

fragment. 171

Figure 2.6: TEM images 0/FSP particles "as-prepared" (a) and after dispersion at 1400 bar

(b).

The volume distributions of Degussa's P25 TiOz after dispersion

are shown in Figure 2.7a. Initially (0 bar, circles) the distribution is

unimodal with a peak at 400 nm. As the P25 suspension is dispersed,

bimodal distributions are obtained at all applied pressure drops. After

dispersion at 200 bar the small and large particle modes are located at 70

and 280 nm, respectively. With increasing pressure drop both peaks are

shifted to smaller sizes an'd the intensity of the large particle mode

decreases while that of the small mode increases. At 1400 bar

(diamonds) the small and large particle modes have shifted to about 50

and 200 nm, respectively. Mandzy et al.[301measured initial agglomerate

sizes of 1 f.lm for Degussa P25 in aqueous (pR = 8) solutions, this was

reduced to about 200 nm after ultrasonication (24 kRz) for 2h, in

agreement with the large particle mode obtained here after dispersion at

1400 bar (Figure 2.7). They also showed a second mode < 100 nm of

very low intensity after ultrasonication which did not coincide with the

primary particle size.

, .
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This indicates that the large P25 mode is constituted initially of

aggregates and agglomerates that are broken at 1400 bar down to

constituent smaller aggregates and few, if any, primary partic1es as the

fine partic1e mode is larger· than the P25 primary partic1e diameter of

dBET =30 nm. In contrast, at the same dispersion pressure, the fine mode

of FSP-made TiOz was rather c10se to its primary partic1e diameter of

dBET =20 nm (Figure 2.5a, diamonds). Also, abimodal fragment

distribution was obtained already at 200 bar dispersion for P25 (Figure

2. 7b) in contrast to that obtained at 1200 bar for FSP TiOz (Figure 2.5b).

The small mode in P25 is shifted to smaller sizes as the pressure drop

increases (Figure 2. 7b), most like1y by erosion from larger agglomerates

as the mass of fines is increasing (Figure 2. 7b). The fine partic1e mode of

FSP made TiOz was increased as the dispersion pressure drop was

increased from 1200 to 1400 bar.but did not shift to smaller sizes

(Figure 2.5b). As the fine mode ofP25 TiOz is larger than its dBET and

dXRD even at 1400 bar, it can be conc1uded it has few, if any, non

aggregated partic1es in contrast to FSP-made TiOz that contained, at

least, 45% of them in non-aggregated state at the same conditions.

2.3.4 Influence 0/sintering temperature on aggregate size

As FSP-made partic1es are rather non-aggregated, their extent of

aggregation can be increased by controlled sintering. Figure 2.8 shows

volume distributions ofFSP-made TiOz sintered in air at 200 (a), 400 (b),

600 (c) and 800 oe (d) for four hours and dispersed at different L1p.

Initially after sintering at 200 oe (F)gure 2.8a, circ1es) abimodal
t ,

distribution is observed with peaks at 110 and 250 nm with a large tail

reaching up to 500 nm. After dispersion at 200 bar the small peak shifts

to 70 nm while the largest one disappears (Figure 2.8a, triangles). The

intensity of the large tail decreases but a higher fraction of partic1es
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> 100 nm is still present compared to the "as-prepared" sampie dispersed

at 200 bar (Figure 2.5a, triangles). The peak shifts to 60 nm after

dispersion at 1400 bar, however abimodal distribution is not obtained as

was observed for the "as-prepared" FSP sampie (Figure 2.5a, diamonds).

A mode equivalent to the primary particle size is not obtained.

Clear1y even this gentle sintering increased the strength of bonding

especially between the smallestparticles . No particles smaller than

35 nm are found in Figure 2.8a in contrast to 30 nm in Figure 2.5a at the

same dispersion pressure. Interestingly enough the large tai1 of the PSD

is similar to that of 1400 bar in Figure 2.5a indicating that sintering at

200°C had !itt1e, if any, effect on large particles.

a) 200 oe

1.5

2.0,--------------,
-0-- 0 bar b) 400 oe
---b- 200 bar
-D- 800bar
-<>- 1400 bar

0.5

10 100 1000 10 100 1000

Particle diameter (dp)' nm Particle diameter (dp,i)' nm

Figure 2.8: Volume distribution oJFSP-made particles that had been sintered at 200 (a), 400

(b), 600 (c) and 800 oe (d) Jor 4h prior to dispersion at the indicated pressure drops.



47

After sintering at 400 oe initially the distribution has two distinct

peaks at 120 and 350 nm with a tail of the distribution reaching up to

partic1e diameters of nearly 700 nm (Figure 2.8b, circ1es). The large

mode is shifted to 250 nm and reduced significantly in intensity by

dispersion at 200 bar as the agglomerates are broken-up (Figure 2.8b,

triangles). The small mode is only slightly shifted to 70 nm by dispersion

at 800 bar (Figure 2.8b, squares) and is not further altered at 1400 bar

(diamonds). The slight movement of the PSD by dispersion towards

smaller sizes means that larger aggregates have been formed upon

sintering at 400 than at 200 oe. The fact that the fine partic1e mode has

grown to 70 nm in diameter even after 1400 bar dispersion while grain

and crystallite sizes remain in the "as-prepared" order of 20 nm (Figure

2.3) indicates that only sinter necks have been formed by sintering at

400 oe that can be only detected by high pressure dispersion and DLS.

After sintering at 600 oe (Figure 2.8c) the distribution peaks are at

80 and 500 nm. Upon dispersion, the large peak is reduced while the

small remains intact regardless of the employed pressure drop. This

indicates that the building blocks of agglomerates are aggregates of about

80 nm diameter on the average. Initially the large tail of the distribution

is reaching up to agglomerate diameters of larger than 1 !J.m. Its intensity

decreases and shifts the peak to smaller sizes with increasing dispersion

pressure that breaks these agglomerates. Some, however, are still present

even after dispersion at 1400 bar. This indicates further that hard sinter

bonds have been developed holding these partic1es together even after

dispersion at 1400 bar. Again the primary partic1e characteristics remain

in the order of 20 nm (Figure 2.3) while the smallest DLS partic1e size is

50 nm further proving the formation of polycrystalline TiOz aggregates

by sintering.
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After sintering at 800 oe (Figure 2.8d, circ1es) bimodally

distributed agglomerates, even larger than 1 /-lm, are present. These were

observed also during stirring the suspensions as large flocs readily

sedimented and thus DLS measurements could not be performed with

the same accuracy. As a result, the DLS measurement (Figure 2.8d,

circ1es) of the "as-prepared" partic1es is not reliable. These large flocs

were broken up by dispersion at 200 bar (triangles) resulting in two peaks

at 140 and 300 nm, respectively. The first mode corresponds rather

c10sely to the primary partic1e size dBET (150 nm) and to some extent to

the rutile crystallite size X r (105 nm; Figure 2.3) indicating that it is

constituted by rutile (in some cases even monocrystalline) partic1es. The

distribution is hardly altered by dispersion at higher L1p, showing the

high bond strength of aggregates even in the "Iarge" size mode.

Figure 2.9a shows the FSP-made Ti02 partic1e cumulative volume

distributions of the "as-prepared" (circ1es) and sintered at 200 - 800 oe
after dispersion at 200 bar. The distributions are shifted towards larger

sizes with increasing sintering temperature. The distributions at 400 and

600 oe are nearly identical while a large shift is seen after sintering at

800 oe. This is also the temperature where a nearly complete phase

transformation from anatase to rutile has occurred (Figure 2.3, squares).

Figure 2.9b shows the volume cumulative distributions of the"as

prepared" and sintered FSP:.made Ti02 after dispersion at 1400 bar. The

initial bimodal distribution is made of primary and aggregate partic1es as

shown in Figure 2.5b but quickly becomes unimodal upon sintering of

the primary partic1e mode at 200 oe as shown in Figure 2.8a (triangles).

Again the aggregate diameters increase with increasing sintering

temperature. After sintering at 200 oe more but not larger aggregates

have been formed compared to the "as-prepared" sampie since that

temperature is not high enough to affect the extent of aggregation
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between large partic1es. The distributions of the sampies sintered at 600

and 800 oe are nearly identical to the ones after 200 bar dispersion

(Figure 2.9a) as strong bonds between aggregates have been created that

can not be broken by HPD. As with dispersions at Ltp = 200 bar, a large

increase in aggregate partic1e diameter from 600 to 800 oe (Figure 2.9b)
,

is attributed to the anatase-mtile phase transformation (Figure 2.3).
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2.4 Conclusions

Dispersion of aqueous suspensions of flame-made TiOz partic1es at

increasing pressure drop (up to 1400 bar) and dynamic light scattering

was used to determine and quantify, for the first time, their extent of

aggregation or agglomeration as a function of applied dispersion

pressure. Upon dispersion, the peak of the FSP-made fine partic1e mode

(45% of total mass) was comparable to its primary partic1e diameter and

crystallite size. This indicates that, at least, 45% by mass of FSP-made

TiOz is non-aggregated. In contrast, upon dispersion even the fine

partic1e mode (60% of total mass) of P25 TiOz was distincdy larger than

its BET and XRD partic1e size indicating that P25 is composed largely of

aggregates. Controlled sintering of FSP-made TiOz from 200 to 800°C

for four hours demonstrated further the capacity of high pressure

dispersion to assess the extent of partic1e aggregation. Increasing the

sintering temperature resulted in larger fine partic1es even at the lowest

temperatures (e.g. 200°C) and enhanced the formation of aggregates by

anatase to rutile phase transformation especially at the highest

temperatures (e.g. 800°C).
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In-Situ Coating of Flame-Made

Ti02 Particles by Nanothin Si02 Films

Abstract Rutile TiOz partic1es made by flame spray pyrolysis (FSP) were

coated by thin SiOz layers in a single step in an enc10sed flame reactor.

In-situ partic1e coating was accomplished by a hollow ring delivering

hexamethyldisiloxane (HMDSO) vapor (precursor to SiOz) through

multiple jets in cross-flow to freshly-made Al-doped nanostructured

rutile TiOz partic1es by flame spray pyrolysis of titanium

tetraisopropoxide and aluminium sec-butoxide in xylene solutions. The

as-prepared powders were characterized by (scanning) transmission

electron mlcroscopy (STEM and TEM), energy dispersive X-ray

analysis, X-ray diffraction, DC plasma optical emission spectroscopy

(DCP-OES) and nitrogen adsorption. The coating quality was assessed

further in the photocatalytic oxidation of isopropanol to acetone. The

titania partic1es were uniformly SiOz-coated with controlled and uniform

thickness at considerable production ,rates, 30 g/h, and exhibited limited,

if any, photoactivity. In contrast, spraying and combusting equivalent

mixtures of the above Si/Al/Ti precursors in the enc10sed FSP reactor

(without delivering HMDSO through the hollow ring) resulted· in

partic1es segregated in amorphous (SiOz) and crystalline (TiOz) domains.
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3.1 Introduction

Flame technology is an attractive route for materials synthesis for

its proven capacity to scalably produce highly pure products (e.g. optical

fibers) with unique morphology and composition. [1] Recent advances on

aerosol and combustion science have contributed to synthesis of a wide

spectrum of sophisticated nanostructured particles such as catalysts, gas

sensors, phosphors, fuel cell, battery, dental and orthopedic materials

and even nutritional supplements by this technology. [2] These particles

are often coated to condition their surface so they can be easily dispersed

in liquid suspensions (inks, paints, wafer polishing slurries) or polymer

nanocomposites (e.g. dental prosthetics, tires, toothpaste and summer

polymer furniture). [3] For example, in manufacture of pigments, the

photocatalytic activity of Ti02 is inhibited by applying Si02 , Ah03 and

other oxide coatings in a post-synthesis, wet-phase treatment. [4] The

synthesis and coating of such particles are two distinct processes and,

practically, two manufacturing plants. As a result, the cost and

complexity of this functionalization or coating step is quite high. So

there is a strong interest to simplify and improve this process by

combining both flame synthesis and particle coating in a single gas phase

process to facilitate the manufacturing of newly developed,

nanostructured materials. [2] In fact, one could say that the "holy grail" of

this field has been the synthesis and coating of these particles in a single

process. Such a continuous, gas-phase particle synthesis and coating

process would not involve hard-to-clean liquid by-products, the particle

collection from gases would be easier than from liquid streams using

fewer processes that can result in high purity products. [5]

Co-oxidation of precursors in the flame can lead to particles

coated nicely by a second oxide in certain products. For example, in



59

flame synthesis of VzOs/TiOz catalysts the difference in physicochemical

properties between the two oxides assures condensation of VzOs films on

top of earlier formed TiOz partic1es in the flame even though the

precursors of both oxides are simultaneously fed to the burner. [6] Similar

effects have been observed in flame synthesis of superparamagnetic

FeZ03/SiOz[7] and quantum dots ZnO/SiOz[8] where FeZ03 and ZnO,

respectively, are embedded in silica~ In vapor-fed flames, the formation

of SiOz-coated TiOz has been demonstrated by controlling precursor

concentration, flame temperature and cooling rate. [9,10] The operation

window for synthesis of such SiOz-coated TiOz partic1es, however, is

narrow and quite challenging, as co-oxidation at high temperature of

their precursors results in typically partic1es with segregated silica and

titania domains. [10] Separate introduction of gaseous Ti and Si precursors

to a flame burner is beneficial to promote surface-enrichment of SiOz on

TiOz.[11]

Here emphasis is placed on hermetically coating partic1es made in

scalable liquid-fed flame reactors for their capacity to make an array of

functional materials. [Z] . This is derrionstrated by coating with SiOz
,

predominandy rutile TiOz nanopartic1es made by flame spray,pyrolysis

(FSP). The TiOz partic1es were doped with aluminum during their

formation to promote rutile[1Z] consistent with TiOz synthesis in hot-wall

reactors, [13] vapor-fed diffusion flames[14] and FSP reactors[lS]. The

coating minimizes the TiOz photocatalytic activity in liquid or polymer

matrices. [4,16] The process, however, can be used readily for other core or

coating oxidesY7,18] Here, the FSP reactor was enc10sed to enable

judicious injection of hexamethlydisiloxane (HMDSO) vapor, the SiOz

precursor, downstream of the TiOz formation zone. The influence of

injection location and HMDSO vapor concentration on product partic1e

characteristics was investiga:ted. The i coating quality was assessed also by
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suspending such partic1es In isopropanol and monitoring its

photocatalytic conversion to acetone.

3.2 Experimental

3.2.1 In-situ coating 0/FSP-made nanoparticles

Figure 3.1a shows the experimental set-up. A FSP reactor,

described in detail elsewhere'p9] was enc10sed by a 5 - 30 cm long

(l2urner-ring-distance: ERD) quartz glass tube (ID = 4.5 cm). At the top

of that tube, a stainless steel metal torus (pipe diameter = 0.38 cm) ring

(ID = 4.5 cm) was placed. That ring had 16 radially equispaced openings

(ID = 0.06 cm each) directed 10° away from the center line of the ring

and pointing downstream by 20° to assure no stagnation flow

upstream. [ZO] Through these openings, 0.811min Nz gas carrying

hexamethyldisiloxane (HMDSO, Aldrich, purity > 98%) vapor (the SiOz

coating precursor) was injected along with additional 15 lImin Nz at

room temperature. Above the ring, another 30 cm long quartz tube

(ID = 4.5 cm) was placed. Al-doped TiOz partic1es were produced by

FSP of alM solution in total metal concentration of aluminum sec

butoxide (AI(s-BuO)3, Alfa Aesar, purity > 95%) and titanium-tetra

isopropoxide (TTIP, Aldrich, purity > 97%) in xylene (Riedel-de Haen,

puriss). Through the FSP innermost nozzle capillary, 5 mllmin of that

solution were fed and dispersed by 5 lImin Oz (Pan Gas, purity > 99%)

from the surrounding annulus and sheathed by additional 401lminOz

flowing through the outermost sinter metal plate. The pressure drop at

the nozzle tip was 1.5 bar. The solution spray was ignited by a ring

shaped, methane/oxygen (1.5/3.2, total inlet gas flow 4.711min)

premixed flame at the nozzle baseY9]
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Figure 3.1: Experimental set-up (a) for in-situ SiOrcoating ofFSP-made Ti02 nanoparticles

in an enclosed reactor by injecting HMDSO-laden N 2 through a torus pipe ring with 16 gas

outlets. At 5 (b) and 30 (c) cm burner-ring-distance (BRD) this results in segregated

Si02 / A120 3 / Ti02 or SiOrcoated All TiQ2 particles, respectively, containing 4 wt% Al20 3 and

20 wt% Si02•

The HMDSO vapor was supplied by bubbling 0.8l1min Nz

through about 500 cm3 liquid HMDSO in all glass flask (Schott)

immersed in silicon oil at 10.5 oe. At saturated conditions, this

corresponds to 5.9 g/h of SiOz and 20 wt% SiOz in the product powder
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(standard coating conditions). Lower silica contents (2.5, 5, 7.5, 10,

15 wt%) in the product powder were attained by reducing the bubbIer

temperature to 4.5 °C and selecting the Nz flow rate accordingly (0.1 -

0.8 11min) assuming its complete saturation with HMDSO vapor. [Z1]

Similarly, higher silica contents (25 and 30 wt% SiOz) were achieved by

increasing the silicon oil temperature to 20°C and adjusting the Nz flow

rate (0.6 - 0.8 11min). Unless otherwise stated, standard coating

conditions refer to a spray flame producing 23.5 g/h titania particles

containing 4 wt% Ah03 (4AlITiOz) coated with 20 wt% SiOz from

HMDSO vapor at 20 cm ERD resulting in 30 g/h of product.

For comparison, co-oxidized SiOz/ Ah03/TiOz particles were

made in the above FSP unit from a mixture of HMDSO, Al(s-BuO)3 and

TTIP in xylene (1 M total metal concentration). Nitrogen gas was

supplied from the above torus ring (but without HMDSO) to preserve

the flow and temperature characteristics[ZZ] of the in-situ coating process

at above standard conditions. These particles are denoted ySi/zAlITiOz,

where y and z refer to the weight fractions of SiOz and Ah03,

respectively, with the balance TiOz. For example, 10Si/4AlITiOz, is

composed nominally of 10 wt% SiOz, 4 wt% Ah03 and 86 wt% TiOz

made from HMDSO/Al(s-BuO)3/TTIP at volume ratio 5/6/100. The y

range was 2.5 - 20 wt%, while z was 4 wt%.

3.2.2 Particle characterization

The particles were deposited onto a holey carbon foil supported on

a copper grid for analysis by (scanning) transmission electron

microscopy (TEM: CM30ST, LaB6 cathode; STEM: Tecnai F30, field
, ,

emission cathode). Both microscopes were operated at 300 kV and have

a SuperTwin lens with a point resolution of ~2 A (Fa. FEI, Eindhoven)

while STEM images were recorded with a high angle annular dark field
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detector (HAADF). The presence of Ti, Al and Si at se1ected spots in

STEM images was determined by energy-dispersive X-ray (EDX)

analysis (Fa. EDAX detector). The product powder composition was

determined by DC plasma optical emission spectroscopy (DCP-OES).

Sampies prepared by sodium peroxide fusion were dissolved in 25%

sulphuric acid, diluted and analyzed by a Thermo Jarrel Ash

Corporation (IRIS) instrument X-ray diffraction (XRD) patterns were

obtained with a Bruker AXSD8 Advance diffractometer (40 kV, 40 mA,

Karlsruhe, Germany) operating with Cu Ku radiation. The anatase and

rutile sizes, Xa and x" respective1y, and phase composition were

determined with TOPAS 3 software. The BET powder-specific surface

area (SSA), was measured by nitrogen adsorption at 77 K (Micromeritics

TriStar) after degassing the sampies, at least, for I h at 150°C in

nitrogen. Infrared Fourier-transform spectra (FT-IR; Bruker, Vector 22)

were measured by the KBr pellet method: 0.25 g KBr (Fluka, 2::99.5%)

was ground with 1 mg of sampie and pressed into a pellet at 10 tons for

5 minutes (Specac). Spectra were recorded at normal incidence to the

pellet surface in the range 4000- 500, cm-1 with aresolution of 2 cm-1 and

collection of 128 scans.

Electrophoretic mobility measurements (converted to zeta

potential) as a function of pH were performed with a Malvern Zetasizer

(Nano series) and a MPT-2 multi purpose autotitrator. The powder

(0.01 g) was stirred into distilled water (Milli-Q, 20 ml), ultrasonicated

(Sonics, Vibra Cell) for 5 minutes and titrated at 22°C with 0.1 M HCI

or NaOH for the acid or base range, respectively. This was performed

with 10 ml of the suspension from the starting pH (about pH 5 - 7) to the

acid range down to about pH 1.5. A second titration was carried out

with the remaining 10 ml of suspension to the basic range, up to about

pH 10. At each pH, the zeta (s) potential was measured three times and
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averaged. The photocatalytic activity of all particles was evaluated by

photooxidation of isopropanol (IPA). [Z3] Prior to the test, moisture was

removed by heating the particles in vacuum at 80°C for at least 1 h. A

stirred suspension of the particles (0.5 g) in 20 ml isopropanol was

oxygenated for 60 sand then placed in a bath at 30°C beneath an UV

lamp at 36 W I cmz for 30 minutes. The irradiated suspensions were

centrifuged for 15 minutes at 10'000 rpm and 2 ml of the clear

supernatant was analyzed by agas chromatograph (GC) to determine the

amount of acetone formed. A UV-irradiated blank isopropanol sampIe

was also analyzed by GC for calibration.

3.3 Results and discussion

3.3.1 The effect 01burner-ring-distance (ERD) on coating quality

Early injection of HMDSO (ERD =5 and 10 cm) resulted in some

20Si-coated 4AlITiOz particles, but separate SiOz and TiOz regions or

particles are seen also by TEM (Figure 3.1b). Injection of HMDSO

vapor at low ERD where high temperatures prevail and TiOz formation

still takes place, leads to fast oxidation of HMDSO resulting in separate

SiOz and TiOz particles or domains reminiscent of SiOz/TiOz formation

by precursor co-oxidation[9,lO,14]. In contrast, all particles were

homogeneously coated with 2 - 3 nm thick SiOz films and no separate

domains or particles were observed when HMDSO is injected at

ERD "2 20 cm (Figure 3.1c) as when Si-precursor vapor is introduced

downstream of the TiOz formation zone in hot-wall reactors. [Z4]

As SiOz can drastically alter the physical properties of flame-made

TiOzby promoting anatase formation[1Z] and high specific surface area

(SSA), [Z5] the effect of ERD on titania particle size, crystallinity and SiOz

coating quality of pure and 20Si-coated 4AlITiOz was investigated.
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Figure 3.2a shows the rutile weight fraction (triangles) and SSA (circ1es)

of uncoated (broken line) and 20Si-coated 4AlITiOz (solid line) at

standard conditions as a function of BRD. The corresponding crystallite

sizes are depicted in Figure 3.2b. For both partic1e compositions, the

SSA is reduced with increasing BRD that delays the cooling of the FSP

made aerosol by mixing with the injected HMDSO-Iaden Nz at room

temperature.[ZZ] That way, the high temperature partic1e residence time is

prolonged and aerosol dilution by Nz is delayed. This facilitates partic1e

coagulation and sintering resulting in larger grains or primary particles

(with lower SSA). This delayed cooling, however, is not sufficient to

promote the anatase to rutile transformation of TiOz (triangles, broken

line). The final anatase size, Xa, is reached at 10 cm BRD, while the rutile

size, x" increases with increasing BRD. (Figure 3.2b, broken line).

The rutile content of SiOz-coated titania, however, increases

steadily from about 40 to 70 wt% with increasing BRD. At 30 cm BRD,

the rutile fraction (Figure 3.2a) and the corresponding crystallite sizes of

anatase, Xa, and rutile, X r (Figure 3.2b), reach the values of un-coated

TiOz (at BRD = 20 cm). Injecting HMDSO at low BRD brings Si into

contact with newly-formed TiOz during its formation by nuc1eation and

growth promoting anatase formation[lZ] and slowing down TiOz

sintering[Z5] that results in smaller partic1es (higher SSA) and smaller

anatase and rutile crystallites (Figure 3.2b). Mixing the two streams at

progressively higher BRDs, reduces the impact of Si on TiOz

characteristics as the particles have grown larger so that Si can no longer

interfere with TiOz formation and growth.

Figure 3.2c shows the acetone concentration released from

photooxidized isopropanol slurries containing 20Si-coated titania

particles made at various BRD. The released acetone decreases from 99

(high activity) to 7 f..lg (low activity) as the BRD is increased from 5 to
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30 cm, respectively. This is a result of the formation of SiOz coatings

onto the TiOz particles with increasing ERD (Figure 3.1c) and to a lesser

extent of the increasing rutile content (Figure 3.2a). The released acetone

by IPA photooxidation decreases as SiOz coatings reduce the rate of

generation of the catalytically active hydroxyl radicals. [Z6)

3.3.2 The effect 0/silica content on coating quality

Figure 3.3 shows the nominal composition of ySi-coated zAl/TiOz

(open symbols) made at standard conditions as weIl as co-oxidized

Si/Al/TiOz (filled symbols) particles with various SiOz and Ah03

contents compared to their measured elemental composition. Particles

coated with SiOz at 5 and 10 cm ERD are also included in Figure 3.3.

The nominal Si and Al contents are in reasonable agreement with their

measured values indicating consistent precursor delivery and product

composition.
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Figure 3.3: Nominal and measured (by DCP-OESj weight fractions of Al20 3 and Si02 in

coated and co-oxidized Ti02 particles made by flame spray pyrolysis.
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The influence of silica content on coating morphology was

investigated by setting BRD =20 cm as this yielded coated partic1es of

low photocatalytic activity having crystallite sizes < 40 nm. The latter is

important for the transparency[Z71 and stability[Z81 of TiOz-based

nanocomposites. Figure 3.4 shows Al-doped TiOz partic1es coated with

a) 5, b) 10 and c) 20 wt% SiOz. At 5 wt% SiOz (Figure 3.4a), coating

films are not visible by TEM though a thin SiOz layer could still be

present on the partic1e surface. The theoretical coating film thickness on

a 40 nm titania partic1e (as the ones made here) coated with 5 wt% SiOz

is < 1 nm, and thus would not be visible at this TEM magnification. All

titania partic1es with 10 (Figure 3.4b) and 20 wt% SiOz (Figure 3.4c) are

Figure 3.4: Images 0/Al-doped Ti02 particles coated with 5 (a), 10 (b) and 20 (c) wt% Si02

by injection 0/ HMDSO vapor at otherwise standard conditions. Co-oxidizing Si/Al/Ti

precursors in the FSP reactor results in particles containing 20 wt% Si02 as in (c) but with

segregated amorphous and crystalline domains (d).
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coated homogeneously with a 2 - 4 nm thick layer in agreement with the

expected theoretical coating thickness of 1.3 and 2.7 nm on top of a

40 nm diameter particle. Separate amorphous particles were not

observed by TEM at any SiOz content for HMDSO vapor injection at

this and up to 30 cm BRD. This indicates formation of SiOz coating on

the TiOz particle surface. [Z4) In contrast, FSP of HMDSO-containing

Al/Ti precursor solutions leads to particles containing mostly segregated

amorphous SiOz and crystalline TiOz domains as weIl as single

component particles (Figure 3.4d) similar to those obtained at low BRDs

« 20 cm: Figure 3.lb). The segregation of amorphous silica and

crystalline titania domains. (Figure 3.4d) was confirmed by EDX and

STEM as with SiOzlTiOz particles made in vapor-fed flames. [10)

Figure 3.5 shows the HAADF-STEM image of the silica-coated

titania particles of Figure 3.4c and the corresponding elemental spot

1.0 2.0 3.0 4.0 5.0 6.C1.0 20 3.0 4.0 5.0 6.0
Energy (keV) Energy (keV)

Figure 3.5: HAADF-STEM image and EDX spot analyses 0/ 20Si-coated 4Al/ TiOz.

Predominantly Si-containing films are at the particle edges (spot 1) in contrast to spot 2 where

mostly Ti with traces 0/Al ([rom doping) and some Si ([rom the particle surface layer) are

observed.
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analyses by EDX. As Ti has a larger atomic number (Z) contrast than Si,

it scatters stronger (i.e. appears brighter). So the areas with silica at the

rim of the particles appear darker than the core regions comprised of

titania. Consequently, spot analysis of the particle rim region in Figure

3.5 shows predominantly the signal of Si (spot 1) whereas spectra of the

core (spot 2) show Ti as the main peak with very small Al and Si peaks

that arise from the dopant and the coating, respectively, as with TiOz

particles coated with smooth SiOz films from rapidly quenched vapor-fed

flames. [10]

Figure 3.6 shows the photochemically released acetone from

titania-containing IPA slurries as a function of the SiOz content from co

oxidized (filled circles) and coated (open circles) Al-doped TiOz particles

at otherwise standard conditions. Uncoated Al-doped TiOz particles

form 225 /-lg acetone per ml of IPA. With the co-oxidized particles,
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-0- Si02-coated AlITi02
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Figure 3.6: Acetone concentration /ormed by photooxidation 0/ isopropanol (IPA) in slurries

containing either co-oxidized ySi/4Al/ Ti02 (filled circles) or ySi-coated 4Al/ Ti02 (open

circles) particles as a /unction 0/Si02content y, at otherwise standard coating conditions.
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addition of 2.5 wt% Si02 increases the acetone released to 276 Jlg/ml

IPA as the anatase fraction of Ti02 is increasedYS
] An increase in

photooxidation of isopropanol by wet-coated of titania nanoparticles at

low Si02 contents has been reported also. [29] At higher Si02 contents

(especially ~ 10 wt%), the photocatalytic activity of co-oxidized particles

is reduced by silica domains on their Ti02 surfaces (Figure 3.4d).

Similarly, in sol-gel coated rutile Ti02, the reduction of the

photocatalytic activity at low Si02 contents (where complete coatings

have not yet been formed) is attributed to the blocked access to the inner

part of Ti02 particles by silica. [26]

For silica-coated titania, the released acetone is reduced drastically

to 149 and 26 Jlg acetone/mI IPA by coating with 5 and 10 wt% Si02,

respectively. The rutile content in Si02-coated particles only slightly

decreased from 67 wt% for pure 4AlITi02 to 60 wt% for 20 wt% Si02

coated 4AlITi02 at standard coating conditions since silica was added

after Ti02 formation (Figure, 3.2). As a result, the reduction in released

acetone (photocatalytic activity) with increasing silica content comes

from the passivation of Ti02 surface by the coatings (Figure 3.4a-c). At

2.5 wt% Si02, the coating should be very thin « 0.5 nm) or rather

partial (patchy) and thus insufficient to hinder the photocatalytic activity

of Ti02 . The coating coverage and thickness increases with increasing

silica content and at 10 wt% unambiguously visible Si02 coatings have

been formed (Figure 3.4b). Further increasing the silica content to

30 wt% has rather little effect on the acetone released (Figure 3.6). This

indicates that the coating thickness formed at 10 wt% Si02 is sufficient to

inhibit the photocatalytic decomposition of IPA by Ti02. In the

photooxidation of isopropanol also 9 wt% Si02 on rutile Ti02

(SSA = 100 m2
/ g) was required fot a significant reduction in the

photochemically formed acetone. [26] Similarly, sol-gel Si02-coated Ti02
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nanopartic1es 25 nm in diameter required about 9 wt% SiOz for the

formation of complete coatings that significantly reduced the

photocatalytic decomposition of methyl orange. [30]

Figure 3.7a shows the zeta potential as a function of pR for silica

coated TiOz with 7.5 and 30 wt% SiOz. The zeta potential is negative at

all pR for 30Si-coated AlITiOz, confirming thus the complete silica

encapsulation of the core partic1es[31]. In contrast, coating with 7.5 wt%

SiOz the zeta potential slightly increases around pR 3.5 - 4, though it

still exhibits negative values at all pR. This indicates a very thin or only

partial SiOz coating on some TiOz partic1es, as was observed also by a

somewhat higher photocatalytic activity compared to particles coated

with > 10 wt% SiOz (Figure 3.6). Also the theoretical coating thickness

is only about 1 nm for 7.5 wt% SiOz. The increase in SiOz film thickness

from 7.5 to 30 wt% SiOz could also be observed by the increase in the Si

O-Si peak intensity at 1100 and 1200 cm-1by FT-IR (Figure 3.7b).[31]

The photocatalytic activity can be completely inhibited (O!J.g

acetone/ml IPA evolved) by increasing the alumina content to 10 wt% in

the core TiOz particles at constant 20 wt% silica coating. Increasing the

alumina content increases the rutile fraction of titania,[13] e.g. at 10 wt%

Ah03, the rutile content becomes 83> wt% here compared to 60 wt% at

4 wt% Ah03 (Figure 3.2a). As rutile is less photoactive than anatase,

partic1es of increased rutile content that are not sufficiently coated would

exhibit less photoactivity. Incomplete mixing of RMDSO vapor with the

TiOz aerosol might result in some uncoated TiOz partic1es exiting the

reactor.
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3.4 Conclusions

Coating of flame-made nanostructured particles has been achieved

In one-step by a scalable aerosol process. Mostly rutile titania

nanoparticles (doped with Al) about 40 nm in diameter made by flame

spray pyrolysis (FSP) were coated in-situ with 2 - 4 nm thick SiOz films

by mixing the freshly-formed, hot TiOz aerosol with HMDSO vapor just

downstream of the flame. The coating film thickness was controlled by

the silica content. The particles were encapsulated by smooth and

homogeneous coatings at above 10 wt% SiOz content. Premature or

early HMDSO vapor injection resulted in segregated SiOz and patchy or

poorly-coated TiOz particles. The anatase promotion of silica in TiOz

was significantly reduced as the distance of HMDSO vapor injection

point from the FSP burner was increased. The coating quality was

confirmed by monitoring the photooxidation of isopropanol (IPA) to

acetone by UV irradiation of silica-coated TiOz particle slurries. Well

coated TiOz particles exhibited limited IPA photooxidation. A high

rutile content (83 wt% at 10 wt% Ah03 doping) and a silica coating

thickness of 2 - 4 nm could completely inhibit the IPA photooxidation.
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The Role of Gas-Aerosol

Mixing during In-Situ Coating

of Flame-Made Titania Particles1

Abstract Rutile Ti02 particles of 40 nm average diameter were made by

flame spray pyrolysis (FSP): and in-situ coated with ultrathin (2 - 4 nm)

Si02 layers. The spray flame was enclosed by a quartz glass tube while

hexamethyldisiloxane (HMDSO) vapor-Iaden N 2 was injected in swirling

crossflow to and downstream of the flame through a metal torus pipe

ring. The as-prepared powders were characterized by transmission

electron microscopy (TEM), X-ray diffraction and nitrogen adsorption.

The effect of mixing between HMDSO-Iaden N2 jets and freshly-made

titania aerosol on product coating quality was investigated by varying

systematically the number and gas flowrate through these jets

experimentally and by computational fluid dynamics. The coating

quality of titanium dioxide was evaluated further by photocatalysis of

isopropanol to acetone under UV, light using suspensions of the above

particles.

1 Part of this chapter will be published in Ind. Eng. ehern. Res. (2009).
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4.1 Introduction

Many nanostructured materials are made today on a large scale by

aerosol processes as carbon blacks, vulcanizing ZnO, pigmentary TiOz,

filamentary Ni, fumed SiOz and Ah0 3and even UOz for nuc1ear fuels. [1]

More recently a number of sophisticated nanostructured products such

as catalysts, gas sensors, phosphors, fuel cell and battery materials,

dental and orthopedic biomaterials and even nutritional supplements are

made by spray combustion of appropriate precursor solutions. [Z] It is

quite common to functionalize or coat the surface of such partic1es to

facilitate their incorporation in host liquid or polymer matrixes[3] and

enhance the performance of paints, dental and optical nanocomposites.

The cost and complexity of this functionalization or coating step is quite

high. For example, in paint manufacture, the cost of this so-called

"finishing" is equivalent to that of making the base pigment. As a result,

there is strong interest in developing processes that can combine both

flame synthesis and partic1e coating in a single gas phase process for its

simplicity: no liquid by-products, easier partic1e collection from gases

than liquid streams, fewer processes and high product purity. [4] Coherent

and homogeneous coating on all TiOz particles is essential for optimal

performance in paints, sunscreens and nanocomposites. Optimization of

the coating thickness is desired. For example, in the case of coating with

silica, high SiOz contents tend to lower the UV absorbance of titania[S]

and increase production costs (as more silica precursor is required).

Thus, processes should be optimized for all added Si precursor to result

in thin coatings on the TiOz particles rather than thick coatings and/or

separate SiOz partic1es.

Here, coating rutile TiOz nanoparticles with SiOz is studied to

minimize their photocataly~ic activity in polymer matrices. [6] Such core
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Ti02 particles have been made by flame spray pyrolysis (FSP)(7] and are

predominantly rutile as they have been doped with Al, a rutile

promoter, [8] consistent with those made in vapor-fed hot-wall[9] and

diffusion flame aerosol reactors. [10] In flame reactors, Si02-coated Ti02

can be formed by co-oxidation of silicon and titanium precursors by

controlling their concentration and process temperature. [11] Moerters et

al. [12] described how separate introduction of gaseous Ti and Si

precursors to a burner can result in a silicon-titanium mixed oxide

powder, which is surface-enriched with Si02. Rapid flame quenching by

suction through a critical'flow nozzle[13] facilitated the formation of

smooth silica coatings on Ti02 partic1es while without such quenching

mainly particles with separate silica and titania domains were formed. [14]

Here the coating of rutile Ti02 partic1es was studied by judicious

injection of hexamethyldisiloxane (HMDSO), a Si precursoi~ vapor

downstream of the Ti02 formation zone in an enc10sed FSP reactor that

has been used in manufacture of various nanostructured products. [2] The

influence of mixing between the coating vapor and FSP-made Ti02

aerosol on coating quality is investigated here for its significance to

economically produce optimally coated Ti02 partic1es in one step. This

is somehow the "holy-grail" in production of pigmentary titania by the

chloride process producing 2.5 million tons/year worldwide today[15] as

it can greatly simplify the manufacture of white pigments. Furthermore

this is important for every flame-made nanopartic1e product requiring a

functionalized or coated surface if it is to be incorporated in a polymer

or liquid matrix. Coated partic1es here were characterized by X-ray

diffraction (XRD), nitrogen adsorption (BET) and electron microscopy.

The mixing of the freshly-made Ti02aerosol with the Si-precursor vapor

stream was studied by computational fluid dynamics that are used in

simulation of flame aerosol synthesis of Ti02,[16] aerosol reactor
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synthesis of filamentary nickel[17] an,d even precursors to uranium oxide

in nuc1ear fuels.[18] The coating quality here was assessed also by

suspending coated Ti02 partic1es in isopropanol and monitoring its

photocatalytic conversion to acetone.

4.2 Experimental

4.2.1 In-situ SiOrcoating 0/FSP-made Al-doped Ti02particles

Figure 4.1a shows the experimental set-up. A FSP reactor,

described in detail elsewhere,[19] was enc10sed by a 20 cm long quartz

glass tube ("lower glass tube", 4.5 cm inner diameter (ID)). Alumina

doped (4 wt% Ab03) Ti02 partic1es were produced at about 25 g/h by
,

FSP of alM solution in total metal concentration of aluminum sec-

butoxide (Al(s-BuO)3, Alfa Aesar, purity > 95%) and titanium-tetra

isopropoxide (TTIP, Aldrich, purity > 97%) in xylene (Riedel-de Haen,

puriss). Through the innermost spray nozzle capillary, 5 mllmin of that

solution were fed and dispersed by 5 lImin O2 (Pan Gas, purity > 99%)

from the surrounding annulus and sheathed by additional 401lmin O2

flowing through the outermost sinter metal plate. The pressure drop at

the nozzle tip was maintained at 1. 5 bar. The solution spray was ignited

by a ring-shaped, methane/oxygen (1.5/3.2, total inlet gas flow

4.711min) premixed flame at the nozzle base.[19]

At the top of the lower glass tube, a stainless steel metal torus pipe

(0.38 cm ID) ring (4.5 cm ID) with 1, 2, 4, 8 (Fig. 1b), or 16 radial

equidistant outlets (0.06 cm each in diameter) was placed. The outlets

were directed 10° away from the ring radius and pointing downstream by

20° (Figure 4.1 b) to prevent stagnation flow upstream but without any

cooling circuit. [20] Above the ring, another 30 cm long quartz tube

(4.5 cm ID) was placed.
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Figure 4.1: Experimental set-up (a) for in-situ SiOrcoating of FSP-made Ti02 in a flame

reactor enclosed by sequential glass tubes and in between them the torus pipe ring (b) with 1 

16 outlets for injection ofthe HMDSO-laden N2•

Through the outlets, a total of 0.8 lImin N z gas carrYlng

hexamethyldisiloxane (HMDSO, Aldrich, purity > 980/0) vapor (the

SiOz coating precursor) was injected along with additional 5 to 30 lImin
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N 2 • The HMDSO vapor was supplied by bubbling 0.8 IImin N 2 through

about 500 cm3 liquid HMDSO in a 11 glass flask (Schott) immersed in

silicon oil at 10.5 °C. At saturated conditionsyl] this corresponds to

5.9 g/h of Si02 and 20 wt% Si02 in the product powder. All Si02-coated

Al-doped Ti02 partic1es are denoted as 20Si-coated AIITi02 • Unless

otherwise stated, standard coating conditions refer to 0.8l1min

HMDSO-laden N 2 along with additional 15 IImin N 2 flowing through 16

torus ring outlets. The additional N2 flow rate had to be reduced as the

number of jet outlets was reduced since the HMDSO bubbier could not

be operated at the resulting high pressure drops.

4.2.2 Particle characterization

For analysis by transmission electron mlcroscopy (TEM:

CM30ST, LaB6 cathode) product powders were deposited onto a holey

carbon foil supported on a copper grid. The microscope was operated at

300 kV and has a SuperTwin lens with a point resolution of ~2 A (Fa.

FEI, Eindhoven). Coating quality ranges from "high" that corresponds to

smooth and homogeneous films to "low" that corresponds to rough and

inhomogeneous or patchy films as observed by TEM. Coating efficiency

refers to the fraction of fed Si02 that ended up as coating onto the Ti02

partic1es rather than forming separate Si02 ones.

X-ray diffraction (XRD) patterns were obtained with a Bruker

AXS D8 Advance diffractometer (40 kV, 40 mA, Karlsruhe, Germany)

operating with Cu Ku radiation. The anatase and rutile sizes, Xa and x,.,

respectively, and phase composition were determined with TOPAS 3

software. The BET powder-specific surface area (SSA), was measured by

nitrogen adsorption at 77 K (Micromeritics TriStar) after degassing the

sampies, at least, for 1 h at 150°C in nitrogen.
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The photocatalytic aChvlty of these partic1es was evaluated by

photooxidation of isopropanol (IPA). [22] Prior to the test, moisture was

removed by heating the partic1es in vacuum at 80°C for at least an hour.

A stirred suspension of the partic1es (0.5 g) in 20 ml isopropanol was

oxygenated for 60 sand then placed in a bath at 30°C beneath an UV

lamp at 36 W / cm2 for 30 minutes. The irradiated suspensions were

centrifuged for 15 minutes at 10'000 rpm and 2 ml of the c1ear

supernatant was analyzed by gas chromatography (GC) to determine the

amount of acetone formed. A UV-irradiated blank isopropanol sampie

was also analyzed by GC for calibration.

4.2.3 Simulation 0/ the mixing 0/ FSP-made TiO2 aerosol with

HMDSO-Iaden N2 jets

The swirling cross flow mixing of the FSP-made titania aerosol

with the HMDSO-Iaden N 2 entering from the torus pipe nng was

investigated by computational fluid dynamics (CFD). The 3D

calculations were obtained with ANSYS® CFX Academic Research

v. 11.0. The glass tube was divided into two domains. The fine mesh of

the first domain, 1 cm below to 2 cm above the jet ring, with all angular

details had 0.005 - 0.03 cm spacing to capture the steep gradients in

velocity and concentration. The second domain started 2 cm above the

jet ring and ended with an outlet boundary condition at 12 cm with

0.1 cm spacing inc1uding the influence of the adjacent tube. Both meshes

were created with unstructured tetrahedras and inc1uded rotational

periodic boundaries depending on the number of jets.

The titania aerosol flow from the FSP nozzle entered the first

domain as a fully developed pipe flow with an average velocity of

2.7 m/s at 1500 K corresponding to the standard experimental

conditions. The physical properties of pure O2 were used to represent the
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FSP gases as even after combustion, the dominant species is Oz (e.g.

68 vol% Oz after the FSP and 53 vol% Oz after 15.81/min N z from jet

injection). The inlet flow of the jets was pure N z as its HMDSO content

was negligible. Both species were assumed to behave like ideal gases.

Calculations with laminar and k-e turbulence models (to capture the

transient jet behavior) showed similar results. Tube walls were adiabatic

and smooth with no slip condition.

4.3 Results and discussion

The standard conditions for in-situ coating were selected by

varying the burner-ring-distance (BRD) and the coating Si precursor

(HMDSO) concentration. The quality and efficiency of coating was

examined by TEM and photodegradation of IPA slurries containing

these SiOz-coated rutile TiOz nanoparticles. At BRD = 20 cm and

20 wt% SiOz, coating films 2 - 4 nm thick were obtained on all titania

particles. Amorphous SiOz coatings of TiOz were verified by EDX

analysis and the SiOz coating quality was assessed by isopropanol

chemisorption, FT-IR and by electrophoretic mobility (zeta potential)

measurements. [Z3) In contrast, at lower BRD rather patchy coatings were

obtained as HMDSO reaction proceeded too fast resulting in rapid SiOz

aerosol formation at the rather high temperatures[Z4) prevailing close to

the spray flame. Furthermore, at standard conditions the acetone

released by IPA photooxidation had reached an asymptotic value with

increasing BRD and SiOz content that was 91 % less than that of

uncoated rutile TiOz nanoparticles made by FSP.

4.3.1 Effect 0/coating precursor vapor - laden N 2 flowrate

The influence of mixing the HMDSO-laden N z jets with the FSP

made TiOz aerosol on product coated particle characteristics was
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investigated by varying the N z mixing flowrate at otherwise standard

conditions. Figure 4.2 shows TEM images of product partic1es obtained

with 5.8 Uet exit velocity: 71 mls), 10.8 (40 m/s), 15.8 (58 m/s) and

20.8 (77 m/s) lImin ring N z. Separate SiOz partic1es appear as weIl as

silica-coated and uncoated TiOz partic1es at 5.8 (Figure 4.2a) and

10.811min N z (Figure 4.2b). At 15.8 (Figure 4.2c) and 20.8 lImin N z

(Figure 4.2d) all titania particles appear coated without separate SiOz

partic1es. However, the coatings became smoother with increasing N z

flowrate similarly to SiOz-coated TiOz from aerosol hot-wall reactors. [Z5]

Figure 4.2: TEM images 0/20Si-coated A!ITi02 produced with 5.8 (a), 10.8 (b), 15.8 (c) and

20.8 (d) !Imin ring N 2 flowrate at otherwise standard coating conditions.
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In the latter, this effect was attributed to improved mixing and decreased

Si precursor concentration forming smaIler silica particles which deposit

and sinter faster resulting in smooth films. Thus poor mixing and

accelerated gas-phase reaction of HMDSO at the higher temperatures

encountered at low Nz jet flowrates might result in separate SiOz and

poorly-coated TiOz particles (Figure 4.2a,b).

The SSA as weIl as the crystallite sizes are reduced by increasing

the ring Nz flowrate. At 5.8 lImin Nz a SSA of 60 mZ
/ g is obtained while

at 20.8 lImin and higher the SSA has been reduced to 47 mZ/g (Figure

4.3). At low Nz flowrates (~ 10.8 11min) some separate SiOz particles are

formed (Figure 4.2a,b) as limited mixing between the Nz jets and the

TiOz aerosol occurs. In addition, the low Nz flow results in high
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Figure 4.3: The e.ffect 0/ the ring N 2 flowrate (and the corresponding jet Reynolds number at

300 K) at otherwise standard coating conditions on SSA (circles), rutile wt% (triangles) as

weil as anatase (squares) and rutile (c/iamonds) crystallite sizes 0/20Si-coated AllTi02•
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HMDSO concentrations and higher temperatures that enhance Si02

formation and growth in the gas phase. In contrast, good mixing takes

place between the Ti02 aerosol and the rather dilute HMDSO-Iaden jets

at high N2 flows. At 15.811min and above mainly coatings are found

(Figure 4.2). Pure Si02 forms partic1es with higher SSA than Ti02, as

Si02 sintering rate is lower than Ti02[26] so the higher SSA obtained at

low N2 flowrates (Figure 4.3) should result from the separate Si02

partic1es formed. As the N2 flowrate increases, the vapor exit velocity

through the ring outlets and thUs the Reynolds number (Figure 4.3:

upper abscissa) increase to enhance the mixing of HMDSO-Iaden N2

with the FSP-made Ti02 aerosol. Below 15.811min N2 (Re = 1996) the

flow is laminar, while above this the ensuing turbulence imposes

intensive mixing. Thus less separate Si02 are formed and at about

20.811min the SSA appears to have reached an asymptotic value of

about 47m2/ g (Figure 4.3) consistent with the TEMs of Figure 4.2.

The reduction in anatase crystallite size (45 to 36 nm) was also

observed for synthesis of pure AlITi02 as the N2 flow rate increased

from 5 to 30 11min indicating that Ti02 crystallite growth was slightly

quenched. Overall the anatase size also decreases in the presence of

silica, as Si02 reduces[27] thesintering' rate of Ti02. The rutile fraction is

rather constant at 62 wt% at all N2 flow rates (Figure 4.3, triangles) and

similar to that of pure AlITi02(68 wt%), as HMDSO is added here after

titania formation for silica to interefere with its crystallization.

The mixing of the gas flows in the reactor was studied also by

CFD at standard coating conditions (15.8 lImin N2) corresponding to a

jet velocity of 58 m/s. A centerline temperature of 1300 K was measured

with a thermocouple about 0.5 cm downstream of the jet outlets in the

absence of the upper tube with a pure xylene flame and 15.8 lImin N2

issuing through the ring. Higher temperatures are expected in the
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presence of particles and the upper tube that delays cooling. [28] This

along with previous FT-IR temperature measurements of similar TiOz

producing spray flames[24] led to the assumption of 1500 K for the main

flow upstream of the jet outlets. It should be noted that the mixing

calculations are not sensitive to that temperature. For example, an initial

temperature of 1200 K gives similar results.

Figure 4.4a shows the N z volume fraction distribution along the

quartz tube axis below and above the torus pipe ring. The jet outlets with

initial 100 vol% N2 are seen in red (maximum N z concentration) at a

cross-sectional cut of the tube at the ring level (Figure 4.4b). Regions of

low N z concentration < 1 vol% (blue) form a few mm downstream of the

outlets in the center of the reactor where little, if any, HMDSO vapor

would be present. A few mm upwards, the N z jets meet at the tube

centerline and mix with the Ti02 aerosol from the main flow. With

increasing height above the jet outlet level, the flow homogenizes across

the tube as seen in the cross"~ectionalcontours of the tube (Figure 4.4) at

b) 0, c) 0.2 d) 1 and e) 3 cm. At 1 cm, N2 has reached the center of the

tube, however, N2 lean regions (blue) are formed along the walls of the

reactor (Figure 4.4d) as the jet exit velocity is rather high. Mixing is

rather uniform across the entire cross-section of the tube at 3 cm

(Figure 4.4e) as shown by the homogeneous concentration of

15 - 30 vol% N2(green).

In the following, the mlxlng as a function of N z flowrate or

number of jet outlets is investigated for the cross-sectional contours at

3 cm above the torus pipe ring. Figure 4.5 shows the spatial distribution

of N z volume fraction for 16 jet outlets at a) 5.8 or b) 10.811min N z

corresponding to N2jet velocities ofvo = 21 and 40 m/s, respectively. At

5.8 11min N2 there is an area essentially free of N2 in the tube center

(Figure 4.5a) where limited mixing has taken place between HMDSO



92

vapor and Ti02 aerosol while N2 is rather flowing along the tube walls

due to the low exit velocity compared to 15.811min N2 (Figure 4.4e).

Increasing the flowrate to 10.811min N2 there are instead blue regions

free of N 2 along the tube walls (Figure 4.5b), similarly to 15.8 lImin at

1 cm above the jet outlets (Figure 4.4d), while N2 has reached the tube

center. Given that HMDSO oxidation takes place within few centimeters

quartz tube height, these low N2 flowrates can lead to inhomogeneously

coated Ti02 and separate Ti02 and Si02 partic1es in agreement with

TEM (Figure 4.2a,b). Thus low N2 flowrates delay the contact of

HMDSO vapor with Ti02 resulting in some separate Si02 particles

instead. In contrast, for 15.811min (Figure 4.4e) N2 mixing is far more

uniform that is consistent with the more homogeneous coatings obtained

experimentally (Figure 4.2c).

Figure 4.5: Cross-sectional contours 0/the N2 volume/raction 3 cm above the jet outletstor 16

symmetrically orderedjets with a total N 2 flowrate 0/5.8 (a) and 10.8l/min (b). Color scale

as in Figure 4.4.

Microscopic analysis (Figure 4.2) indicated that uniform mixing is

necessary to avoid the formation of separate Si02 or inhomogeneously

coated titania partic1es. During poor mixing of Ti02 aerosol and

HMDSO vapor-Iaden N2, homogeneous nuc1eation of Si02 particles can
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occur as was shown at 5.8 (Figure 4.2a) and 10.8 lImin N z (Figure 4.2b).

Figure 4.6 shows the evolution of CFD-calculated temperature (solid

lines) as well as the remaining HMDSO mole fraction (broken lines) for

15.8 (blue), 10.8 (green) and 5.8 (red) lImin N z as a function of height

above the jet outlets. Temperature and time as a function of that height

were extracted along the streamline of the inlets from CFD. The

oxidation rate[Z9j of HMDSO as a function of temperature was then

integrated over time to obtain the HMDSO mole fraction shown in

Figure 4.6. The N z temperature increases and thus the relative HMDSO

concentration decreases faster as the N z flow rate is reduced from 15.8 to

5.8 11min. A 50% HMDSO conversion is attained at 1.7 and 8 cm above

the jet outlets for 5.8 and 15.811min N z, respectively. Thus the poor

mixing (Figure 4.5a), higher temperature and accelerated HMDSO
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conversion at low N z flow rates may result in the formation of separate

and larger SiOz particles in the gas phase than at high N z flow rates.

However, higher temperatures would also accelerate SiOz sintering on

the TiOz particle surface that could lead to smoother coatings for the

SiOz particles that made it to the surface of TiOz resulting in

homögeneous SiOz coatings and separate SiOz particles.

Figure 4.7 shows the acetone concentration released by IPA

photooxidation from suspensions of SiOz-coated rutile TiOz as a

function of the coating vapor-laden N z jet flowrate at otherwise standard

conditions. Silica is not active in the oxidation of isopropanol[30l and the

reaction can thus be applied to assess the quality of SiOz coating on
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Figure 4. 7: Acetone concentration formed by photooxidation of isopropanol in slurries

containing in-situ coated rutile particles with Si02 as a function of ring HMDSO-Iaden N2

flowrate at otherwise standard coating conditions. Uncoated rutile Ti02 was produced with

15.8 I1min N 2 issuing from the torus ring.
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titania partic1es. [31] This indicates that as N 2 flowrate increases, more

Ti02 surfaces are coated in agreement with Figure 4.4 and Figure 4.5.

Thus the influence of mixing on coating efficiency (Figure 4.2) is
,

consistent with the re1eased acetone from these suspensions at high ring

N2 flowrates (:::: 15.8 11min) since the rutile content is rather constant

(Figure 4.3). Interestingly enough, the amount of acetone released from

slurries made with partic1es coated at 5.8 lImin N 2 is still considerably

lower compared to un-coated Ti02 (225 f.lg acetone/mI IPA). Thus,

despite the fact that some separate Si02 and Ti02 partic1es are formed at

low N 2 flowrates (Figure 4.2a), a large fraction of partic1es are coated

and the acetone released is significantly reduced. For example, the un

mixed area at 5.811min N 2 (Figure 4.5a) is 10% of the tube cross

sectional area. It should be noted that the residual photoactivity obtained

even at 30.811min may stern from uncoated Ti02 exiting the reactor

during its start-up.

4.3.2 Effect ofthe number ofjets issuing precursor coating vapor

Figure 4.8 shows TEM images of silica-coated titania partic1es

produced with a) 1 (3.211min N 2), b) 4 (6.8 lImin N2),c) 8 (10.3 lImin

N 2) and 8 (30.8 lImin N 2) jet outlets in the vapor doping ring. Separate

silica as weIl as uncoated and homogeneously Si-coated Ti02 partic1es

are formed at low N 2 flows (Figure 4.8a-c) as indicated by the

amorphous and crystalline regions visible in the TEM images. In

contrast, at standard conditions with 16 jet outlets (Figure 4.2c), all Ti02

partic1es were encapsulated by smooth and homogeneous silica coatings.

In general, reducing the number of outlets in the vapor doping ring

requires a higher exit velocity to maintain a good coating quality and

efficiency. This is verified by the high coating quality obtained with 8

outlets and 30.8 lImin (227 m/s) N 2 (Figure 4.8d).



96

Figure 4.8: TEM images 0/20Si-coated AI/Ti02 partie/es produced with 1 (3.21/min N 2; a),

4 (6.8//min N 2; b), 8 (lO.3//min N 2; c) and 8 (30.8//min N2; d) jet outlets in the vapor

coating ring at otherwise standard cOating conditions.

Figure 4.9 shows the N z volume fraction contours obtained at

3 cm above the jet outlets by CFD for the above low N z flow rates with

a) 1 (3.2 11min), b) 2 (4.6 IImin) , c) 4 (6.8 11min) and d) 8 (10.3 11min)

jets corresponding to a jet exit velocity of 189, 136, 100 and 76 m/s,

respectively. It can be seen that for increasing number of jet outlets the

spatial N z concentration uniformity and subsequently the mixing quality

increases continuously from 1 (Figure 4.9a) to 8 (Figure 4.9d) and 16

(Figure 4.4d) jet outlets. For a single jet (Figure 4.8a), N z lean regions

are downstream of the jet outlets while N z is enriched at the tube wall

across the jet location. Simi~ar1y, poorly mixed regions are also observed

with 2 and 4 jets (Figure 4.9b-c) as here the individual jets are not
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crossIng. These poorly mixed regIons (Figure 4.9a-c) contribute to

formation of separate Ti02 and Si02 particles (Figure 4.8a-c). A uniform

N 2 mixing was only obtained with 16 jets (Figure 4.4d), in agreement

with most particles appearing Si02-coated in TEM images (Figure 4.2c).

The mixing with 8 jets is also quite uniform (Figure 4.9d). Here,

however, the decreased N 2 flow rate might have resulted in the

formation of separate Si02 particles in line with the discussion of

Figure 4.6 which could be inhibited by increasing the N2 flow rate to

30.8 IImin (Figure 4.8d).

Figure 4.9: Cross-sectional contours ofthe N2 volume fraction 3 cm above the jet outlets for 1

(3.2//min N 2; a), 2 (4.6//min N2; b), 4 (6.8//min N2; c) and 8 (10.3//min N 2; d)

symmetrically orderedjets. Color scale as in Figure 4.4.
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4.4 Conclusions

Encapsulation or coating of flame-made nanopartic1es has been

achieved in one-step at appreciable production rates, 30 g/h. Mostly

rutile titania nanopartic1es (doped with Al) about 40 nm in diameter

made by flame spray pyrolysis (FSP) were in-situ coated with 20 wt%

SiOz by mixing the freshly-formed TiOz with silica precursor, HMDSO,

vapor downstream from their formation zone in the flame. The effect of

mixing intensity on product partic1e morphology was investigated by

varying the exit velocity or the number of jet outlets for HMDSO-Iaden

N z gas. At high mixing intensity between the TiOz aerosol and HMDSO

laden jet streams, the partic1es were encapsulated by smooth and

homogeneous coatings, 2 - 4 nm thick. Poor mixing between HMDSO

vapor and TiOz aerosol along with higher temperatures that accelerated

SiOz formation in the gas-phase resulted in separate SiOz and poorly

coated TiOz partic1es. The effect of mixing TiOz aerosol with the

HMDSO vapor stream jets was elucidated also by computational fluid

dynamics: low flowrates or few jet outlets of the HMDSO vapor stream

resulted in incomplete mixing across the radius of the reactor, consistent

with the experimental data. The coating quality was evaluated further by

monitoring the photooxidation of isopropanol (IPA) to acetone by UV

irradiation of silica-coated TiOz partic1e slurries. Well-coatedTiOz

partic1es produced with multiple coating vapor jets or high mixing

intensity exhibited limited photooxidation indicating the effectiveness of

their SiOz coatings.
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The Quality of Si02-Coatings on

Flame-Made Ti02-Based Nanoparticles 1

Abstract Silica-coated titania nanoparticles are important in sunscreens,

UV filters and optical nanocomposites. The surface characteristics

(extent of coverage, texture and thickness) of in-situ SiOz-coated, mostly

rutile titania nanoparticles made in one-step by flame spray pyrolysis

(FSP) were compared to FSP-made mixed (co-oxidized) SiOz/TiOz ones

by transmission electron mlcroscopy (TEM), Raman, FT-IR

spectroscopy, electrophoretic mobility and isopropanol chemisorption

followed by mass spectroscopy. Increasing the silica content shifted the

isoelectric point (IEP) toward that of pure silica for externally-mixed

SiOz and TiOz, co-oxidized SiOz/TiOz and low SiOz content « 10 wt%)

silica-coated TiOz nanoparticles. At higher SiOz contents, SiOz-coated

titania exhibited negative zeta potentials at all pR (and thus no IEP)

indicating hermetic or complete coverage of the TiOz surface by SiOz as

was confirmed by isopropanol chemisorption. Co-oxidized particles

containing segregated TiOz and SiOz domains exhibited Si-O-Ti and Si

O-Si bonds of higher IR intensity than hermetically-coated TiOz. The

latter exhibited a peak at 1225 cm-1 attributed to Si-O-Si asymmetric

vibrations in contrast to the former.

1 Part ofthis chapter is published in J. Mater. ehern. 18,3547 (2008).
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5.1 Introduction

Nanosized titania particles are important in photocatalysis,

cosmetics, photovoltaics, sensors and othersY] In particular, nanosize

rutile TiOz absorbs and scatters UV light, is visibly transparent, possesses

a high refractive index[Z] and a lower photocatalytic activity than

anatase[3]. As a result, it is attractive in sunscreens, [4] UV filters, coatings

for UV-sensitive materials and lenses. As with the larger (200 - 300 nm)

pigmentary titania, the surface of TiOz nanoparticles must be passivated

or coated to prevent degradation of the host liquid or polymer matrix. [5]

Such coatings can physically inhibit oxygen diffusion, prevent the

release of free radicals and provide hole-electron or hydroxyl-radical

recombination sites. Furthermore, coatings can also improve wetting and

dispersion of the particles in an organic matrix. [6,7]

Coherent and homogeneous coatings on all TiOz particles are

essential for optimal product performance (e.g. in paints, sunscreens and

nanocomposites). Fast and' quantitative characterization of coating

quality and efficiency, however, is challenging, especially with

nanoparticles. Furthermore, the distinction between complete and

patchy encapsulation and the presence of uncoated TiOz or separate

coating material in the product powder still needs to be addressed.

Optimization of the coating thickness is desired, as high silica contents

tend to lower the UV absorbance of titania[8] and obviously increase

production costs (as more silica precursor is required to coat a certain

TiOz product). Certainly, the coating of individual particles can be

visualized by transmission electron microscopy (TEM). However, in

order to gather statistically reliable data, more than 1000 representative

particles must be analyzed, [9) which makes TEM very time-consuming.

Furthermore, in case of nanoparticles the contrast is insufficient for the
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coating (usually in the order of a few nanometers) to be reliably

distinguished under normal magnifications. [10]

Surface treatments alter the electrophoretic mobility of the titania

particles;[II] silica or alumina coatings shift the isoelectric point (IEP) to

lower or higher pH, respectivelyYZ] However, the electrophoretic

mobility is quite sensitive to measurement conditions (e.g. ion strength

of the solution) and produ~t impurities (residual carbon or dopants).

Thus particle synthesis methods should be identical for consistent

comparison of coated products. [13] The surface composition and even

coating thickness can be determined by XPS.[14] The formation of Si-O

Ti bonds can be used as evidence for coating formation. [5] Selective gas

adsorption on either titania or the coating material (e.g. with n-pentane,

isopropanol or nitrogen) can also detect changes In surface

chemistry. [10,15,16] The effect of silica coatings on the selective dissolution

of titania pigments is commonly tested. [17] The coating quality can be

evaluated also by the photocatalytic activity of coated TiOz particles

suspended in liquids or polymers, e.g. in the photodegradation of

isopropanol to acetone[18] and num~rous other techniques developed to

test the durability of pigmentary titania[19].

The above studies have mostly focused on pigmentary TiOz coated

in the wet-phaseY7] Recently, agas-phase process has been developed

that allows for in-situ coating of flame-made nanoparticles right after

their formation. This is important as it may permit synthesis and coating

of particles by a one-step gas-phase process without involving liquid by

products. In particular, Al-doped TiOz nanoparticles made by flame

spray pyrolysis, [ZO] are encapsulated in-situ with ultrathin (2 - 4 nm) silica

coatings by mIxIng the freshly-made hot TiOz aerosol with

hexamethlydisiloxane (HMDSO) vapor. Alumina is added during

synthesis of the core TiOz partieles to promote rutile formation. [Zl,ZZ,Z3]
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Furthermore, this Al-doping facilitates companson with pigmentary

rutile titania as most of these pigments contain traces of alumina that has

been added to also reduce agglomeration. [19] Here externally mixed SiOz

and Alz03/TiOz partic1es as well as co-oxidized SiOzlAlz0 3/TiOz and

SiOz-coated Alz03/TiOz with c1ose1y controlled SiOz content are

characterized by their electrophoretic mobility in aqueous suspensions

and isopropanol chemisorption, as these methods are rather simple and

fast, avoiding the statistical uncertainty of TEM analysis. Insight into the

chemical structure of the SiOz-coating is gained also by FT-IR and

Raman spectroscopy.

5.2 Experimental

5.2.1 Synthesis 0/ Al-doped TiO2 with controlled Si02 coating

morphology

Particles were made in an enc10sed flame spray pyrolysis (FSP)

reactor as described in detail elsewhere. [ZO] All oxide nanoparticles were

produced from metalorganic precursors in xylene solutions, 1 M in total

metal concentration. These solutions were fed at 5 mllmin to the FSP

reactor and dispersed there by 5 IImin Oz (Pan Gas, purity > 99%). The

solution spray was ignited by a methane/oxygen (1.5/3.2, total

4.7I1min) premixed ring-shaped flame and the pressure drop at the

nozzle tip was maintained at 1.5 bar. [Z4] The FSP reactor was enc10sed

by a 20 cm long quartz glass tube (ID = 4.5 cm) and the spray flame was

sheathed by 40llmin Oz flowing through the outermost sinter metal

plate at the FSP burner. At the top of that tube, a stainless steel metal

torus pipe (ID = 0.38 cm) ring (ID = 4.5 cm) with 16 radially equidistant

openings (0.06 cm each in diameter) was placed for injection of

hexamethyldisiloxane-Iaden N z enabling thus in-situ SiOz-coating of the
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FSP-made TiOz particles. Above the nng, another 30 cm long quartz

tube (ID =4.5 cm) was placed.

Alumina-doped TiOz particles (with 4 wt% Alz0 3) were produced

from precursor solutions of aluminum sec-butoxide (Al(s-BuO)3, Alfa

Aesar, purity > 95%) and titanium-tetra-isopropoxide (TTIP, Aldrich,

purity > 97%) in xylene (Riedel-de Haen, puriss). These particles were

in-situ coated with SiOz by introducing Nz carrying its precursor,

hexamethyldisiloxane (HMDSO, Aldrich, purity > 98%), vapor from a

bubbier along with additional mixing Nz gas through the above metal

torus pipe ring. The silica content in the product powder was varied from

2.5 to 20 wt% by controlling the temperature and the Nz flow rate

through the HMDSO bubbier. The HMDSO-laden Nz flow rate through

the torus ring was 5 or 15l1min to achieve low or high, respectively,

mixing intensity between the HMDSO-laden Nz jets and the FSP-made

Al-doped TiOz aerosol. All SiOz-coated Al-doped TiOz particles are

denoted ySi-coated AIITiOz, where y refers to the weight fraction of

SiOz, 4 wt% Alz0 3and the balance TiOz.

Mixed oxide particles (SiOzlAb03/TiOz) were made also by FSP

of solutions of HMDSO, Al(s-BuO)3 and TTIP in xylene. Also 15l1min

Nz was injected though the torus ring but without HMDSO, so these

particles experience similar high temperature residence times as the ones

undergone in-situ coating. These mixed oxide particles are denoted

ySiIAIITiOz, where y (0 -20) refers to the weight fraction of SiOz, 4 wt%

Ab03 and the balance TiOz as in the SiOz-coated particles.

In the same way, reference pure SiOz was made by FSP of a

solution of HMDSO in ethanol in the above unit. High silica content

TiOz particles (20 - 80 wt% SiOz and the balance TiOz) made in a co

flow, vapor-fed, diffusion flame reactor[Z5] were used for comparison

also.
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5.2.2 Particle characterization

Product powders were deposited onto a holey carbon foil

supported on a copper grid for analysis by transmission electron

microscopy (TEM: Philips CM30ST, LaB6 cathode). The microscope

was operated at 300 kV and has a SuperTwin lens with a point resolution

of -2 A (Fa. FEI, Eindhoven). X-ray diffraction (XRD) patterns were

obtained with a Bruker AXS D8 Advance diffractometer (40 kV, 40 mA,

Karlsruhe, Germany) operating with Cu Ku radiation and evaluated

using the TOPAS 3 software. The BET powder-specific surface area

(SSA), was measured by nitrogen adsorption at 77 K (Micromeritics

TriStar) after degassing the sampies, at least, for 1 h at 150°C in

nitrogen.

Electrophoretic mobility measurements (converted to zeta potential)

as a function of pH were performed with a Malvern Zetasizer (Nano

series) and a MPT-2 multi purpose' autotitrator. So 0.01 g of powder was

stirred into 20 ml of distilled water (Milli-Q), ultrasonicated' (Sonics,

Vibra Cell) for 5 minutes and titrated at 22°C with 0.1 M HCl or NaOH

for the acid or base range, respectively. This was performed with 10 ml

of the suspension from the starting pH (about pH 5-7) to the acid range

down to about pH 1.5. A second titration was carried out with the

remaining 10 ml of suspension to the basic range, up to about pH 10. At

each pH, the zeta (S) potential was measured three times and averaged.

The pH probe and suspension lines were c1eaned thoroughly after each

titration sequence. A mechanically mixed sampie was also investigated:

0.002 or 0.004 g FSP-made SiOz (SSA = 136 mZjg) was added to 0.008

or 0.006 g FSP-made AlITiOz (SSA = 38 m Zj g, 67 wt% rutile,

Xyutile = 29 nm, Xanatase = 42 nm), respectively, ultrasonicated and then

measured according to the previously described procedure. Co-oxidized
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20SilAlITi02 and 15Si-coated AlITi02 suspensions were stirred for 24h

after ultrasonication, but prior to electrophoretic measurement. The zeta

potential vs. pH curves for as-prepared and 24h suspensions nearly

overlapped. Thus only measurements on as-prepared suspensions are

presented here.

The chemisorption of isopropanol on FSP-made particles was

investigated on a Micromeritics Autoehern II 2920 unit. Prior to these

experiments, sampIes (50 mg each) were heated at 10°C/min to 400°C

and kept there for 30 min in a 20% O2 in Ar or pure O2 (50 mllmin)

atmosphere to remave surface water and carbonaceous species. [26] The

sampIe was then cooled down to 110°C and flushed with He for 10min.

Isopropanol (2000 ppm; Messer) in N z (50 mllmin) was then introduced

at 110°C for 30 min to minimize physisorption and optimize

chemisorption of isopropanol. [Z6] The gas atmosphere was again changed

to He and after 10 min the sampIe was heated at 10°C/min to 500°C.

During this final heating stage the thermal conductivity of the off-gases

was monitored by a thermal conductivity (TC) detector in the above

Autoehern. The off-gases from the Autoehern were analyzed by a mass

spectrometer (MS; Thermo Star, Pfeiffer Vacuum, SEM and emission

mode). The masses mlz = 45, 43 and 41 were taken for desorbed

unreacted isopropanal, mlz = 41 for propene formed and mlz = 18 for

water released. [16,27]

Raman (Renishaw InVia Raman microscope) spectra were recorded

with a 785 nm laser with 150 mW power at a range of 1200 - 50 cm-1

with an exposure time of 10 s. Five accumulations were taken for each

spectra. Infrared Fourier-transform spectra (FT-IR; Broker, Vector 22)

were measured by the KBr pellet method: 0.25 g KBr (Fluka, ~ 99.5%)

was ground with 1 mg of sampl~ and, pressed into a pellet at 10 tons for 5

minutes (Specac). Spectra were recorded at normal incidence to the
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pellet surface in the range 4000 - 500 cm- l with aresolution of 2 cm- l and

collection of 128 scans.

5.3 Results and discussion

5.3.1 Particle size, crystallinity and morphology

The uncoated AlITiOz particles have a rutile content of 67 wt%

that is reduced to 36 wt% as silica is added by co-oxidation but is

independent of the SiOz content. In contrast, the rutile content is not

reduced by SiOz-coating, as HMDSO is added after AlITiOz formation

in the FSP flame. The SSA increases in both co-oxidized and SiOz-coated

particles to 45 - 65 mZ
/ g compared to 38 mZ

/ g for uncoated AlITiOz.

Anatase and rutile crystallite sizes of all particles containing silica are

25 - 30 and 15 - 20 nm, respectively, with sizes smaller in co-oxidized

Si/AlITiOz but rather independent of SiOz content. Larger anatase than

rutile crystallite sizes have been reported for flame-made TiOz even at

high rutile contents .[Z8,Z9]

Figure 5.1 shows TEM images for 20Si-coated AlITiOz particles

produced at high (151Imin Nz; a, b) and low (5 lImin N z; c) mixing

intensity between the FSP-made TiOz aerosol and HMDSO vapor-Iaden

Nz in the reactor, as weIl as co-oxidized 20Si/AlITiOz (d). All particles

in Figure 5.1a appear rather homogeneously encapsulated by amorphaus

SiOz layers 2 - 4 nm thick in good agreement with the theoretical

coating thickness of 2.7 nm for 20 wt% SiOz on a 40 nm core particle.

The coating thickness decreased as the silica content was reduced (not

shown), and was no langer visible by TEM at < 10 wt% SiOz. The latter

could still be encapsulated by ultrathin or partial silica layers (0.6 nm

theoretical coating thickness for 5 wt% SiOz), that can no langer be

distinguished by TEM at this magnification. [10] Reducing the mixing

i I
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intensity between the coating precursor vapor and the freshly-made

titania aerosol in the reactor results in homogeneous nuc1eation of

HMDSO that reduces coating efficiency. Thus individual SiOz partic1es

are formed, and some uncoated TiOz could exit the reactor (Figure S.lc).

Co-oxidizing all Si!Al/Ti precursors by FSP results in oxide partic1es

segregated in amorphous and crystalline domains (Figure S.ld). Patches

of SiOz are present on the titania surface, but homogeneous coatings

could not be distinguished, similar to those made by co-oxidation of Si

and Ti-precursor vapors in diffusion flame reactors[Z5l.

Figure 5.1: TEM images 0/ Si-coated All Ti02produced at high (a, b) as weil as low (c)

mixing intensity in the FSP reactor and co-oxidized Si IAllTiO2 (d). All particles contain

20 wt% Si02 and 4 wt% AI20 J•
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5.3.2 Electrophoresis

Figure 5.2 showsthe, zeta potential as a function of pR for FSP-
. : '~ "-

made pure Si02(broken line) and AlITi02partic1es (solid line) as well as

their mechanically mixed powders consisting of 20 (triangles) and 40

(squares) wt% Si02 with the balance AIITi02. The isoe1ectric point

(IEP) of pure AlITi02 is at pR 7.7, in agreement with pR 7.9 reported

for Al-doped (0.91 wt%) Ti02 pigment made by the chloride process[30].

This IEP is in between those of pure titania and alumina, indicating the

presence of both aluminum hydroxide and titanium hydroxide surface

groups. [30] A complete alumina coating, however, would lead to even

higher IEP values c10ser to that of pure alumina at pR 9. [30] In gas-phase

synthesis of Al-doped titania, the formation of a substitutional solid

solution of Al in Ti02 h~s been reported, [23] along with aluminum

surface enrichment as verified by XPS. [23,31] The solubility of Ab03 in

Mechanically mixed -- pure AlITiOz
60 SiOz - Al/TiOz -I:::r- 20SiO -80 AVTiOz z

~ 40SiOz-60 AVTiOz
-- pure SiOz

Figure 5.2: Zeta potential as a function ofpHfor AllTi02 (solid line), Si02 (broken line) as

weil as mechanical mixtures ofthe two with 20 (triangles) and 40 (squares) wt% Si02 and the

balance AllTi02, respectively.
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rutile titania increases with temperature[3Z] and has been reported to be

2 wt% at 1426 °eY3] In similar spray flames producing TiOz, a

maximum temperature of 2000 - 2500 oe has been measured. [Z8] Further,

as the alumina content increases, Ae+ can not only be incorporated

substitutionally with overa~l charge balance by oxygen vacancies, but

also at interstitial sites. [3Z] Substitutional incorporation enhances rutile

formation[Z3] and results in here 60 - 70 wt% compared to 10 - 20 wt%

rutile for pure flame-made TiOz. [ZO,ZZ]

The IEP of pure SiOz is at about pR 1.7 in agreement with

Parks[34]. Powders consisting of mechanically mixed 20 and 40 wt% SiOz

with the rest AliTiOz have IEP at pR 4.9 and 3.2, respectively, that are

in between those of AliTiOz and SiOz but closer towards the latter. A

surface area weighted (SSAAl/Ti02 =38 mZlg, SSASi02 =136 mZlg) linear

interpolation[35] results in IEPs of pR 4.9 and 3.5 for 20 and 40 wt%

SiOz, respectively, that are in good agreement with the experimental

measurements here (Figure 5.2).

Figure 5.3a shows the t; potential as a function of pR for co

oxidized particles containing 2.5 (squares), 5 (diamonds), 10 (triangles

up), 15 (triangles down) and 20 (circles) wt% SiOz. The IEP of these

particles shifts towards lower pR values as their SiOz content increases

up to 10 wt% SiOz. Further increasing it to 15 wt% (pR 3.2) results in a

slightly higher IEP compared to 10 wt% SiOz (pR 2.7). Particles

containing 20 wt% SiOz have an IEP similar to that of pure SiOz (Figure

5.2). The mechanically-mixed 20 and even 40 wt% SiOz with AliTiOz

have higher isoelectric points (Figure 5.2) compared to co-oxidized

20SilAl/TiOz (Figure 5.3a). Patchy coatings of SiOz as observed by

TEM (Figure 5.1 d) or even thin encapsulations present in co-oxidized

particles passivate some of ,the Al/TiOz particle surface while in the

mechanically-mixed particles the total surface of AliTiOz is exposed to
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Figure 5.3: Zeta potential as a /unction 0/pR 0/ co-oxidized Si!AllTi02(a) and Si-coated

AlITi02 (b) at 2.5 (squares), 5 (diamonds), 10 (triangles up), 15 (triangles down) and 20

(circles) wt% Si02• Pure AllTi02 (solid line) and Si02 (broken line) are shown as reference.
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the solution.

Figure 5. 3b shows the zeta potential curves for AlITi02 coated

with 2.5 (squares), 5 (diamonds), 10 (triangles up), 15 (triangles down)

and 20 (circles) wt% Si02 • The zeta potential curve shifts towards lower

pH as AlITi02 is coated with 2.5 or 5 wt% Si02 similarly to co-oxidized

(Figure 5.3a) or mechanically mixed powders (Figure 5.2). For both

silica contents, however, the IEP is practically identical (pH 4.6). For

~ 10 wt% Si02-coated particles, the shape of the S potential curve

completely changes: the Spotential is negative over the whole pH range

and no isoelectric point is attained.Further, the potential is rather

constant at all applied pH and all the curves at these compositions are

nearly identical. This indicates an improved dispersability[8] of these

particles compared to uncoated AlITi02 (Figure 5.2) or co-oxidized

Si/AlITi02 (Figure 5.3a).

Furlong et al. [lI] showed that increasing the Si02 coating content

from 0.2 to 5 wt% on titania (dp = 70 nm) reduces the IEP until at

> 2.5 wt% the limit of pure Si02 is reached (pH 3.1). The silica coatings

applied on titania nanoparticles (dp = 10 - 70 nm) by the wet-phase Her

dense silica method are typically 0.3 - 0.8 nm thick (assuming a Si02

density of 2200 kg/m3
) to achieve a significant reduction of Ti02

photocatalytic activity. [10,11,36,37] Commercially available titania pigment

coating thickness is slightly higher, e.g. 1.1 nmYO] Here, when coating

Ti02 nanoparticles (dp = 38 nm) with 2.5 and 5 wt% Si02 the

theoretically expected silica coating is very thin « 1 nm) or partial. Thus

the underlying titania particle surface is not completely shielded and the

(potential curve (Figure 5.3b) resembles that of co-oxidized Si/AlITi02

(Figure 5.3a) and to a lesser extent that of pure AIITi02• At ~ 10 wt%

Si02 the expected coating thickness of Si02-coated AlITi02 is 1 - 3 nm
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resulting in negative zeta potentials at all pR (Figure 5.3b). Similar zeta

potential curves have been reported for wet-phase SiOz-coated

pigments[30,38] and nanopartic1es[8]. Djerdjev et al. [38] proposed that as

silica multilayers are deposited, uncharged Si-O-Si groups form instead

of ionizable Si-OR groups resulting in negative zeta potentials.

The formation of Si-O(R)-Ti bonds at the partic1e-coating interface

could alter the electrophoretic mobility, as the coatings here are quite

thin. TiOz/SiOz show stronger acidic properties than the individual

oxides. [39] Br0nsted acid sites are associated with the silica-titania

interface where Si-O(R)-Ti bonds form, [13] which can cause the negative

(potentials shown in Figure 5.3b. Further, Gun'ko et al. (13] computed a

higher polarazibility of TiOz/SiOz especially at the phase boundary of

the mixed compared to the pure oxides which increases the interaction

between adsorbed water and partic1e surface. Rowever, as the two

oxides segregate (into larger SiOz patches) as observed here in co

oxidized partic1es (Figure 5.1 d), the TiOz-SiOz interface and Br0nsted

acidity decreases. [39] This could explain the positive (potentials at

pR < 4 obtained with co-oxidized partic1es containing > 5 wt% SiOz

(Figure 5.3a).

Figure 5.4 shows the possible influence of surface aluminum

(Figure 5.2) by coating pure TiOz (filled circ1es) or AlITiOz as in Figure

5.3b (open circ1es) with 20 wt% SiOz. The (potential curves of the two

nanopowders are identical down to pR 3. At lower pR, the coated pure

TiOz partic1es exhibit slightly higher zeta potentials, similarly to Gun'ko

et al. [IZ]. However, the influence of aluminum does not seem significant

(as also discussed in Figure 5.2) as its concentration is low (4 wt%

Ah03). At these low Ah03 contents most of the Al ions are incorporated

in the TiOz lattice[3Z] and the presence of Al has little effect on the zeta
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potential of these suspensions. At higher Al contents such as 22 wt%

Ab0 3 in Si02/Ti02 positive zeta potentials are obtained at pR < 4. [12]

Figure 5.4 also shows the r; potential curve for 20Si-coated

AlITi02 produced at low rnixing intensity of the AlITi02 aerosol with

the Si02 precursor in the reactor (broken line). Down to pR 2.7 the curve

is slightly shifted to higher r; potentials compared to partic1es coated

more uniformly (Figure 5.4, open circ1es, solid line) while at 10werpR

the zeta potential slightly increases. Such suspensions contain some

separate Si02 partic1es as seen by TEM (Figure 5.lc) and uncoated or

very thinly coated Ti02 • Rowever, the zeta potential curve still rather

resembles that of Si-coated AlITi02 (Figure 5.3b) rather than co

oxidized Si/AlITi02 (Figure 5.3a) or pure Si02 (Figure 5.2). This

indicates that most titania partic1es are silica-coated even at poor mixing

intensities in the reactor.

Figure 5.4: Zeta potential as a function ofpHfor 20Si-coated Ti02 (filled eircles), co-oxidized

20Si / All Ti02 (crossed eircles) and 20Si-coated AllTi02 at high (open eircles) and low

(broken line) Si02 precursor vapor - Ti02 aerosol mixing in the FSP reactor.
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5.3.3 Chemisorption

The surface properties of these partides were further investigated

by isopropanol chemisorption. Figure 5.5a shows the thermal

conductivity (TC; broken line) as well as mass spectrometer (MS; solid

lines) signals of propene (m/z =41), isopropanol (m/z =41, 43 and 45)

and water (m/z = 18) as a function of temperature for uncoated AIITiOz.

Isopropanol (m/z =41, 43 and 45) was continuously released up to

300 °C,[Z7] as is also evidenced by a slight decrease in the TC signal up to

250°C. However, a sharp reduction in the TC signal occurs at 279°C,

which is also accompanied by an increase of the MS signal at m/z = 41

(Figure 5.5a). This temperature is quite dose to the surface isopropoxide

decomposition temperature of 265°C for pure TiOz (Degussa P25)

reported by Kulkarni and Wachs.[Z6] Furthermore the strong MS signal

can be attributed to propene formation, as Biaglow[16] also showed that

commercially available TiOz (Degussa P25) converted most of the

isopropanol to propene and water above 227°C. The hydroxyl species

desorb as water upon heating, [Z6]as also evidenced in Figure 5. 5a

(m/z = 18). Surface isopropoxide species as well as surface hydroxyls

form by the dissociative adsorption of isopropanol on the TiOz

surface. [Z6]

Figure 5.5b shows the TC (broken line) and MS (solid line) signals

obtained with co-oxidized Si/AIITiOz as is exemplified for 20 wt% SiOz.

Here, the main desorption of m/z = 41 occurs already at 188°C, e.g. at

almost 100°C below that of silica-free AIITiOz (Figure 5.5a). This is

probably caused by unreacted isopropanol, as it is released at lower

temperatures than propene. [16,Z7] Also the peak occurs at the same

temperature as the weak release of isopropanol from AIITiOz in Figure

5.5a.



119

rJ:J
Cl)

§.....
S
Q)

S.....
~

10

20

30

>

a) Al-doped Ti02

"- '" /----- .........-.~_ ..
......... ---- I" /\ I

\ I
\)

,----------------,-----,,..,.----=-=-r 40
broken line: TC
solid line: MS ....

I---'-----r--------.------r------+O

b) co-oxidized 20SilAlITi02

100 200 300 400 500

Temperature, oe
Figure 5.5: Mass spectrometer (MS, solid lines) and thermal conductivity (TC, broken lines)

signalsfor isopropanol (mlz = 41,43 and 45), propene (mlz = 41) and water (mlz = 18) as

a function 0/ temperature (and time on the right ordinate, dotted line) during isopropanol

desorption and decomposition on AllTiO2 (a) and co-oxidized 20SilAllTiO2 (b).
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Figure 5.6 shows the effect of SiOz content on TC peak

temperature in co-oxidized (circles) and coated (diamonds) particles. In

co-oxidized particles the TC peak temperature decreases to 192°C at

5 wt% SiOz, and then remains rather constant at higher silica contents.

Thus increasing the SiOz content in co-oxidized particles does not seem

to lead to improved coatings. As isopropanol can still chemisorb up to

20 wt% SiOz it seems that rather SiOz domains or particles grow in size

as seen in Figure 5.1 d. Liu et al. [Z7] even showed that the adsorption

capacities of mixed SiOzlTiOz is lower than that of pure titania and

decreases with increasing Si content.

~ co-oxidized Si/Al/Ti02

~ Si02-coated AI/Ti02
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Figure 5.6: The TC peak temperature as a /unction 0/ silica content in co-oxidized

Si!AllTi02 (eire/es) and Si-coated AllTi02 (diamonds) during isopropanol desorption and

decomposition.

Coated AlITiOz with 2.5 and 5 wt% SiOz (Figure 5.6: diamonds

and Figure 5.7) exhibited lower TC peak temperatures than co-oxidized

particles (Figure 5.6: circles) at these compositions indicating a better

SiOz coverage of coated than co-oxidized particles. Indeed, Figure 5.7
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shows that further increasing the SiOz content of SiOz-coated Al/TiOz

particles to 10 (not shown) and 20 wt% resulted in no sharp decrease in

the TC signal and no peak temperature as with pure SiOz indicating no

gas desorption in agreement with Liu et al. [Z7]. Kulkarni and Wachs[Z6]

also found much lower active surface site density for surface

isopropoxide species on SiOz than TiOz: 0.5 and 3.2 J.!mol/mz,

respectively. This indicates an effective1y hermetic coating of these TiOz

based particles at 2: 10 wt% SiOz, in agreement with their elecrophoretic

mobility (Figure 5.3b). Photocatalytic degradation of methyl orange in

water with 25 nm TiOz commercially available nanoparticles (Nippon

Aerosil) also showed that at least 10 wt% SiOz coating (corresponding to

a thickness of 1.5 nm) is required for a significant decrease in

photocatalytic activity. [36]

5 wt% Si02-coated AlITi02

20 wt% Si02-coated AVTi02

20 wt% Si02-coated AlITi02

low mixing intensity between coating vapor and core particles
"- ' ........ --."".,--, --..,,-...,-- ........ _---- ...... _-'- ..........

100 200 300 400 500

Temperature, oe
Figure 5. 7: TC signal as a function' 0/ temperature 0/pure Si02, as weil as 5 and 20 wt%

SiOrcoated All Ti02 during isopropanol desorption and decomposition. The broken line

spectrum corresponds to SiOrcoated All Ti02 particles made at lower Si02 precursor vapor 

Ti02 aerosol mixing intensity than the solid line spectra.



122

The 20Si-coated TiOz sampIe produced at low mixing intensity

between SiOz precursor vapor and TiOz aerosol (5I1min) was also

evaluated for isopropanol chemisorption (Figure 5.7, broken line). No

TC signal could be detected for this sampIe, although separate SiOz and

uncoated AIITiOz partic1es appeared in the TEM images. Most likely

thin films of SiOz had passivated the seemingly uncoated TiOz partic1es

or the desorbed species were below the detection limit of the TC

detector. This corroborates also with the Spotential results (Figure 5.4),

where these seemingly poorly coated particles exhibited electrophoretic

behavior of efficiently coated ones.

5.3.4 Chemical structure

Raman and FT-IR measurements were conducted first on high SiOz

content co-oxidized particles made in a vapor-fed diffusion flame

reactor[Z5] to investigate how the spectroscopie features evolve from pure

siliea to titania over their intimately mixed eo-oxidized compositions. At

80 wt% SiOz the Raman features' of pure SiOz are dominant

(Figure 5.8a). However, small TiOz erystallites,[39] not visible by TEM,[Z5]

are present as indieated by the appearanee of the main anatase peak of

low intensity at 144 ern-I. [40] Two new peaks, not present in pure SiOz,

appear at 930 and 1085 ern-I whieh ean be attributed to Si-O-Ti bonds. [41]

At 70 wt% SiOz Si-O-Ti bonds are detected at very low intensity as the

anatase reflections of TiOz are dominant as ean be seen by comparing

this speetrum to that of FSP-made Al-doped TiOz (Figure 5.8a). Further

deereasing the siliea content leads to anatase TiOz having high Raman

intensity that totally masks the presenee of Si-O-Ti bonds. At 60 wt%

SiOz the anatase erystals are 28 nm and ean also be c1early seen by

TEM. [Z5] It ean thus be conc1uqed that the Si-O-Ti band intensity

deereases by inereased segregation of TiOz.[41,4Z]
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Figure 5.8: Raman (a) and FT-IR (b) spectra 0/ Si02, Al/Ti02 and vaporjed flame-made

Si02! Ti02. The Raman peaks 0/anatase and rutile Ti02 are marked 'a' and 'r', respectively.
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Co-oxidized Si/Al/TiOz and Si-eoated Al/TiOz partic1es were

also investigated by Raman (not shown). However, due to the large TiOz

erystallites no information eould be gained on the presenee of Si-O-Ti

bonds. The speetra only refleeted the differenees in the anatase and rutile

eontents as ean also be measured by XRD.

Figure 5. 8b also shows FT-IR speetra of the high siliea eontent

vapor-fed flame-made TiOz partic1es[Z5]. At 80 wt% SiOz three distinet

peaks appear at about 800, 950 and 1100 em- I
. The 800 and 1100 em- I

peaks are also present in pure SiOz and ean be attributed to symmetrie

(transverse optieal TOz mode, 800 em- I
) and asymmetrie (transverse

optieal T03 mode, 1100 em,l) stretehing vibrations of Si-O-Si.[43] The IR

peak around 950 em- I ean be assigned to Si-O-Ti bonds[44] espeeially for

the partic1es here made at high flame temperatures. [45] The TOz band

deereases in intensity as the SiOz eoneentration deereases a.nd

eompletely vanishes at 20 wt% SiOz. The prominent peak of Ti-O

stretehing[5] around 650 em- I appears at 70 wt% SiOz and inereases in

intensity as the SiOz eontent deereases.

To better understand the Si-Ti interaetion, Figure 5.9 foeuses on the

region 1250 - 850 em- I (Ti-O-Si and Si-O-Si vibrations) as at lower

wavenumbers the Ti-O peak dominates (Figure 5.8b). More speeifieally,

Figure 5.9a shows FT-IR speetra ofFSP-made eo-oxidizedySi/Al/TiOz.

At 2.5 and 5 wt% SiOz hardly any peaks of Si-O-Si or Si-O-Ti are visible.

Bands at 950 and 1100 em- I appear at 10 wt% SiOz and inerease In

intensity as the siliea eontent inereases further . The speetrum of

20Si/Al/TiOz (Figure 5.9a) appears similar to that of vapor flame-made

20 wt% SiOz/TiOz (Figure 5.8b). The rather high and inereasing

intensity of the T03 band ean be attributed to the formation of larger

separate domains of SiOz whieh was also refleeted by the IEP shift at

inereasing siliea eontent (Figure 5.3a). This is eonsistent with Martins



125

a) co-ox~dized ySYAI/Ti02

b) Si02-coated ~!Ti02

I \
I \ 20 wt% Si02

I \ low rnixing intensity
I \ between coating vapor

/ \ and core partieles

/ \
/20 wt% Si02 \

/' \
/ \

I \
/ \ /-

I \/ ~~

"

0.5

0.0

0.7

0.6

;:i 0.5d
~

Q)
C,)

§ 0.4
-e
0
lZl 0.3~
~
,....;

0.2

0.1

0.0

0.4
;:i
d
Q)~

C,)

0.3§
-e
0
lZl

~ 0.2
~
,....;

0.1

1200 1100 1000 900

Wavenumber, cm- l

Figure 5.9: FT-IR spectra ofAl/Ti02, co-oxidized Si/Al/Ti02 (a) and Si-coated Al/Ti02 (b)

at different Si02 contents. The broken line spectrum corresponds to SiOrcoated Al/Ti02

particles made at lower Si02 precursor vapor - Ti02 aerosol mixing intensity than the solid

line spectra.



126

and Almeida[46] who reported an increase of this band when sol-gei-made

silica/titania films were heat-treated resulting in segregated silica- and

titania regions.

Figure 5.9b shows that in SiOz-coated AlITiOz, Si-O-Si bands

(1050 - 1250 cm- I
) appear already ,at 2.5 and 5 wt% SiOz but no Si-O-Ti

contrary to co-oxidized Si/AlITiOz at these compositions (Figure 5.9a).

The T03 peak is gradually shifted to higher wavenumbers as the SiOz

content increases and at 10 wt% SiOz also the Si-O-Ti band (950 cm- I
)

appears. With co-oxidized partic1es no such movement of the T03 peak

occurs (Figure 5.9a). Interestingly, partic1es thinly coated with SiOz

(1 - 2 nm at 10 - 15 wt% SiOz) exhibit a distinct peak at 1225 cm- I

(Figure 5.9b). At thicker SiOz layers (e.g. 20 wt%) the peak becomes a

shoulder at the 1100 - 1225 cm- I band. This is a characteristic of bulk

SiOz regions seen in pure SiOz (Figure 5.8b) or separate SiOz domains as

those appear in co-oxidized Si/AlITiOz partic1es (Figure 5.9a @ 10 wt%

SiOz). This peak or band is related to the longitudinal optical component

(L03) of the high-frequency vibration of SiOZ[43] and is denoted SR

following Almeida and Pantano[47] as radiation incident normal to the

surface, as applied here, should only excite TO modes. Almeida and

Pantano[47] showed that the intensity of SR was decreased as silica gel

films were heat-treated which might be attributed to Si-O-Si bond strain

in the as-prepared gel. Further, Almeida et al. [48] reported a red shift of

the T03 band of as-prepared silica geI compared to bulk silica, agaln

attributed to Si-O-Si bond strain.

Thus, as the first silica monolayers are formed in Si-coated

AlITiOz at low SiOz content, astrain at the partic1e-coating interface is

created. This strain is red~ced as the coating thickness increases and

multilayers build up at increasing SiOz contents. This is also evidenced

here by the reduction in SR intensity for 20Si-coated AlITiOz partic1es
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(Figure 5.9b) and a peak position of T03 (1090 cm-I
) identical to that

found in co-oxidized Si!AlITiOz where large SiOz domains have been

formed (Figure 5.9a). Furthermore, co-oxidized (Figure 5.9a) or pure

SiOz (Figure 5.8b) partic1es were formed at the high temperatures

prevailing in the flame. In contrast, with SiOz-coated TiOz silica was

formed at substantially lower temperatures further downstream from the

FSP flame. Thus co-oxidizyd partic1es were formed at highly energetic
\ '

conditions favoring bond rearrangements and restructuring w:hile FSP-

made TiOz that was coated by SiOz at lower temperatures resulted in

strained SiOz bonds. So the Si-O-Ti bonds (950 cm- I
) appeared stronger

in co-oxidized (Figure 5.9a) than coated (Figure 5.9b) partic1es at similar

SiOz contents. Formation of these bonds is facilitated by the higher

temperature in the co-oxidized Si/AlITiOz flame, as indicated by the

absence of such bonds in 2.5 and 5 wt% Si-coated particles while Si-O-Si

bonds (T03 at 1100 cm- I and SR) have been formed already (Figure

5.9b). The strongest Si-O-Ti intensity was found in high (20 - 80 wt%)

silica content SiOz/TiOz (Figure 5.8b), where small anatase crystallites

are embedded in a silica m{itrix (Figure 5.8a: 144 cm- I
) maximizing the

silica-titania interface.

Poor mixing of the SiOz coating precursor vapor with the TiOz

aerosol results in an IR spectrum (Figure 5.9b: 20 wt% SiOz 10w mixing

intensity, broken line) that resembles that of co-oxidized Si/AlITiOz at

the same SiOz content (Figure 5.9a). As the former exhibits negative

C; potential at all pR and no ispropanol chemisorption, all TiOz particles

are SiOz-coated. The strong T03 peaks of this powder, however, reveal

that it contains bulk SiOz that could be attributed to larger SiOz domains

or separate partic1es. So by combining electrophoresis/chemisorption

and IR, the extent of SiOz-coating on TiOz (patchy/hermetic) as well as

the presence of separate SiQz partic1e or domains can be distinguished.
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5.4 Conclusions

Flame-made Al-doped, mostly rutile, TiOz nanoparticles mixed or

in-situ coated with SiOz were characterized optically, electrophoretically,

chemically and spectroscopically. Silica shifted the isoelectric point of

aqueous supensions of externally-mixed SiOz and TiOz, co-oxidized or

partially SiOz-coated TiOz nanopartic1es to lower pR approaching that of

pure SiOz. Uncoated or partially coated TiOz partic1es could chemisorb

isopropanol and partially, convert it to propene. Coating titania,

however, with more than 10 wt% SiOz complete1y inhibited isopropanol

chemisorption and resulted in negative zeta potentials at all pR. Partic1es

containing segregated SiOz and TiOz domains present in co-oxidized

SiOzlTiOz exhibited stronger IR intensities of Si-O-Ti bonds than

hermetically coated TiOz. Furthermore, the intensity of the IR band or

peak at 1225 cm-1 attributed to Si-O-Si asymmetric vibrations indicated a

certain strain in these bonds for thin hermetic SiOz coatings in contrast

to pure or separate domains of SiOz. So e1ectrophoretic behavior and

isopropanol chemisorption of these silica-coated TiOz could distinguish

between partial (patchy) and complete (hermetic) coatings of TiOz and

when combined with FT-IRit might be possible to identify separate SiOz

domains (rough coatings) or partic1es.
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Research Recommendations

This work has shown that partic1es made by flame spray pyrolysis

(FSP) can be in-situ coated with Si02• Titania nanopartic1es about 40 nm

in size were encapsulated by smooth and homogeneous Si02 coatings

and had a low photocatalytic activity in the degradation of isopropanol

to acetone. These characteristics make the particles attractive as

additives in liquids or polymers as they would absorb UV light without

inducing photodegradation of the organic matrix. The size of the core

partic1es could be further decreased to 10 - 20 nm by adjusting FSP

flame parameters, assuring transparency of the final nanocomposite.

After this demonstration of principle, the long term photostability of the

partic1es should be tested in the host matrices under conditions relevant

for the final application (e.g. temperature, humidity).

The extent of partic1e aggregation has been determined for core

Ti02 particles by high pressure dispersion (HPD) and dynamic light

scattering (DLS). Coating these particles could alter agglomeration

which affects the energy required to disperse them well in liquids or

polymers. Furthermore, ,the presence of aggregates decreases
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nanocomposite transparency. The influence of in-situ SiOz-coating on

partic1e agglomeration should thus be elucidated and the reactor applied

for synthesis of these in-situ coated partic1es should be optimized to

achieve minimal aggregation.

A logical next step is the extension of the in-situ coating process

developed in this work to further materials. Zinc oxide is a photocatalyst

attractive as UV-absorber e.g. in sunscreens. The surface of ZnO, just

like TiOz, needs to be passivated, by SiOz to inhibit photocatalytic

reactions with the host matrix. [1) Another material system of interest is

SiOz-coated FexOy • Maghemite (FeZ03) particles smaller than 20 nm

exhibit superpara-magnetism, but need to be SiOz-coated to inhibit

magnetically induced self-aggregation of the cores and to improve

functionality or biocompatibility. [Z)

The laboratory scale reactor enabled synthesis of coated

nanopartic1es at reasonable production rates (30 g/h). This is, however,

too low for an industrial production of these partic1es. The influence of

production rate on partic1e morphology should be systematically

investigated. An enc10sed pilot-scale FSP reactor should be set-up and

process parameters shouldbe optimized. This concerns especially the

mixing of coating vapor with the FSP aerosol as in large systems higher

gas flow ve10cities and larger reactor diameters could have a

considerable impact on coating efficiency. Compared to laboratory scale

experiments, also higher overall reactor temperatures are to be expected

as the production rate increases and operation times are longer which

could also influence coating quality and efficiency. Temperature profiles

in the enc10sed reactor could be measured with thermocouples or by FT

IR spectroscopy[3) to deepen the understanding of coating precursor

reaction kinetics and thereby optimize reactor dimensions, e.g.

temperature and reactor length in the coating zone.
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In this study, the coating precursor was added as a vapor. Thereby

coating materials were limited to those which have readily available

precursors with reasonably low evaporation temperatures. The reactor

should be modified to allow for addition of liquid coating precursors in

order to broaden the spectrum of functional materials that could be

synthesized (similarly to the advantage of FSP over vapor-fed flame

reactors). For example, Ab03 coatings are commonly applied to

pigmentary titania in wet-phase processes, however, volatile aluminum

precursors for gas-phase coating are sparse. Precursors in appropriate

solvents could be added as a fine spray to the freshly-formed core

partic1es. The heat generated by the FSP flame might not be sufficient to

combust the coating spray depending on its point of introduction and

precursor/ solvent composition. Thus the residence time and/or

temperature in the reactor might have to be increased. The mixing of the

fine spray with the core partic1es should be taken into account; several

sprays could supply the cQating precursor to improve mixing.

Multicomponent coatings could be added to flame-made partic1es

to further increase their functionality. For example, the sequential SiOz

and ZrOz coating of TiOz would result in UV-absorbing partic1es (by

TiOz) with limited photoactivity (by SiOz) and an isoelectric point c10se

to neutral (by ZrOz) more compatible with host matrices compared to

acidic SiOz. The coatings could be formed from either their gaseous or

liquid precursors depending on the precursor properties. In such a

reactor each zone must be sufficiently long to complete coating

formation prior to addition of the subsequent precursor. Additional heat

could be provided to assure complete combustion and reaction of all

coating precursors.

The process should be further developed to compnse in-situ

organic surface modification of flame-made partic1es. Unmodified
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particles with hydrophilie surfaees tend to aggregate in polymer

matriees, resulting in poor meehanieal or optieal properties of the final

nanoeomposite. Organie preeursors eould be sprayed into the reaetor

where they would reaet with the freshly-formed eore particle surfaee

(Figure 6.1). Temperature eontrol would be emeial to assure reaetion of

organie moleeules on the particle surfaee but to prevent their

eombustion. The eore particle aerosol eould be rapidly eooled by gas

quenehing or water-eooled reaetor walls. Ideally, the proeess for

inorganie or organie surfaee funetionalization should be eombined for

the one-step synthesis of ready-to-use nanoparticles.

t
to Filter

~' : B'

o/cHJi L 02
Precursor/02

Figure 6.1: Schematic 0/ an experimental set-up tor in-situ organic coating 0/ FSP-made

nanoparticles.
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Supplementary Data: Particle Size

and Crystallinity of Si02/Al203/Ti02

A.l Experimental

X-ray diffraction (XRD) patterns were obtained with a Bruker

AXS D8 Advance diffractometer (40 kV, 40 mA, Karlsruhe, Germany)

operating with Cu Ku radiation. The anatase and rutile crystallite sizes,

X a and X n respectively, and phase c0mposition were determined by the

fundamental parameter approach and the Rietveld method[11. The BET

powder-specific surface area (SSA) , was measured by nitrogen

adsorption at 77 K (Micromeritics TriStar) after degassing the sampies,

at least, for 1 h at 150°C in nitrogen.

A.2 Results and discussion

Figure A.la shows the rutile weight fraction (triangles) and SSA

(circ1es) of co-oxidized ySi/4AlITiOz (filled symbols) and SiOz-coated

4AlITiOz (open symbols) at standard conditions (BRD = 20 cm and

15 lImin N z). The corresponding anatase (triangles) and rutile (circ1es)
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(b: triangles) and rutile (b: eircles) crystallite sizes as a /unction 0/SiO2 content in co-oxidized

Si/4Al/Ti02 (filled symbols) and Si-coated 4Al/Ti02 (open symbols).
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crystallite sizes are depicted in Figure A.1b. The rutile weight fraction

initially decreases up to 5 wt% SiOz for the co-oxidized partic1es (Figure

A.1a) consistent with flame 1iterature[Zl. Addition of 5 wt% SiOz reduces

the rutile from 67 to 36 wt%. Further increasing the SiOz content does

not affect the rutile fraction. Similarly, Xa and X y initially decrease up to

5 wt% SiOz and are rather constant at higher SiOz contents (Figure A.1 b,

filled symbols). Si4+ (0.40 A) is small enough to enter the titania lattice

interstitially and thereby inhibit the anatase to rutile transformation[31.

The crystal ionic radius of A13
+ is 0.53 A (coordination number: 6),

which is similar to that of Ti4+ (0.61 A). It has thus been suggested that

aluminum can form a substitutional "solid solution in the titania lattice[41

and enhances anatase to rutile transformation. At low SiOz contents, Si4+

might thus enter the titania lattice and counteract the rutile promotion of

aluminum. Further, the presence of Si4+ in the lattice reduces the

sintering rate of titania[31, which would explain the initial decrease in the

crystallite sizes (Figure A.1 b)[51. At higher contents SiOz segregates and

no longer affects the anatase content of titania (Figure A.1a).

In contrast, for SiOz-coated 4Al/TiOz the rutile content is nearly

constant up to 15 wt% SiOz and hardly decreases to 60 wt% at 20 wt%

SiOz. Thus the promotion of anatase by silica is reduced by addition of

the HMDSO vapor (at 20 cm ERD) downstream of titania as silica is

mainly segregated on the TiOz surface and does not enter the titania

lattice.

In co-oxidized ySi/4Al/TiOz the SSA increases with increasing

SiOz content (Figure A.1a) consistent with literature[Z,31. The SSA of

SiOz-coated 4Al/TiOz initially increases up to 10 wt% SiOz and then

decreases again at higher silica content (Figure A.1a). The same

dependence on SiOz content is seen for Xa and Xy (Figure A.1 b). Taking
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into account this slight change in the titania core partic1e size, the first

increasing and then decreasing trend of SSA is expected.
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Synthesis of Si02-coated

Ti02 at high production rate

B.l Experimental

B.I.I Pilot scale reactor /or in-situ Si02 coating 0/ FSP-made TiO2

nanoparticles

The pilot-scale reactor[l] was enclosed (Figure B.I) for coating

FSP-made TiOz nanoparticles with silica delivered by HMDSO vapor.

Figure B.I shows a schematic of the completely enclosed pilot-scale

reactor with the installation of the vapor coating ring. The base of the

FSP burner was surrounded by a metal ring for more precise and tight

positioning of the tubing. The FSP burner was enclosed by a 300 mm

long metal tube (120 mm ID), followed by a cone (250 mm) reducing the

ID to 40 mm. Here the vapor coating ring supplying a HMDSO/Nz

mixture was installed and followed by a 300 mm long INCONEL® tube,

as in the laboratory FSP reactor. This tube was connected to the piping

of the bag house filter. K-type thermocouples were installed 10 cm
i '

upstream (TI-I) as weIl as 15;cm downstream (TI-2) of the vapor coating

ring to monitor gas stream temperature (Figure B.I). A sinter fleece
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mesh plate with 28 mm ID and 100 mm OD was installed surrounding

the burner to homogenize the sheath gas flow in the enclosed reactor.

Three inlets distributed over the area of the plate supplied 28 - 30 m3/h

of pressurized air. The sheath gas flow rate was varied to obtain

comparable temperatures during all experiments at TI-l and TI-2. The

temperature at the inlet of the baghouse filter was controlled by the

ambient air supply through ~ by-pass.

to Baghouse Filter

t

r------f"+------4TI-2

HMDSO/Nz

1.It------+bJ~1N,

O/CH4~i L Pressurized air

Precursor/Oz

Figure B.I: Schematic 0/ the enclosed pilot-scale FSP unit with a vapor coating ring tor

synthesis 0/SiOrcoated Ti02•
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A 1 M solution of titanium isopropoxide (TTIP) in acetic acid and

2-ethylhexanoic acid (50/50 by volume) was fed at 50 mllmin to the

pilot-scale FSP set-up and was dispersed by 50 lImin Oz. This should

have resulted in 240 g/h of titania, corresponding to a scale-up factor of

10 compared to the laboratory-scale reactor. The liquid spray was ignited

by a CH4/O Z (4/8.8, totaling 12.8 11min) diffusion flame. An evaporator

(Bronkhorst) supplied 101lmin N z carrying the HMDSO vapor. The

evaporator and its exit manifold were heated to 75°C. The HMDSO

laden N z was mixed with additional 5 - 60 l/min of N z. The sum of the

N z from the evaporator and the additional N z gas is referred as "Nz

mixing gas" here. Thus the evaporator supplied 81 g/h HMDSO, which

should have resulted in nominal 20 wt% SiOz in the product powder and

a total production rate of 300 g/h. The N z mixing gas carrying the

HMDSO vapor was introduced through the vapor doping ring with 12

openings of either 0.6 (15 - 50 lImin N z) or 1 mm (70 l/min N z) ID.

Larger openings were necessary at 70 l/min N z as the pressure drop

through the 0.6 mm ring openings was too high to operate the

evaporator. Relatively large sampies of product particles were collected

on a by-pass filter with one filter candleYl

B.I.2 Particle Characterization

Product powders were deposited onto a holey carbon foil

supported on a copper grid for analysis by transmission electron

mlcroscopy (TEM, mlcroscope: CM30ST, LaB6 cathode). The

microscope was operated at 300 kV and had a SuperTwin lens with a

point resolution of ~2 A (Fa. FEI, Eindhoven). X-ray diffraction (XRD)

patterns were obtained with a Bruker AXS D8 Advance diffractometer

(40 kV, 40 mA, Karlsruhe, Germany) operating with Cu Ku radiation.

The anatase and rutile sizes Xa and Xn respectively, and phase
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composition were determined with the software TOPAS 3. The BET

powder-specific surface area. (SSA), was measured by N 2 adsorption at

77 K (Micromeritics TriStar) after degassing the sampies, at least, for 1 h

at 150°C in N 2 .

The photocatalytic aCt1vlty of these particles was evaluated by

photooxidation of isopropanol (IPA). Prior to the test, moisture was

removed by heating the particles in vacuum at 80°C for at least an hour.

A stirred suspension of the particles (0.5 g) in 20 ml isopropanol was

oxygenated for 60 sand then placed in a bath at 30°C beneath an UV

lamp at 36 W / cm2 for 30 minutes. The irradiated suspensions were

centrifuged for 15 minutes at 10'000 rpm and 2 ml of the clear

supernatant was analyzed by gas chromatography (GC) to determine the

amount of acetone formed..A UV-irradiated blank isopropanol sampie

was also analyzed by GC for calibration.

B.2 Results and discussion

Figure B.2a shows aTEM Image of pure Ti02 produced with

701lmin N 2 mIxIng gas. The particles are rather polyhedral and the

lattice fringes are clearly visible, in agreement with Ti02 produced in an

enclosed laboratory-scale reactor[31. Silica-coated Ti02 were produced

with 15 (b), 30 (c), 50 (d) and 70 (e) lImin N2 mixing gas. Particles at all

N 2 mixing gas flow rates are coated. Some, however appear

inhomogeneously coated and interconnected by amorphous Si02 bridges

as exemplified at 30 lImin N2 (FigureB.2c). Separate Si02 particles, as

observed by TEM during laboratory-scale experiments when reducing

the N 2 mixing flow rate at constant number of openings, were not

observed here. The effect of N2 mixing flow rate is demonstrated

nevertheless by the performance in the photocatalytic degradation of

IPA. It showed that powders made with 70 lImin N2 exhibited 80-85 %
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Figure B.2: TEM ofpure Ti02 (a) and SiOrcoated Ti02 particles using 15 (b), 30 (c), 50 (d)

and 70 l/min (e) N 2 mixing gas.
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lower photocatalytic performance (acetone released, Table B.l) than

those made at lower such flow rates. Probably there is less uniformity on

the pilot-scale reactor made powders than those made at the laboratory

scale reactor.

Specific surface areas (SSA), rutile weight fraction as weIl as

anatase and rutile crystallite sizes of the product particles are
,

summarized in Table B.l.· The particle size and crystallinity do not

depend on the Nz mixing gas flow rate (15-70 11min). The addition of

SiOz does not affect rutile weight fraction or crystallite sizes compared to

pure TiOz at 70 lImin Nz. This indicates that SiOz addition took place

after completion of TiOz formation and growth contrary to what is

observed when premixing the precursors of Si and Ti during FSP

synthesis.

Table B.I: SSA, rutile weight fraction, as weil as anatase and rutile crystallite sizes 0/
particles produced at different N 2 mixing 'gas flow rates (e.g. power input). The temperatures

at reactor positions TI-I and TI-2 and the acetone released in IPA tests are also presented.

N z SSA Rutile Xa Xr TI-l TI-2 Acetone
mixing mZ/g wt% nm nm oe oe IJg/mlIImin

15 39/39 14/16 37/37 22/27 790/800 790/790 44

30 40 15 37 25 830 775 52

50 38 15 38 27 860 780 33

70 37/41 16/16 40/36 26/28 860/820 775/775 7

70 - w/o 49 16 38 27 820 780HMDSO
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Supplementary Data: CFD Grid

Computational fluid dynamics (CFD) were applied to simulate the

mixing of FSP-made TiOz aerosol with HMDSO-laden Nz. The reactor

was enclosed by a tube 4.5 cm in diameter and the HMDSO-laden Nz

was fed through 16 openings (directed 10° away from the ring radius and

pointing downstream by 20°) at standard conditions. The overview of

the CFD grid with two mesh domains (see chapter 4.2.3) for the

simulated reactor is shown in Figure C.1a. The grid at the HMDSO

laden Nz outlets is depicted in the detail view of Figure C.1b. The cross

sectional views of the tube inlet (fine mesh domain) and outlet (coarse

mesh domain) are shown in Figure C.1c,d.

The steady state solution of the reactor domain was calculated

with the high resolution advection scheme of the CFX-solver.

Convergence was reached with a target root-mean square residual of 10-4

and mesh refinement. The final grid (fine/coarse) contained 1'084'111

(995'530/180'850) elements 'with 199'175 (88'581/18'325) nodes.
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cl)

b)

c)

a)

Figure C.I: General view of 1/16 ofthe tube and CFD grid with the two domains generated

for simulation of the crossjlow mixing of the FSP-made titania aerosol with the HMDSO

laden N 2 jets (a). A detail view shows the refinement of the grid at the jet inlets (b) as weil as

the grid in a cross-sectional contour at the inlet (first fine mesh domain; c) and outlet (second

coarse mesh domain; d).



Supplementary Data:

Si02-coated Ti02 Suspension Stability

D.l Experimental

Electrophoretic mobility measurements (converted to zeta

potential) as a function of pH were performed with a Malvern Zetasizer

(Nano series) and a MPT-2 multi purpose autotitrator. So 0.01 g of

powder was stirred into 20 ml of distilled water (Milli-Q), ultrasonicated

(Sonics, Vibra Cell) for 5 minutes' and titrated at 22°C with 0.1 M HCl

or NaOH for the acid or base range; respectively. This was performed

with 10 ml of the suspension from the starting pH (about pH 5-7) to the

acid range down to about pH 1.5. A second titration was carried out

with the remaining 10 ml of suspension to the basic range, up to about

pH 10. At each pH, the zeta (S) potential was measured three times and

averaged. The pH probe and suspension lines were cleaned thoroughly

after each titration sequence.
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D.2 Results and discussion

Figure D.1 shows zeta potential curves for 20SilAl/TiOz (circles)

and 15Si-coated Al/TiOz (triangles) measured right after ultrasonication

(open symbols) and after ultrasonication followed by 24 h stirring (filled

symbols). The as-prepared and 24 h curves nearly overlap for both

particle compositions. Furlong et al. [1] aged 5 wt% SiOz-coated

pigmentary rutile TiOz aqueous suspensions for 3 weeks at pR 7 and

obtained nearly identical electrophoretic mobility vs. pR curves as right

after preparation.

60 ,.------------,-----.,----------,,...-,
open symbols: as-prepared suspensio
filled symbols: after 24h
-0- co-oxidized 20 wt% SiOz
-V- 15 wt% SiOz-coated

~ 20

ti
.~ 0 +--r--------------!
Eo
$
~ -20

-40

-60 -'----,----,----,.-----'--.,-------,r-'

2 4 6

pH

8 10

Figure D.l: Zeta potential as a /unction 0/ pH 0/ co-oxidized 20SiIAlI Ti02 (eire/es) and

15Si-coated AllTi02 (triangles) measured right after ultrasonication (open symbols) and after

24h stirring (fi//ed symbols).

The as-prepared suspensions of 2.5 and 20Si-coated Al/TiOz were

left for 24h without stirring and the photographs shown in Figure D .2a

were taken. The 2.5Si-coated Al/TiOz suspension clearly shows a
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gradient of increasing particle concentration towards the bottom of the

container and sediment has build up. In contrast, the 20Si-coated

AIITiOz particles seem homogeneously suspended in the suspension,

confirming their good dispersability. This becomes even more evident

after 48h (Figure D.2b), when a large fraction of 2.5Si-coated AIITiOz

has built up a sediment while 20Si-coated AIITiOz seems to be still in

solution.

Figure D.2: Photographs showing suspensions 0/2.5 and 20 wt% SiOrcoated Al/Ti02 after

24 (a) and 48 (b) hours.
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Sensing of Organic Vapors by

Flame-Made Ti02 Nanoparticles1

Abstract Nanostructured anatase TiOz was produced by flame spray

pyrolysis (FSP) and tested for sensing of volatile organic compounds and

CO at 500°C. The as-prepared powders were characterized by

transmission/scanning electron microscopy, X-ray diffraction and

nitrogen adsorption. Titania films about 30 /-lm thick on alumina

substrates interdigitated with gold electrodes were prepared by drop

coating a heptanol suspension of these powders. The films showed a

high signal of n-type sensor to isoprene, acetone and ethanol at

concentrations ranging from I to 75 ppm in dry Nz/Oz at 500°C. The

response (within seconds) and recovery (within minutes) times were very

fast. Heat-treatment at 900°C caused a nearly complete anatase to rutile

transformation and a transition to p-type sensing behavior. That resulted

in a poor sensor signal to all hydrocarbons tested and considerably

longer recovery times than that of the anatase sensor. That rutile sensor

could detect CO that the original, anatase sensor could not. For ethanol

the sensor response changed back to n-type.

I Part of this chapter is published in Sens. Actuators, B, ehern. 119, 683 (2006).
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E.I Introduction

Titanium dioxide (TiOz) based sensors have been applied for

measuring many gases including oxygen[l,Z], carbon monoxide[3,4],

hydrogen[5], nitrouslnitric oxide[6,7], water vapor[8,9] and hydrocarbon

gases[lO,ll]. Titania sensors areparticularly attractive as reducing gas

sensors since their response is affected to a lesser extent by humidity

than that of the common SnOz sensors. [lZ]

Larger surface area materials provide high sensitivity at low gas

concentrations. [13] For example, Gao et al. [14] found that nano-scale

titania films exhibited better oxygen sensing performance than micron

sized ones. Thermal pre-treatment of sensing devices is often required to

ensure sensor stability. This causes grain growth of the material,

resulting in a lower surface area and paar sensor response. Moreover, in

the case of TiOz, temperatures over 600°C lead to a crystallographic

phase transition from anatase to rutile. [15] Dopants are typically added to

titania either to increase its thermal stability (Si[16], Nb[13], Ta[lZ], La[17])

or sensor sensitivity and selectivity (CUO[18]).

Large and easily accessible surface area, high crystallinity and the

ability to include noble metal doping are all requirements for TiOz sensor

material synthesis routes. Nano- and micrometer TiOz particles for gas

sensing have been producedby sol-gel[8], oxidation of metallic titanium

foil[4], laser pyrolysis[13], magnetron sputtering[5], supersonic cluster beam

deposition[19] and ball milling of commercial powders[ZO].

An alternative and highly attractive synthesis route for

nanostructured TiOz is flame technology which is used largely for

manufacture of about 2 million tons/year pigmentary titania[Zl]. Size,

crystallinity and morphology of flame-made TiOz can be contralIed by

changing the high temperature residence time of the particles in the
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flame.[ZZ,Z3] Doped-TiOz can be readily made by co-oxidation of the
,

precursors in the flame. For example, silica stabilizes the anatase phase,

while alumina or tin oxide promote rutile formation. [Z4,Z5] Addition of

low-volatility dopant precursors (e.g. for platinum) can be facilitated by

flame spray pyrolysis[Z6] that have resulted in highly sensitive Pt/SnOz

sensors[Z7]. Tin dioxide nanopartic1es made by flame spray pyrolysis

(FSP) have already shown high and fast response to propanal and

NOZ[Z8]. Furthermore, flame technology allows for direct deposition of

nanostructured SnOz partic1es on sensing substrates avoiding the rather

demanding deposition of slurries and pastes on electrodes. [Z9]

Here, the sensing of volatile organic compounds and CO is

explored using flame-made TiOz anatase nanopartic1es. For this purpose

ethanol, isoprene (2-methyl-l, 3-butadiene) and acetone are selected;

representing alcohols, alkenes and ketones, respectively. Acetone is a

common airborne contaminant. [30] Isoprene has the highest

concentration among the hydrocarbon metabolites in human breath and

originates from the decomposition of organic phosphate In

cholesterol. [31] It can also be found over forested environments, where it

is biosynthesized by the carboxylation process in the leaf chloroplast. [3Z]

Ethanol detection is required for applications such as breath analyzers,

monitoring devices for food-quality and fruit ripening. [33]

E.2 Experimental

E.2.1 Particle and sensing film synthesis

TiOz nanopartic1es were produced in a flame spray pyrolysis (FSP)

reactor described in detail e1sewhere. [34,35] Precursor solutions (0.5 M or

0.67 M) were prepared from titanium-tetra-isopropoxide (TTIP, Aldrich,

purity > 97%) diluted in an 11:5 (by volume) mixture of xylene (Fluka,
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> 98.5%) and acetonitrile (Fluka, > 99.5%) and fed at 5 mllmin through

the inner reactor capillary. Through the surrounding annulus, 5 IImin of

oxygen (Pan Gas, purity > 99%) were fed dispersing the precursor

solution into a combustible spray. The pressure drop at the nozzle tip

was maintained at 1.5 bar.. The methane and oxygen flow rates in the

FSP-supporting premixed flame[35] were 1.5 and 3.2 11min, respectively.

The spray-flame could be sheathed with 40llmin of oxygen gas and

enc10sed by a 40 cm long glass tube resulting in higher temperatures. The

powders were suspended in 1-heptanol (Acros Organics) and were drop

coated onto alumina substrates with interdigitated Au e1ectrodes

(lOxl0 mm; Electronics Design Center, MicroFabrication Lab, Case

Western Reserve University) and dried at 100°C, at least, for 1 hour in

an oven.

E.2.2 Particle and sensing film characterization

X-ray diffraction (XRD) patterns of product powders and sensing

films were obtained with a Bruker AXS D8 Advance diffractometer

(40 kV, 40 mA, Karlsruhe, Germany) operating with Cu Ku radiation.

The fundamental parameter approach and the Rietve1d method[36] were

applied to determine the anatase and rutile crystallite sizes, Xa and x"

respectively, and phase composition. The BET powder-specific surface

area (SSA), was measured by nitrogen adsorption at 77 K (Micromeritics

Gemini 2375) after degassing the sampie, at least, for 1 h at 150°C in

nitrogen. The BET equivalent average diameter (dBET) was calculated as

dBET = 6/(SSA*pp), where Pp is the weighted density of TiOz (4260 or

3840 kg/m3 for rutile or anatase, respectively). The product powder was

deposited onto a holey carbdn foil s~pported on a copper grid for further

analysis by transmission electron mlcroscopy (TEM; CM30ST

microscope, FEI (Eindhoven), LaB6 cathode, operated at 300 kV,
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SuperTwin lens, point resolution ~2 A). The senslng films were

investigated with a scanning electron microscope (SEM, LEO 1530

Gemini microscope) operated at low voltage (1 kV) to achieve a suitable

contrast of the surface details in the secondary electron images while

minimizing charging.

E.2.3 Characterization ofthe gas sensihg properties by DC electrical tests

DC electrical measurements (sensor tests) have been performed to

monitor the response to acetone (I - 7.5 ppm), isoprene (2-methyl-l,3

butadiene; 1 - 9 ppm), ethanol (10 - 75 ppm) and CO (15 - 35 ppm) in a

dry Nz/Oz atmosphere (all gases Specgas, Inc.). The pulse time of the

gases at each concentration was usually 180 s.

A schematic of the experimental set-up used for the DC electrical

tests is shown in Figure E .1. The sensor was placed in the center of a

quartz tube (2.5 cm diameter and 60 cm length), which in turn was

introduced into a tubular furnace (Lindberg/Blue). Gold wires were

soldered to the sensor electrodes and externally connected to a digital

multimeter (Agilent 34401) recording the sensor resistance. 137
] The

furnace was heated to 500°C in 1 hour and kept at this temperature

during the sensor tests. A total gas flow rate of 111min was passed

through the quartz tube and contralIed by mass flow controllers (1479

MKS). The measurements were done in 10% accompanying Oz and 0%

HzO with the balance N z. The sensors were allowed to stabilize for, at

least, 1 hour at the sensing temperature and N z/Oz flow.

Sensors could also be heat-treated in ambient atmosphere at

900°C for 6 hours prior to sensing at 500°C. The sensor signal is given

in the following as the resistance ratio Ra-Rga/ Rgas for reducing gases

(isoprene, ethanol, acetone, and CO), where Ra and Rgas denote the

sensors' resistances in the absence! ahd presence of the gas to be sensed,
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respectively. The sensor response, 'es, is defined as the time required until

90% of the response signal is reached. The recovery time, 'eo denotes the

time needed until 90% of the original baseline signal is recovered.

2

Digital
Multimeter

•
Off-Gases

NZ_.-DI<il--"---"l./'I-----t

Organie
_.-iX.il--"---"l./"1-----'

Vapor

Figure E.l: Schematic oJ the experimental set-up Jor sensor evaluation with the tubular

Jurnace (1), the quartz tube (2), the sensor (3), and the gold wiring (4).

E.3 Results and discussion

E.3.1 Particle and sensing film properties

Figure E.2 shows TEM images of as-prepared TiOz nanopartic1es.

SampIe PI was produced from a 0.5 M TTIP solution, while sampIe P2
! .

; .
was produced from a 0.67 M solution with the glass tube enc10sing the

flame. The partic1es in sampIe PI (Figure E.2a) are spherical and non

agglomerated of 15 nm in BET diameter consistent with Schulz et al. [35]

for FSP-made TiOz at similar conditions. The particles in sampIe P2

(Figure E.2b) are larger, 43 nm BET-diameter, and polyhedral as they

were made at higher temperature (in the enc10sed flame) and higher

TTIP concentration than those of sampIe PI. Subsequently the crystallite

sizes are larger in sampIe P2 than PI and the anatase crystallite sizes are

larger than the BET diameter indicating non-spherical partic1es, in
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agreement with TEM (Figure E.2b). Both sampies are highly crystalline

as can be seen by the intense electron diffraction patterns (Figure E.2:

insets).

Figure E.2: TEM images 0/ as-prepared Ti02 nanoparticles. Spherical, non-agglomerated

particles can be observed in sampie PI (a), while particles in sampie P2 (b) are polyhedral

since they experienced longer high temperature residence times than PI during their flame

synthesis.

The lattice fringes of P2 sampie are also dearly visible in a

HRTEM image at higher magnification (Figure E.3). The longer high

temperature residence time of P2 particles than PI enables the growth of

these large, non-spherical crystals. The phase composition in both

sampies is about 85 wt% anatase and the balance rutile, typical for TiOz

formed in oxygen-rich vapor-fed[Z51or spray[351flames.

Figure E.3: HRTEM image ofsample P2 showing clearly the titania lattice/ringes.
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Sensing films SI and S2 were prepared from sampies PI and P2,

respectively. The S2 sensor was tested as-prepared and after heat

treatment. Figure EA shows ,cross~sectional SEM images of film SI after

sensor test at a) low and b) high magnification and S2 after heat

treatment and sensor test, similarly c) and d). The film thickness is about

40 - 50 J-lm for SI (Figure EAa) and 20 - 30 J-lm for S2 after heat

treatment (Figure EAc). The alumina substrate with the interdigitated

gold electrodes is also visible. Irregularities in the film thickness stern

from the drop-coating technique. Film SI has a porous structure

(Figure EAb), while after sintering a denser film is formed (Figure

EAc,d) in agreement with observations in nanostructured TiOz thick

films prepared by screen-printing[131•

-

Heat-treated at 900 oe
Sensing at 500 oe

Figure E.4: SEM image 0/ Ti02film SI at two magnifications (a and b) on an alumina

substrate interdigitated with gold electrodes after sensing at 500 oe. Film S2 (c and d) was

heat-treated at 900 oeprior to sensing at 500 oe.
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Figure E.5 shows X-ray diffraction patterns of as-prepared

powders PI and P2, as well as film SI after sensor test and S2 after heat

treatment and sensor test. The diffraction peaks of alumina and gold

(filled symbols) from the substrates are also visible in the SI and S2

patterns. , i

S2 after heat-treatment and sensing tes
D

o•

SI after sensing tes

P2 as-prepared

PI as-prepared

20 30 40 50 60 70

Figure E.5: X-ray diffraction patterns 0/sampIes PI and P2, as weil as films SI after sensing

test and S2 after heat-treatment and sensing test ((0) Ti02 anatase; (0) Ti02 rutile; (.) Au;

(.) A120 3).

The corresponding specific surface areas, BET-equivalent

diameters, phase compositions, and anatase/rutile crystallite sizes of

sampies and films are listed in Table E.l. The phase composition of SI is

87 wt% anatase consistent 'with the as-prepared powder PI. Also the

anatase and rutile sizes are unchanged compared to as-prepared

partic1es. Thus no anatase to rutile phase transformation or grain growth
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has taken plaee during the sensor tests indieating the high stability of

flame-made partides at these eonditions. A nearly eomplete phase

transformation to rutile, however, has taken plaee in the heat-treated

film 82 (Figure E.5) as expeeted at these temperatures[381. The rutile

erystallite size has inereased signifieantly to 159 nm (Table E.l).

Table E.1: Specijic surface area, BßT diameter, anatase wt% and crystallite sizes 0/ Ti02 as

prepared product powders and sensing films ..

SampIe
SSA dBET Anatase Xa x,

m2/g nm wt% nm nm

PI 103 15 86 20 9

P2 36 43 85 60 41

51 after sensing at 500 oe 87 21 11

52 after 6 hours at 900 oe
1 22 159and sensing at 500 oe

E.3.2 Gas sensing properties

Figure E.6a shows the change in resistanee of sensor 81 under

exposure to isoprene at 1 - ~J ppm during a forward and backward eyde.

The resistanee deereases during the gas exposure, a typieal behavior for

anatase as an n-type semieonduetor[101. A self-reeovery of the sensor was

measured at 1 ppm gas exposure during the backward eyde. A slight

drift in the baseline (Ra) of the sensor was observed during the operation

over 90 minutes (Figure E.6a). No phase transformation from anatase to

rutile or grain growth took plaee at this temperature (Table E.l), whieh

might have eaused the baseline drift while short fluetuations in the

oxygen eoneentration as the gas flows were adjusted for the isoprene

eoneentrations may have eaused the drift, as titania is also a eommon

oxygen sensor[11.
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Figure E.6: Change in resistance (a) ofsensor SI under exposure to isoprene during aforward

(b: .) and backward (b: .) cyde and sensor signal (Ieft axis) dependence on isoprene

concentration (b) in a dry O2/ N 2 atmosphere at 500 oe. Response times (T., solid line, right

axis) were within a few seconds, recovery times within a few minutes (Tc, dashed line, right

axis).
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Figure E.6b shows the sensor signal (left axis) of SI during the

forward (+) and backward (.) cycle of the isoprene sensor test in Figure

E.6a. The sensor signal consistently increases with increasing isoprene

concentration. The forward and the backward cycles nearly coincide

though the signal during the backward cycle was slightly higher than the

forward. The response (solid line, right axis) and recovery (dashed line,

right axis) times during the forward (0) and backward (0) cycle are also

included in Figure E.6b. The response time, '5' was within a few seconds

during the backward and forward cycle, it slightly increased at increasing

isoprene concentrations (in the order of 10 s). The recovery times, 'Cl
increase with increasing isoprene concentration: '5 was 38 and 183 s

during the forward cycle at 1 and 9 ppm, respectively. The sensor

recovered faster during the backward cycle: at 5 ppm 'c was 84 and 57 s

during the forward and backward cyde, respectively.

Figure E. 7 shows the sensor signals (left axis) of S2 during

exposure to acetone (.. ) and isoprene (+) at concentrations of

1 - 7.5 ppm. At 1 ppm for both gases, the sensor first self-recovered

before stabilizing at the sensor signal. The sensor signal increases rather

linearly with increasing gas concentration consistent with sensor SI

(Figure E.6b). Zhu et al. [39] studied the sensitivity of mixed ZnO-TiOz

thick films (~ 35 J..lm) towards volatile organic compounds at 370 oe in

air. They reported a nearly linear increase in sensitivity to acetone with

concentration (10 - 200 ppm). The response curves of acetone and

isoprene coincide (Figure E.7), only at 7.5 ppm acetone gives a higher

signal than isoprene. Hydroxyl groups are present on the surface of

flame-made TiOz nanoparticles. [40] Obee and Brown[41] suggested that

1,3-butadiene adsorbs on TiOz by formation of a OH•••1t electron type

complex with the hydroxyl groups present on the surface. Hydroxyl
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groups will also interact with acetone molecules through hydrogen

bonding. [42] The interaction of both acetone and isoprene with hydroxyl

groups on the surface of Ti02 might explain the sensor signal similarity

of the two gases (Figure E.7).
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Figure E. 7: Sensor signal (Ieft axis) 0/S2 under exposure to acetone (Ji..), isoprene (+) and the

corresponding response Ts (solid lines, rights axis) and recovery Tc times (dashed lines, right

axis) in a dry O2 / N 2 atmosphere at 500 oe.

The response times Ts (open symbols, solid !ines, right axis) are

within 2 - 3 seconds for acetone and isoprene at all concentrations. The

recovery time Tc for acetone (---~---, right axis) increases nearly linearly

from 144 s at I ppm to 302 s at 7.5 ppm. Isoprene shows the same

dependence of recovery time (---0---, right axis) with concentration but

the sensor recovers faster than for acetone. The slower recovery after

acetone exposure (Figure E. 7) might stern from molecular adsorption of

acetone on the surface. Acetone 'adsorbs on Ti02 surfaces mainly by
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coordination to Ti4+ sites via the lone electron pair on the oxygen atom

of acetone forming rh-acetone. [30] A thermal reaction might also occur

between acetone and adsorbed oxygen species forming an acetone

oxygen complex followed by decomposition of the molecule. [43]

Figure E.8 shows the sensor signal of S2 during exposure to

10 -75 ppm of ethanol (., left axis). The sensor signal increases rather

linearly with increasing ethanol concentration, as for isoprene and

acetone at lower concentrations (Figure E.7). The linear dependence on

ethanol concentration has also been shown for sensing at higher gas

concentrations. [33,44] The signal is higher than for acetone and isoprene

due to the higher ethanol vapor concentration. Sensor S2 was also tested

for CO at 2.5 - 25 ppm. The response was n-type, however a self

recovery of the sensor was observed at all concentrations which might be

attributed to carbonate species adsorbed (and only slowly desorbing)

from the titania surface[20].

The sensor responded (-0-, right axis) within a few seconds at

all concentrations. The recovery time (---0---, right axis) decreases with

increasing ethanol concentr.ation, in contrast to the recovery times for

acetone and isoprene (Figure E.7), indicating a different sensing

mechanism for ethanol. Upon adsorption of ethanol, the 0-H bond

dissociates heterolytically to yield an ethoxide and a proton. [45] As this is

a reversible reaction, through protonation of the ethoxide, ethanol can

be released to the gas phase again. Alternatively, the reaction on the

surface can proceed, eventually forming an acetaldehyde, this reaction,

however, is slow compared to the adsorption step. [45] An increase in

ethanol concentration might shift this reaction equilibrium towards the

formation of acetaldehyde and also increase the reaction rate, which

could explain the decrease in recovery time with increasing ethanol

concentration (Figure E.8). Also Ferr,Oni et al. [33] suggested that the
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sensing behavior of titania not only relies on interaction of ethanol with

adsorbed oxygen species, but rather on the direct adsorption at

semiconductor surface sites[45l.
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Figure E.8: Sensor signal under exposure to ethanol (rectangles, left axis) and the

corresponding response Ts (sofid fine, right axis) and recovery Tc time (dashed fine, right axis)

in a dry O2 / N 2 atmosphere at 500 oe.

Figure E.9 shows the I relative resistance of sensor 52 after heat

treatment at 900 oe during exposure to acetone (~) and isoprene (0) at

concentrations of 1 - 7.5 ppm. The resistance increases during gas

exposure (negative values of the sensor signal), e.g. the sensor behaves as

a p-type semiconductor. An anatase to rutile phase transformation took

place during heat-treatment of the sensor (Figure E.5), and rutile is

commonly reported as a p-type semiconductor[10l. The sensor signal is

lower for isoprene than for acetone and increases with increasing

concentration. In contrast, the signals of acetone and isoprene nearly
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coincide before heat-treatment of sensor 82 (Figure E.7). The response

times were 30 - 60s while' the recovery times were in the range of

550 - 700s for both acetone and isoprene, e.g. considerably longer than

before the heat-treatment (Figure E.7). The resistance also first steeply

increased after shut down of the gases by several Mn before decreasing

again to the baseline for both acetone and isoprene.

-0.2 ....-------------------,
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Figure E.9: Sensor signal 0/S2 after heat treatment at 900 oe under exposure to acetone (11)

and isoprene (0) in a dry 02/N2atmosphere at 500 oe.

Figure E.10 shows the sensor signal of 82 after heat-treatment to

CO at 15 - 35 ppm (0, left axis). The response was p-type and self

recovery was observed at low (:S 10 ppm) or high (> 35 ppm)

concentrations. The sensor signal decreased with increasing CO

concentration at 15 - 35 ppm. Rutile TiOz foils also show this sensing

behavior at higher (> 50 ppm) CO concentrations. [4] As the CO

concentration increases, more electrons are injected into the rutile lattice
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recombining with holes (OZsurf- + 2CO -+ 2COz + ebulk-) [461 and therefore

the resistance increases[lOl. Response and recovery times were

comparable with those of acetone and isoprene for the heat-treated
,

substrate. No steep increase in the resistance was measured as CO was

shut off, as was observed for acetone and isoprene.
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Figure E.lO: Sensor signal 01S2 after heat-treatment at 900 oe under exposure to co (0, left

axis) and ethanol (0, right axis) in a dry O2 / N2 atmosphere at 500 oe.

Figure E.I0 shows also the sensor signal to 25 - 75 ppm ethanol of

S2 after heat-treatment (0, right axis). The sensor was first exposed to

10 ppm of ethanol and a p-type response was detected, at 25 ppm the

response then changed to n-type. The sensor signal increased with

increasing ethanol concentration as ,was already observed prior to heat

treatment (Figure E.8). However, the signal was significantly lower (a

factor of 10) after heat-treatment compared to the as-prepared film

(Figure E.8). The loss in surface area upon heat-treatment (Table E.l)

could be one reason for the decrease in sensitivity[141. Response times
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were within a few seconds while the recovery lasted up to 30 minutes. As

ethanol was shut off, the resistance first steeply increased beyond Ro and

then slowly fell back to the baseline.

After the ethanol sensing test, the sensor was again exposed to

acetone. The sensor still gave an n-type response, contrary to what was

initially measured for acetone (Figure E.9). The sensor was then cooled

down to room temperature (l)vernight and the sensing test was repeated

the following day. The sensor signal to acetone was again p-type, as

already shown in Figure E. 9, and n-type to ethanol as shown In

Figure E.l O. If electrons are transferred to the lattice upon adsorption

and/or decomposition of acetone or isoprene on the titania surface, a

decrease in conductivity with increasing gas concentration would be

expected by recombination of electrons with holes in rutile. Here, the

resistance decreased with increasing concentration, and at even higher

concentrations an n-type behavior could possibly be expected (especially

for acetone; Figure E.9) as was seen at the higher concentrations of

ethanol. Excess oxygen is it;lcorporated into the rutile lattice by reaction

with titanium interstitials during high temperature heat treatment which

leads to a p-type semiconductor. [10] The responses to acetone/isoprene

and ethanol indicate that the time for heat treatment might not have

been long enough to equilibrate the rutile lattice with oxygen. This is

also suggested by the long response and recovery times for all gases.
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E.4 Conclusions

Anatase Ti02 nanopartic1es were made by flame spray pyrolysis of

titanium-tetra-isopropoxide. Films about 30 !J.m thick were deposited by

drop-coating a suspension of the partic1es onto alumina substrates

interdigitated with gold electrodes. The gas sensing properties of the

films were mainly investigated for ppm levels of ethanol, acetone and

isoprene vapors at 500°C. The sensors had n-type response to these

vapors with response and recovery times within a few seconds or

minutes, respectively. A decrease in recovery time with increasing

ethanol concentration indicated a different sensing mechanism than for

the other volatile organic compounds. A n- top-type transition was

observed after heat-treatment of the sensors at 900°C as a result of the

anatase to rutile phase transformation. The sensor signal for acetone and

Isoprene were low after heat-treatment, and also the response and

recovery times were significantly longer. The response was n-type for

ethanol even after heat-treatment.



178

E.5 References

[1] Tien, T. Y., H. L. Stadler, E. F. Gibbons, and P. J. Zacmanidis,

TiOz as an air-to-fuel ratio sensor for automobile exhausts, Am.

Ceram. Soc. Bulletin 54, 280 (1975).

[2] Micheli, A. L., Fabrication and performance evaluation of a titania

automotive exhaust-gas sensor, Am. Ceram. Soc. Bulletin 63, 694

(1984).

[3] Akbar, S. A., and L. B. Younkman, Sensing mechanism of a

carbon monoxide sensor based on anatase titania, J. Electrochem.

Soc. 144, 1750 (1997).

[4] Gouma, P. 1., M. J. Mills, and K. H. Sandhage, Fabrication of

free-standing titania-based gas sensors by the oxidation of metallic

titanium foils, 1. Am. Ceram. Soc. 83, 1007 (2000).

[5] Harris, L. A., A titanium-dioxide hydrogen detector, 1. Electrochem.

Soc. 127, 2657 (1980).

[6] Satake, K., A. Katayama, H. Ohkoshi, T. Nakahara, and T.

Takeuchi, Titania NOx sensors for exhaust monitoring, Sens.

Actuators, B, Chem. 20, 111 (1994).

[7] Bonini, N., M. C. Carotta, A. Chiorino, V. Guidi, C. Malagu, G.

Martinelli, L. Paglialonga, 'and M. Sacerdoti, Doping of a

nanostructured titania thick film: Structural and electrical

investigations, Sens. Actuators, B, Chem. 68, 274 (2000).

[8] Montesperelli, G., A. Pumo, E. Traversa, G. Gusmano, A.

Bearzotti, A. Montenero, and G. Gnappi, Sol-gel processed TiOz

based thin-films as innovative humidity sensors, Sens. Actuators, B,

Chem. 25, 705 (1995).



179

[9] Faia, P. M., C. S. Furtado, and A. J. Ferreira, Humidity sensing

properties of a thick-filmtitania prepared by a slow spinning

process, Sens. Actuators, B, Chem. 101, 183 (2004).

[10] Savage, N., B. Chwieroth, A. Ginwalla, B. R. Patton, S. A. Akbar,

and P. K. Dutta, Composite n-p semiconducting titanium oxides as

gas sensors, Sens. Actuators, B, Chem. 79, 17 (2001).

[11] Comini, E., G. Sberveglieri, M. Ferroni, V. Guidi, and G.

Martinelli, Response to ethanol of thin films based on Mo and Ti

oxides deposited by sputtering, Sens. Actuators, B, Chem. 93, 409

(2003).

[12] Traversa, E., M. L. Di Vona, S. Licoccia, M. Sacerdoti, M. C.

Carotta, M. Gallana, and G. Martinelli, Sol-gel nanosized

semiconducting titanüi-based powders for thick-film gas sensors, 1.

Sol-Gel Sei. Technol. 19, 193 (2000).

[13] Carotta, M. C., M. Ferroni, D. Gnani, V. Guidi, M. Merli, G.

Martinelli, M. C. Casale, and M. Notaro, Nanostructured pure and

Nb-doped TiOz as thick film gas sensors for environmental

monitoring, Sens. Actuators, B, Chem. 58, 310 (1999).

[14] Gao, L., Q. Li, Z. Song, and J. Wang, Preparation of nano-scale

titania thick film and its oxygen sensitivity, Sens. Actuators, B,

Chem. 71, 179 (2000).

[15] Iida, Y., and S. Ozaki, Grain growth and phase transformation of

titanium oxide during calcination, 1. Am. Ceram. Soc. 44, 120

(1961).

[16] Akhtar, M. K., S. E. Pratsinis, and S. V. R. Mastrangelo, Dopants

in vapor-phase synthesis of titania powders, 1. Am. Ceram. Soc. 75,

3408 (1992).



180

[17] Ruiz, A. M., A. Cornet, and J. R. Morante, Study of La and Cu

influence on the growth inhibition and phase transformation of

nano-Ti02 used for gas sensors, Sens. Actuators, B, Chern. 100, 256

(2004).

[18] Dutta, P. K., A. Ginwalla, B.' Hogg, B. R. Patton, B. Chwieroth,

Z. Liang, P. Gouma, M. Mills, and S. Akbar, Interaction of carbon

monoxide with anatase surfaces at high temperatures:

Optimization of a carbon monoxide sensor, 1. Phys. Chern. B 103,

4412 (1999).

[19] Mazza, T., E. Barborini, 1. N. Kholmanov, P. Piseri, G.

Bongiorno, S. Vinati, P. Milani, C. Ducati, D. Cattaneo, A. Li

Bassi, C. E. Bottani, A. M. Taurino, and P. Siciliano, Libraries of

c1uster-assembled titania films for chemical sensing, Appl. Phys.

Lett. 87, (2005).

[20] Savage, N. 0., S. A. Akbar, and P. K. Dutta, Titanium dioxide

based high temperature carbon monoxide se1ective sensor, Sens.

Actuators, B, Chern. 72, 239 (2001).

[21] Braun, J. H., Titanium dioxide - A review, 1. Coat. Technol. 69, 59

(1997).

[22] Pratsinis, S. E., W. H. Zhu, and S. Vemury, The role of gas mixing

in flame synthesis of titania powders, Powder Techno/; 86, 87

(1996).

[23] Wegner, K., and S. E. Pratsinis, Nozzle-quenching process for

controlled flame synthesis of titania nanopartic1es, AIChE 1. 49,

1667 (2003).

[24] Vemury, S., and S. E. Pratsinis, Dopants in flame synthesis of

titania, J. Arn. Cerarn. Soc. 78,2984 (1995).



181

[25] Teleki, A., S. E. Pratsinis, K. Wegner, R. Jassen, and F.

Krumeich, Flame-coating of titania partic1es with silica, 1. Mater.

Res. 20, 1336 (2005).

[26] Strobel, R., W. J. Stark, L. Madler, S. E. Pratsinis, and A. Baiker,

Flame-made platinumlalumina: structural properties and catalytic

behaviour In enantioselective hydrogenation, 1. CataI. 213, 296

(2003).

[27] Madler, L., T. Sahm, A. Gurlo, J.-D. Grunwaldt, N. Barsan, U.

Weimar, and S. E. Pratsinis, Sensing low concentrations of CO

using flame-spray-made Pt/SnOz nanopartic1es, 1. Nanopart. Res. 8,

783 (2006).

[28] Sahm, T., L. Madler, A. Gurlo, N. Barsan, S. E. Pratsinis, and U.

Weimar, Flame spray synthesis of tin dioxide nanopartic1es for gas

sensing, Sens. Actuators, B, Chern. 98, 148 (2004).

[29] Madler, L., A. Roessler, S. E. Pratsinis, T. Sahm, A. Gurlo, N.

Barsan, and U. Weimar, Direct formation of highly porousgas

sensing films by in-situ thermophoretic deposition of flame-made

Pt/SnOz nanopartic1es, Sens. Actuators, B, Chern. 114, 283 (2006).

[30] Henderson, M. A., Acetone chemistry on oxidized and reduced

TiOz(l10), J. Phys. Chern. B 108, 18932 (2004).

[31] Hyspler, R., S. Crhova, J. Gasparic, Z. Zadak, M. Cizkova, and V.

Balasova, Determination of isoprene in human expired breath

using solid-phase microextraction and gas chromatography-mass

spectrometry,1. Chrornatogr. B 739, 183 (2000).

[32] Wang, D., and J. D. Fuentes, In situ isoprene measurements from

foliage using a fast-response hydrocarbon instrument, Agric. For.

Meteorol. 116, 37 (2003).



182

[33] Ferroni, M., V. Guidi, G. Martinelli, G. Roncarati, E. Comini, G.

Sberveglieri, A. Vomiero, and G. D. Mea, Coalescence inhibition

in nanosized titania films and related effects on chemoresistive

properties towards ethanol, 1. Vac. Sei. Technol. B 20, 523 (2002) ...

[34] Madler, L., W. J. Stark, and S. E. Pratsinis, Simultaneous

deposition of Au nanoparticles during flame synthesis of TiOz and

SiOz, 1. Mater. Res. 18, 115 (2003).

[35] Schulz, H., L. Madler, R. Strobel, R. Jossen, S. E. Pratsinis, and

T. Johannessen, Independent control of metal cluster and ceramic

particle characteristics during one-step synthesis of Pt/TiOz, 1.

Mater. Res. 20, 2568 (2005).

[36] Cheary, R. W., and A. A. Coe1ho, Axial divergence in a

conventional X-ray powder diffractometer. 1. Theoretical

foundations, 1. Appl. Crystallogr. 31,851 (1998).

[37] Prasad, A. K., D. J. Kubinski, and P. 1. Gouma, Comparison of

sol-gel and ion beam deposited Mo03 thin film gas sensors for

selective ammonia detection, Sens. Actuators, B, Chem. 93, 25

(2003).

[38] Song, K. C., and S. E. Pratsinis, Synthesis of bimodally porous

titania powders by hydrolysis of titanium tetraisopropoxide, 1.

Mater. Res. 15, 2322 (2000).

[39] Zhu, B. L., C. S. Xie, W. Y. Wang, K. J. Huang, and J. H. Hu,

Improvement in gas sensitivity of ZnO thick film to volatile

organic compounds (VOCs) by adding TiOz, Mater. LeU. 58, 624

(2004).

[40] Mueller, R., H. K. Kammler, K. Wegner, and S. E. Pratsinis, OH

surface density of SiOz and TiOz by thermogravimetric analysis,

Langmuir 19, 160 (2003).



183

[41] Obee, T. N., and R. T. Brown, TiOz photocatalysis for indoor air

applications - Effects of humidity and trace contaminant levels on

the oxidation rates of formaldehyde, toluene, and 1,3-butadiene,

Environ. Sei. Technol. 29, 1223 (1995).

[42] Coronado, J. M., S. Kataoka, 1. Tejedor-Tejedor, and M. A.

Anderson, .Dynamic phenomena during the photocatalytic

oxidation of ethanol and acetone over nanocrystalline TiOz:

Simultaneous FTIR analysis of gas and surface species, J. Catal.

219,219 (2003).

[43] Henderson, M. A., Photooxidation of acetone on TiOz(l10):

Conversion to acetate via methyl radical ejection, J. Phys. Chern. B

109, 12062 (2005).

[44] Garzella, C., E. Comini, E. Tempesti, C. Frigeri, and G.

Sberveglieri, TiOz thin films by a novel sol-gel processing for gas

sensor applications, Sens. Actuators, B, Chern. 68, 189 (2000).

[45] Idriss, H., and E. G. Seebauer, Reactions of ethanol over metal

oxides, J. Mol. CataI. A-Chern. 152, 201 (2000).

[46] Moseley, P. T., Materials selection for semiconductor gas sensors,

Sens. Actuators, B, ehern. 6, 149 (1992).



184



Flame-Made Nb- and Cu-Doped

Ti02 Sensors for CO and Ethanol1

Abstract Nb- and Cu-doped TiOz nanoparticles were produced by flame

spray pyrolysis (FSP) and tested for sensing of CO and ethanol at 400°C

in dry air. The as-prepared powders were characterized by transmission

electron microscopy, X-ray diffraction, Raman spectroscopy and

nitrogen adsorption. Niobium stabilized the anatase phase and retarded

grain growth up to 600°C. Copper promoted rutile formation and an

anatase to rutile transformation was already observed just above 400°C

during post-synthesis calcination. This was accompanied by a

segregation of large (> 100 nm) CuO crystals which were initially small

« 5 nm) asperities on the titania surface. Pure as weIl as doped TiOz

showed an n-type signal to CO and ethanol. Both dopants improved the

sensitivity towards CO over that of pure TiOz. In contrast, for ethanol- a

high increase in sensitivity was observed only for Nb/TiOz.

J Part of this chapter is published in Sens. Actuators, B, ehern. 130, 449 (2008).



186

F.1 Introduction

Tighter emission, security and health control regulations require

sensors of higher sensitivity, stability and selectivity at different

environments. This poses achallenge on the efficient manufacture of

these materials. Gas phase aerosol synthesis of sensors alleviates a lot of

the multiple steps of wet-chemistry processes that are currently employed

in sensor manufacture.

Flame spray pyrolysis (FSP) is a promising aerosol technique for

sensor material synthesis since it enables primary partic1e and crystal

size control[l], which is important to tailor sensitivity. In FSP a spray of

a combustible solvent, containing various precursor species is ignited to

form a flame where precursors evaparate, decompose and react in the

gas phase leading to partic1e formation. The FSP has been demonstrated

for synthesis of a wide variety of metal ceramic and mixed-metal oxides,

inc1uding ZnO[2], Au/Ti02[1], pt!AI20 3[3], Sn02[4] and Ta20s/Si02[S]. The

produced metal-oxide powder must be deposited onto micro or macro

sensor substrates. For this a powder suspension in an organic solvent is

prepared which is then deposited onto the substrates. [4,6] Recently,

smooth, highly paraus, crack-free Pt!Sn02 sensing films were

manufactured by direct thermophoretic depostion in a single step.by

FSP. These films showed high sensibility by detecting CO at

concentration as low as 1 ppm. [7]

A high sensor signal of FSP-made anatase Ti02 nanopartic1es has

already been demonstrated at ppm levels of acetone, isoprene and

ethanol with fast response and recovery times. [6] Niobium is typically

added to titania to inhibit the anatase to rutile transformation and hinder

grain growth. [8] Further, Nb can lower the operating temperature of the

sensing film. [9] Copper[lO] a~ well ..as niobium[ll] doping of Ti02 by wet
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ball-milling or sol-gel synthesis increased the sensitivity or selectivity[1Z]

toward CO detection. Here the potential of dry synthesis of Nb- and Cu

doped TiOz sensors is explored for sensing CO and ethanol and

compared to that of wet-made materials.

F.2 Experimental

F.2.1 Particle and sensing film synthesis

TiOz nanopartic1es were produced by a flame spray pyrolysis

(FSP) reactor described in detail elsewhere. [1,13] Precursor solutions

(0.5 M with respect to themetal atoms) were prepared from titanium

tetra-isopropoxide (TTIP, Aldrich, purity > 97%), copper(II) 2

ethylhexanoate (Aldrich) and niobium 2-ethylhexanoate (Strem

Chemieals) diluted in xylene (Fluka, > 98.5 %) resulting in pure TiOz,

Nb(4 or 10 at%)/TiOz or Cu(0.5 - 10 at%)/TiOz. Pure NbzOs and pure

CuO were prepared from their 0.025 M precursor solutions in xylene.

Precursor solutions were fed at 5 mllmin through the inner reactor

capillary. Through the surrounding annulus, 5 lImin of oxygen (Pan

Gas, purity > 99%) were fed dispersing the precursor solution into a

combustible spray. The pressure drop at the FSP nozzle tip was

maintained at 2 bar. The methane and oxygen flow rates in the FSP

supporting premixed flame[13] weFe 1. 13.and 2.4 lImin, respectively.

Product partic1es were calcined in a furnace (Thermolyne 48000)

at ambient atmosphere for four hours at 300, 400, 500 and 600°C. The

heating rate was 10 °C/min and the sampies were cooled down to room

temperature at 10 °C/min.

Sensing films were prepared from FSP-made pure TiOz, 4 at%

Nb/TiOz, 10 at% Nb/TiOz, and 5 at% Cu/TiOz by doctor-blading. For

this a highly viscous paste was prepared by adding 2.4 wt%
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ethylcellulose to a-terpineolI14
] and 17 wt% (for TiOz and Nb/TiOz) or

19 wt% (for Cu/TiOz, adjusted for the difference in powder density) of

product powder was stirred into the solution until a homogeneous paste

was obtained. The paste was then deposited onto alumina substrates

interdigitated with Au electrodes (10 xl 0 mm; Electronics Design

Center, MicroFabrication Lab, Case Western Reserve University) by a

mechanical system with about 10 ~m spacing between blade and

substrate. The sensing films were heated at 0.5 °C/min sequentially to 50

and 100°C and kept at each temperature for one hour, then at 2°C/min

to 400°C and kept there for another two hours and finally cooled down

to room temperature at 5 °CImin.

F. 2. 2 Particle and film characterization

X-ray diffraction (XRD) patterns of product powders and sensing

films were obtained with a Bruker AXS D8 Advance diffractometer

(40 kV, 40 mA, Karlsruhe, Germany) operating with Cu Ka radiation.

The fundamental parameter approach and the Rietveld methodl1S
] were

applied to determine the anatase and rutile crystallite sizes, Xa and x"

respectively, and phase composition. Raman (Renishaw InVia Raman

microscope) spectra of as-prepared TiOz, Nb/TiOz and Cu/TiOz

partic1es were taken with a 514 nm laser with 12.5 mW power at a range

of 100 - 990 cm-1 with an exposure time of 3 s. For the pure NbzOs

spectrum the laser power was reduced to 1.6 mWand exposure time was

set to 60 s. A 785 nm laser 'with 3 mW power and an exposure time of

lOs was used for the CuO sampIe.

The BET powder-specific surface area (SSA) was measured by

nitrogen adsorption at 77 K (Micromeritics TriStar) after sampIe

degassing, at least, for 1 h at 150 oe in nitrogen. The product powder

was deposited onto a holey carbon foil supported on a copper grid for
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further analysis by transmission electron microscopy (TEM; CM30ST

microscope, FEI, LaB6 cathode, operated at 300 kV, SuperTwin lens,

point resolution -2 A). Elemental maps of Ti, scanning transmission

electron microscopy (STEM) images and energy-dispersive X-ray (EDX)

analysis were recorded as described in detail elsewhere. [16] The sensing

films were investigated with a scanning electron microscope (SEM, LEO

1530 Gemini microscope).

F.2.3 Gas sensing characterizatt'on

The change in sensor resistance upon exposure to ethanol vapor

(10 - 300 ppm) and CO (50 - 750 ppm) in dry air (79% Nz/2l % Oz, all

gases PanGas) was measured as described in detail elsewhere[6]. The

sensor was placed in the center of a quartz tube (3.5 cm diameter and

90 cm length) which in turn was introduced into a tubular furnace

(Nabertherm). The tube was filled with silicon carbide (1 mm grains)

upstream the sensor position to homogenize the flow. Gold wires were

gap welded to the sensor electrodes and externally connected to a digital

multimeter (Keithley 2700 multimeter) recording the sensor resistance. A

Ni-CrNi thermocouple (MDW GmbH, DIN IEC 584 Type K) was

positioned right above the sensor to monitor the temperature. The

furnace was heated at 15 °C/min to reach 400°C at the sensor and kept

there during all tests. A total gas flow rate of Il1min was passed through

the quartz tube and controlled by mass flow controllers (Bronkhorst).

The sensors were allowed to stabilize at 400°C and dry air flow until a

stable baseline was obtained. A mass spectrometer (MS; Thermo Star,

Pfeiffer Vacuum) analyzed· effluent gases from the quartz tube. The

sensor signal is given as the resistance ratio R a/ Rgas where Ra, and Rgas

denote the sensors' resistance in the absence and presence, respectively,

of the gas to be sensed. The sensor response is defined as the time
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required until 90% of the response signal is reached. The recovery time

denotes the time needed until 90% of the original base1ine signal is

recovered.

F.3 Results and discussion

F. 3.1 Particle and sensing film properties ..

Figure F.1 shows TEM images of as-prepared 10 at% Nb/TiOz (a,

c) and 10 at% Cu/TiOz (b, d) nanopartic1es by FSP. The Nb-doped

titania partic1es (Figure F.1a) are mostly spherical with a SSA· of

103 mZ/g similar to FSP-made pure TiOz[61• At higher TEM

magnification (Figure F.1c) the crystallattice fringes are visible, however

Figure Fl: As-prepared 10 at% Nb/Ti02 (a a,nd c) and 10 at% Cu/Ti02 (b and d)
1 • I '

nanoparticles.
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no segregated regions of Nb or Ti can be discerned. EDX analysis over

large sampie areas as weH as on single particles verified the presence of

both Nb and Ti and thus indicates the formation of a mixed oxide

and/or a thin layer « 1 nm) or smaH domains of niobia on the titania

particles not detectable by TEM at this resolution. The SSA is

independent of Nb content (Table F.1), in agreement with Jehng and

Wachs[17] for wet-impregnated Nb20 s on Ti02and similar to flame-made

10 wt% V20s/Ti02[18] where V20S had coated Ti02particles.

Table F.l: Specijic surface area (SSA), anatase wt% and crystallite sizes 0/ as-prepared

product powders andfilms after sensor tests at 400 oe.

As-prepared particles Films after sensor tests at 400 oe

SampIe
SSA Anatase Xa x, Anatase Xa X,

m2/g wt% nm nm wt% nm nm

TiOz 103±3 85 19 8 87 20 10

4 at% Nb/TiOz 104±1 92 18 7 95 18 12

10 at% Nb/TiOz 103±2 100 18 99 18

0.5 at% Cu/TiOz 113 81 17 8

1 at% Cu/TiOz 114 78 16 10

5 at% Cu/TiOz 116±10 ·50 14 11 54 15 12

10 at% Cu/TiOz 106 29 14 13

The Cu-doped titania particles also appear spherical in TEM

images (Figure F.1b) but at higher magnification (Figure F.1 d) smaH

spherical asperities « 5 nm) evenly distributed over the particle surface

can be seen. The optical appearance of the powders changed from white

for pure titania to greenish with increasing copper content. Pure copper

oxide had a very dark, rather black, appearing color. Chiang et al. [19]

reported that Degussa P25 changed from white to greyish while
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depositing CuO on TiOz particles by wet photodeposition. The presence

of Cu and Ti in the FSP-made sampie was verified by EDX analysis,

however their spatial distribution could not be resolved due to the small

size of the asperities relative to the electron beam diameter and the

presence of copper in the supporting TEM grid. The addition of copper

increases the SSA by about 10% compared to pure titania (Table F.l).

The formation of copper asperities on the titania surface increases the

SSA and could also inhibit titania partic1e growth. Francisco and

Mastelaro[ZOl also reported an increase of 6% in SSA for sol-gel made

9 at% Cu/TiOz compared to pure TiOz.

Figure F.2a shows XRD patterns of as prepared pure titania,

niobia and Nb-doped titania while the corresponding compositions and

crystallite sizes are listed in Table F .1. Pure titania contains 85 wt%

anatase and the balance rutile, typical for flame-made TiOz under lean

conditions[13,161. The anatase content increases by addition of niobium

and for 10 at% Nb/TiOz no rutile phase is detected similar to SiOz

doped TiOl61 . In the Nb/TiOz sampies diffraction peaks appeared apart

from those originating from the anatase phase, most notably at

28 = 14.5, 28.7 and 33.40 in the 10 at% Nb/TiOz sampie (Figure F.2a),

which might be attributed to high-temperature, stable monoc1inic H

NbzOs phase[Z11.

Pure FSP-made Nb'zOs· however is In the low-temperature,

metastable orthorhombic T-NbzOs phase[Z11, in agreement with NbzOs

made in a hydrogen-oxygen diffusion flame[Zzl. The pure NbzOs powder

was prepared from a low precursor concentration solution, thus the

partic1e number concentration in the flame was low forming small

partic1es (as also evidenced by the broad diffraction peaks in Figure

F.2a) with a metastable crystal structure.
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a) 0: anatase TiOz
c: rutile TiOz
*: H-NbzOs

o 10 at% Nb/TiOzco
*

10 20 30 40 50 60 70 80

b)

10 at% Nb/TiOz

4 at% Nb/TiOz

900 700 500 300 100

Raman shift, cm- l

Figure F.2: X-ray diffraction patterns (a) and Raman (b) spectra 0/ as-prepared pure Ti02,
Nb20 S as weil as 4 and 10 at% NbITi02•
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Ruiz et al. [Z3] showed by XRD and XPS analysis that Nb is present

inside the TiOz lattice, but also at the surface of sol-gel made Nb-doped

TiOz. Traversa et al. [8] reported a solubility of up to 5 at% Nb in anatase

TiOz. The appearance of low intensity H-NbzOs XRD peaks (Figure

F .2a), might be attributed 'to smal1 segregated crystalline domains of

niobia, that were not visible in the TEM images (Figure F.la). Ruiz et

al. [Z3] also reported the formation of TiNbz0 7 in 10 at% Nb/TiOz after

calcination at 900°C. The XRD pattern of TiNbz0 7 does not match the

peaks observed in Figure F .2a, however the formation of a similar mixed

oxide in the FSP-samples can not be exc1uded. Nbs+ (0.64 A[Z4]) can

substitute Ti4+ (0.605 A[Z4]) sites in TiOz and the extra charge could

partially be compensated by titanium vacancies[Z3]. Incorporation of

niobium in the titania lattice and the formation of strong Nb-O-Ti bonds

stabilizes the transformation of anatase to rutile and prevents TiOz

densification and grain growth. [Z3]

Raman spectra of pure TiOi, :NbzOs, 4 and 10 at% Nb/TiOz are

shown in Figure F.2b. At all compositions a high intensity of peaks at

144 (Eg) , 195 (Eg) , 394 (B1g) , 515 (A 1g, B1g) and 638 cm- l (Eg) attributable

to anatase[ZS] is obtained, in agreement with the high anatase content also

measured by XRD (Table F.l). In the Nb/TiOz patterns, no peaks were

distinguished which could be assigned to Nb phases. However, the

Raman shift of the anatase Eg vibration moves to 146 and 151 cm- l for 4

and 10 at% Nb, respectively. This indicates incorporation of Nb in the

anatase phase, as was also reported by Ruiz et al. [Z3]. The Raman

spectrum of pure NbzOs hardly shows any features apart from a weak

band around 720 cm- l which might be attributed to the T-phase of the

oxide[Z6] in agreement with XRD (Figure F .2a).

Figure F.3a shows XRD patterns of as-prepared pure TiOz, CuO

and Cu-doped TiOz. The corresponding compositions and crystallite
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sizes are listed in Table F .1. The rutile weight fraction increases with

increasing Cu content, as can be seen by the increasing intensity of the

main rutile reflection (Figure F.3a: 28 = 27.8°) consistent with

literature!10,ZO, Z71. At 10 at% Cu a rutile content of 71% was obtained.

Francisco and Mastelaro[ZOl proposed that CuO creates a higher number

of defects, most likely oxygen vacancies, inside the TiOz crystal, thus

accelerating the anatase to rutile transition and crystallite growth.

No peaks were detected in the Cu/TiOz diffraction patterns that

could be attributed to CuO even at the highest Cu concentration. In

TEM small asperities, possibly of CuO, on the partic1e surface were

observed (Figure F.lb). However, the size ofthese was so small that they

are not detectable by XRD. Similarly, Chiang et a1.!1 91 could not detect

any other XRD peaks other than those of anatase and rutile titania for

nanosized CuO (up to 10 at% Cu) loaded on Degussa P25 surface.

Figure F.3b shows Raman spectra of pure TiOz, CuO and

Cu/TiOz sampies. The 0.5 and 1 at% Cu spectra appear similar to pure

TiOz with high intensity anatase peaks. At 5 and 10 at% Cu the spectra

show two main peaks at about 400 and 600 ern-I, most probably

attributable to rutile (peaks at 143 (BJg), 447 (Eg), 612 (A Jg) and 826 cm-I

(B2g)[Z81). These two broad bands were also reported on by Francisco and

Mastelaro[ZOl for sol-gel made Tio.9101.9ICUO.09 calcined at 650 or 850°C.

The Raman spectrum of pure CuO is in good agreement with that

reported in literature (peaks at 297 (Ag), 344 (Bg) and 629 ern-I. (Bg)[Z91).

However, in the Cu/TiOz spectra no peak was observed which could be

assigned to CuO, in agreement with XRD (Figure F.3a). Other studies

have reported on a very weak band appearing at 295 cm-I due to CuO

phase. [ZO,301

Figure F.4a shows the anatase weight fraction as a function of

calcination temperature. Pure TiOz as well as Nb-doped TiOz show
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almost no change in thephase cbmposlt1on after calcination up to

600°C in agreement with Traversa et al. [8]. For pure Ti02, anatase to

rutile transition temperatures are typically between 600 and 700°C. [31]

Cu-doped Ti02 is only stable up to 400°C, e.g. the anatase content

decreases from 27 wt% at 400°C to 7 wt% at 600°C for 10 at%

Cu/Ti02. The XRD patterns of 10 at% Cu/Ti02 at the different

calcination temperatures are shown in Figure F.4b. At 500 and 600°C

the intensity of the main rutile diffraction peak (28 = 27.8°) increases

and at 28 = 35.7 and 39° CuO peaks appear. This indicates segregation

or growth of the CuO crystals at these calcination temperatures.

The segregation and growth of CuO crystals was confirmed by

TEM. A STEM image of 10 at% Cu/Ti02 partic1es calcined at 600°C

(Figure F.5b) shows bright (Cu) spots surrounded by darker (Ti)

partic1es. The as-prepared partic1es appeared homogeneously white in

the STEM image (Figure F.5a), indicating a homogeneous distribution

of Cu on the partic1es. The segregation upon calcination of 10 at%

Cu/Ti02 at 600°C was further verified by aTEM image (Figure F.5c)

and the corresponding Ti map (Figure F.5d). Large irregularly shaped

crystals are visible in the TEM image, these appear dark in the Ti map as

they are composed of CuO. The phase segregation was also confirmed

by EDX analysis. Larsson and Andersson[30] also reported on an

accelerated sintering of CuO loaded Ti02. In contrast, the higher valence

of niobium reduces oxygen vacancy concentration in titania, thus

retarding anatase to rutile transition and slowing down grain growth. [11]

The anatase crystallite size of pure titania grew to 25 nm after

calcination at 600°C, while it was only 22 or 19 nm after addition of 4

or 10 at% Nb, respectively.
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Figure F.5: STEM images 0/as-prepared (a) 10 at% Cu/Ti02 as weil as after calcination (b)

at 600°C. ATEM image (c) and the corresponding Ti map (d) 0/ the calcined powder are

also shown.

On the as-prepared Ti02 film « 5 /-Lm thick) on an Au/Ab03

substrate cracks 10 - 20 /-Lm are formed during solvent and binder

evaporation. However, film uniformity and cracking were improved by

the doctor-blading techniqu,e compared to drop-coated Ti02 films[61. As

was shown in Figure F.4a all sampies were stable up to 400°C and thus

this temperature was chosen for sensor tests. In Table F.l anatase wt%

and crystallite sizes are listed for films after sensor tests at 400°C. The

anatase contents and crystallite sizes are consistent with the as-prepared

particles. Thus, no anatase to rutile phase transition or grain growth has

taken place during the sensor tests over several hours demonstrating the

high stability of flame-made particles at these conditions.



200

F.3.2 Gas sensing properties

Figure F. 6a (left axis) shows the change in resistance for the 4 at%

Nb/TiOz film under exposure to CO at 50 - 750 ppm in a forward and

backward cyde. The corresponding MS spectrum for m/z = 44,

attributed to COz, is also depicted in Figure F.6a (right axis). The

baseline resistance was stable during the sensor test. The resistance

decreased as CO was introduced, typical for anatase TiOz as an n-type

semiconductor. Nb-doped TiOz could exhibit a stronger n-type character

and a higher electronic conductivity than pure TiOz as the electron

concentration in the titania lattice might increase and the Fermi level

might be shifted doser to the conduction band[Z31. The forward and

backward cyde demonstrate the stability of the sensor as the drop in

resistance at each CO concentration is nearly identical.

The response and recovery times were in the range of 15 - 30 sand

90 - 105 s, respectively, and rather :independent of CO concentration.

The fast sensor response time suggests a surface controlled sensing

mechanism[3Z1, where a steady-state adsorption of CO and desorption of

CO or COz on the sensor film is rapidly reached. However the response

time is slower than for drop-coated TiOz sensor films 20 - 40 !-Lm thick

from 1-heptanol suspensions[61• The drop-coated anatase TiOz mostly

had a response time < lOs for sensing of ethanol, acetone, isoprene or

CO. This, however increased to 30 - 60 s after heat-treatment and

complete phase transformation to rutile. The variation in response time

of drop-coated or doctor-bladed films could mainly be attributed to the

differences in paste composition and deposition technique, which

influence the film thicknessand porosity and thus gas diffusion through

the films.

The changes in resistance measured at each CO concentration

were in good agreement with changes in the MS signal for COz
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(miz = 44; Figure F .6a). CO could not be detected directly by the MS

(mlz = 28), as the signal overlaps with the one from background Nz

(main flow). The concentration of HzO (mlz = 18) was also monitored

by the MS (not shown) and followed the same trend as the COz signal.

This indicates combustion of CO into COz, either as a surface catalyzed

reaction[9] or as gas-phase combustion. Akbar and Younkman[3Z]

suggested that CO molecules adsorb directly on the exposed TiOz

surface, ionize and release electrons into the conduction band of the

semiconductor, thus reducing the resistance. Water detected by the MS

might stern from release of chemically bound water on the sensor film.

Mueller et al. [33] showed by thermogravimetric analysis that chemically

bound water resulted in a weight loss from 120 to 500°C for flame-made

TiOz particles. Desorption of water from the semiconductor surface

might be facilitated by simultaneous CO adsorption.

In Figure F .6b the change in resistance of the 5 at%Cu/TiOz

sensor under exposure to CO pulses is shown. The baseline resistance

was quite stable and response and recovery times were both 10 - 15 s.

The signal was again n-type, as was already observed for the 4 at%

Nb/TiOz sensor. Teleki et al. [6] showed a p-type behavior of heat-treated

TiOz sensors (100 wt% rutile) towards CO at 500°C. Savage et al. [34]

reported that titania shows n-type behavior up to 75 wt% rutile, at higher

rutile contents the response changes to p-type. This might explain the n

type response of the sensor (Figure F.6b), as the 5 at% Cu/TiOz sensor

has a rutile content of 50 wt% (Table F.1). The changes in resistance

measured at each CO concentration were in good agreement with

changes in the MS signal for COz (miz = 44; Figure F .6b), as was

already observed for the 4 at% Nb/TiOz sensor. Dutta et al. [10] suggested

that CuO increases CO adsorption, prornotes reaction of CO with
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surface oxygen at the CuO/Ti02 (anatase) interface and helps CO2

desorption.

In Figure F.7 sensor signals of the Ti02 (0), 5 at% Cu/Ti02 (0),

10 at% Nb/Ti02 (~) and 4 at% Nb/Ti02 (0) as a function of CO

concentration are shown. Literature data (.) for 2 at% Nb/Ti02[9] are

also inc1uded for comparison. Pure Ti02 was rather insensitive towards

CO, as was shown also by Te1eki et al. [6] for an anatase titania sensor.

The sensitivity increased by addition of either Cu or Nb to titania, and

the best improvement was found for the 4 at% Nb/Ti02 sensor. Niobium

possibly increases the number of adsorbed oxygen on the surface, thus

promoting reaction sites for CO oxidation (CO(g) + O-(ads) ~ CO2-(ads)

~ CO2(g) + e-)[ll]. Decreasing the Nb content from 10 to 4 at% increases

the sensitivity. Possibly at high niobium content, a segregated Nb phase

....•... 2 at% Nb/Ti0
2

3
-D- 4 at% Nb/Ti02

~ 10 at% Nb/Ti02

-<>- 5 at% CulTi02

-0- Ti0
2

.•...

1

...

o 200 400 600 800

CO concentration, ppm

Figure F. 7: Sensor signals as a function of CO concentration are shown for Ti02 (0), 5 at%

Cu/Ti02 (0) and 10 (LJ) as weil as 4 at% Nb/Tt'02 (0) sensors. Literature data (.)for 2 at%

Nb / TiOPl are includedfor comparison.
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on the surface is formed (Figure F.2a). This might also explain the

reported[91 higher sensitivity of 2 at% Nb/TiOz sensors. Further,

differences in film preparation might also contribute to the present lower

sensor signal than in literature sensors[91 that were prepared by screen

printing.

Figure F.8a shows the change in resistance of the pure TiOz sensor

under exposure to ethanol pulses at 300 - 25 ppm, as wen as the MS

signal for m/z = 44 and 45. The sensor signal is n-type, in agreement

with Teleki et al. [61. As already shown for the CO measurements (Figure

F.6a,b), the decrease in resistance under exposure to ethanol is

accompanied by an increase in the MS signals m/z = 44, as wen as for

m / z = 45. The signal at m / z = 45 corresponds to CzHsO-. This indicates

a partial combustion of ethanol to COz and HzO, as wen as arelease of

ethoxides formed during the adsorption of ethanol on the sensor

surface[3SI.

The change in resistance and in the m/z = 44 and 45 MS signals of

the 10 at% Nb/TiOz sensor under exposure to ethanol pulses are shown

in Figure F .8b. The sensitivity was high but the baseline rather unstable.

The response time decreased with increasing ethanol concentration,

from 180 to ISs for 25 and 300 ppm, respectively. The recovery times

were slow, in the range 700 - 300 s, but decreased with increasing

ethanol concentration in agreement with Teleki et al. [61.

In Figure F.9 sensor signals of TiOz (0) and 10 at% Nb/TiOz (Li)

for ethanol are shown. The sensitivity of pure TiOz was lower than of

drop-coated TiOz sensors[6]., This might stern either from the lower

sensing temperature applied ,here (400 and 500°C, respectively) or the

film thickness. Addition of Cu had almost no effect on the sensitivity

towards ethanol (not shown), while Nb doping significantly increased
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the sensor signal. This indicates that CuO on the TiOz surface does not

facilitate adsorption of ethanol, as was suggested for CO sensing (Figure

F.7). Ruiz et al. [11] reported a slightly inhibited signal to ethanol for Nb

doped TiOz. In contrast, Comini et al. [36] showed that Nb doping

improved the sensitivity to ethanol with respect to pure TiOz. However,

if the films were partially or fully converted from anatase to rutile the

sensitivity decreased. [36] Similarly, Teleki et al. [6] reported on a

significant loss in sensitivity if a mainly anatase TiOz film was fully

transformed into the rutile phase by heat-treatment at 900°C. Thus, the

high sensitivity of the 10 at% Nb/TiOz to ethanol (Figure F.9) might be

due to the absence of rutile in the sensor.
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Figure F. 9: Sensor signals as a Junction oJethanol concentration are shown Jor Ti02 (0) and

10 at% Nb/Ti02 (LI) sensors.
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F.4 Conclusions

Niobium- (4 and 10 at%) and copper- (0.5 - 10 at%) doped Ti02

nanopartic1es were produced by flame spray pyrolysis. Niobium was

partly incorporated in the titania lattice promoting anatase formation.

Copper formed asperities < 5 nm in size and enhanced the anatase to

rutile phase transformation during flame synthesis. All sampIes were

calcined for four hours in air from 300 to 600°C. The anatase phase was

conserved in the presence of niobium and grain growth was inhibited.

Addition of copper facilitated the anatase to rutile phase transformation

just above 400°C and enhanced grain growth. This also resulted in

segregation of CuO from the titania surface after post-synthesis

calcination. The gas sensing properties of the films were investigated for

ethanol (25 - 300 ppm) and CO (50 - 750 ppm) at 400°C. Both Cu and

Nb improved the sensitivity towards CO compared to pure Ti02 . For

ethanol sensing the anatase phase seems to be crucial as the Nb/Ti02

sensor showed the highest sensitivity while Cu doping had no influence

on the sensor signal relative to pure Ti02• The sensor performance of

flame-made Nb- and Cu-doped Ti02 was consistent with that of the wet

made counterparts. Flame-made films exhibited perfect stability during

sensor tests at 400°C.
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Blue Nano Titania

Made in Diffusion Flames

Abstract Blue titanium suboxide nanopartic1es (including Magneli

phases) were formed direct1y without any post-processing or addition of

dopants by combustion of titanium-tetra-isopropoxide vapour at

atmospheric pressure. Partic1e size, crystal composition, rutile and

anatase crystal sizes as weH as the blue coloration were controHed by

quenching the flame with a critical flow nozzle placed at various heights

above the burner. The partic1es showed a broad absorption in the near

infrared region and retained their blue color upon storage in ambient

atmosphere. A high concentration· of paramagnetic Ti3
+ centres was

found in the substoichiometric partic1es by EPR spectroscopy. The

process is cost-effective and green while the partic1es produced can

replace traditional blue coloured, cobalt-containing pigments.
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G.1 Introduction

Millions of tons of TiOz are produced annually mostly for

pigments, with niche applications in photocatalysis[l] and solar cells[Zl.

Recently there is significant ihterest in titanium suboxides, as they

exhibit advantages over fully oxidized TiOz in photocatalysis[3] since the

surface of reduced TiOz exhibits strong metal support interactions

(SMSI) making it an attractive catalyst support[4]. The high conductivity

of titanium suboxides also make them attractive in electrochemical

applications[S] inc1uding batteries, fue1 cells or corrosion resistant films[6].

Blue titanium suboxides can be applied in optical or decorative

applications and might even replace traditionally used toxic and

expensive cobalt-based blue pigments. [7]

The bulk defect structure in titanium suboxides depends on the

degree of substoichiometry. [8] At small departures from it, within a

perfect rutile lattice TiOz_x consists of a solid solution of point defects, [9]

that are either oxygen vacancies or Ti3+ and Ti4+ interstitials.[8] At larger

deviations from stoichiometry, the Magneli series of ordered structure

compounds exist with the common formula TinOzn-l.[10] These structures

can be formed from perfect TiOz by a crystallographic shear (CS)

mechanism. [9]

Defect formation can be controlled during titania partic1e synthesis

by process parameters such as temperature, pressure and the presence of

dopants. Titanium suboxides can be synthesized in reducing (e.g. Hz)

environments, by vacuum heating, MOCVD, laser irradiation, electron

bombardment or Ar+ ion sputtering. While most of these techniques

reduce TiOz to a substoichiometric state, combustion of organometallic

precursors can also lead directly to titanium suboxides. [11] If such a flame



215

is cooled by expansion through a critical flow nozzle, particle growth

and oxidation are rapidly frozen resulting in titanium suboxides.

G.2 Experimental

A detailed description of the experimental set-up has been

published elsewhere. [12) The diffusion flame aerosol reactor was fed with

gas (Pan Gas, purity > 99.999%)/vapor streams using mass flow

controllers (Bronkhorst EL-flow F201) through temperature-controlled

lines (kept at 175°C). The central tube (ID = 1.8 mm, 0.3 mm tube wall

thickness) carried 0.75 lImin argon, 0.5 lImin methane and 0.3 g/min

(liquid mass flow meter: Bronkhorst Liqui-Flow) of titanium-tetra

isopropoxide (TTIP; Aldrich, purity > 97%, distilled in vacuum prior to

use) vapor (evaporator: Bronkhorst CEM 100 W). The second annulus

(ID = 3.5 mm) carried 0.5 lImin nitrogen to prevent powder deposition

on the burner and the third annulus (ID = 4.8 mm) 211min oxygen. An

aerosol expansion (or 'quenching') nozzle was placed 1 - 10 cm above

the burner mouth (b.urner-nozzle-distance: END) as described

elsewhere. [11)

The specific surface area of all product powders was measured by

nitrogen adsorption at 77 K, employing the BET isotherm

(Micromeritics TriStar 3000). X-ray diffraction (XRD) patterns were

obtained with a Broker D8 advance diffractometer operating with Cu Ku

radiation. Crystallite sizes were evaluated using the fundamental

parameter method. Baseline corrected absorption spectra applying the

Kubelka-Munk equation of the product powders diluted 1:4 with barium

sulphate (Riedel-de Haen, extra pure), in the wavelength range of 200 to

800 nm, were recorded with a UV-VIS-NIR spectrometer (Varian, Cary

500). Diffuse reflectance infrared Fourier-transform spectra (DRIFTS)
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were recorded on a Harris Praying Mantis diffuse-reflectance unit of a

FT-IR instrument (Bruker, Vector 22). The sampies were diluted 1:50

with KBr and 512 scans were collected at aresolution of 2 cm-1against a

KBr background. Transmission electron mlcroscopy (TEM)

investigations (CM30ST microscope, FEI (Eindhoven), LaB6 cathode,

operated at 300 kV, SuperTwin lens, point resolution ~2 A) were

performed on product particles deposited onto carbon-coated copper

grids. Continuous wave (CW) electron paramagnetic resonance (EPR)

measurements at X-band were carried out on a Bruker E500

spectrometer.

G.3 Results and discussion

Figure G.l shows TEM and optical images of such particles made

in a diffusion flame with a critical flow nozzle placed at (a) 1, (b) 2, (c) 4

and (d) 6 cm above the burner[12]. All powders exhibit a bluish coloration

characteristic for oxygen-deficient titania. [4,13] With increasing burner

nozzle-distance (BND) the powder color goes through grayish-blue

(Figure G.la), light blue (Figure G.lb), dark blue (Figure G.lc) and then

again lightens up to a softer blue (Figure G.ld). Particles produced at 1

and 2 cm (Figure G.la,b) are irregular in shape and highly

agglomerated. The non-uniformly shaped particles may come from

partially combusted precursors that were oxidized after quenching. [14]

This is supported by in-situ FT-IR spectroscopy indicating that precursor

(TTIP) conversion is completed at 3 cm above the burner[12] as confirmed

further by FT-IR (DRIFTS) detecting TTIP absorption band in particles

produced at 2 cm BND. At increasing flame heights the degree of

agglomeration is reduced (Figure G.lc,d) as the particles have passed the

high temperature region of the flame· and fully coalesced to spherical

ones. Recall that particles produced at BND < 3 cm may form by
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Figure G.i: TEM and optical images offlame-made titania produced at i (a), 2 (b), 4 (c) and

6 cm (d) burner-nozzle-distance. The corresponding diffraction patterns are shown as insets.



218

precursor reaction downstream the quenching nozzle, which nearly

coincides with the darkest blue obtained at 4 cm BND (Figure G.1c). As

the flame length increases, partic1es have more time to be oxidized at

high temperatures and their color again lightens up (Figure G.1d). The

powders retained their blue coloration upon storage at ambient

atmosphere over months, indicating that the oxygen deficiencies are

located in the bulk and not only on the surface of the partic1es. Jakob et

al. [15] reported that sol-gel made colloidal Ti02 nanoparticles exhibit blue

coloration upon UV irradiation, as electrons are stored within partic1es.

However, the blue color in these partic1es could only be maintained in

inert atmospheres and disappeared in the presence of an electron

scavenger such as dissolved oxygen; Maskrot et al. [16] synthesized blue

Ti02_x stable at ambient atmosphere by laser pyrolysis only in the

presence of SiH4 •

Figure G.2a shows X-ray diffraction patterns of titania powders

produced at 1 - 10 cm BND. At 1 cm BND, anatase peaks are dominant,

while broad rutile peaks of low intensity are also visible. The overalllow

intensity of the spectrum is caused by the small crystal sizes and possibly

by the presence of amorphous titania. [17] Increasing the BND increases

the rutile peak intensity, so at 6 cm BND the main reflection (101) of

anatase is no longer visible. Also the rutile (101) and (111) peaks show

higher intensities than expected, for bulk, stoichiometric titania

indicating defect structures in the lattice. Li et al. [18] showed that the

growth rate of (111) faces is faster than that of (001) or (101) faces whose

growth rate is faster than that of the (110) or (100) faces. This could

explain the high intensities of (101) and (111) with respect to the rest of

the peaks as nozzle quenching reduces the high temperature residence

time « 1 ms) of the p~rtic1es. At 8 cm BND, the anatase lattice
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reflections are again visible and at 10 cm END the anatase peaks have

increased in intensity as the .oxygen concentration increases.

At 4 - 5 cm END. a shoulder on the main rutile peak around

28 = 28.40 was detected (Figure G.2a) with a crystallite size of about

13 nm (0, Figure G.2b). This cannot be ascribed to neither anatase nor

rutile but possibly to a Magneli phase, Tin0 2n-I with 4::; n::; 9,[10] of Ti02

and most likely to Tig0 17 yg] The maln diffraction peaks of Tig0 17 at

28 = 26.6 (67% intensity), 28.1 (79% intensity) and 29.1 0 (100%

intensity) might be causing the overall peak broadening over the main

anatase and rutile peaks in this 28 range. At this large n-value of Tin0 2n-I

(n = 9), the lamellar aspect of the Magneli structure may not be strang

enough to significantly change the diffraction pattern. [20]

The lang-term color stability of the powders indicates that defects

are not only present at the particle surface but are ab1e to migrate into

the particle during its formation at high temperatures. Therefore,

Magneli phases are possibly formed also at END other than 4

(Figure G.2) and 5 cm. The defects could also be randomly distributed in

the crystal structure (point defects) so they da not affect diffraction

patterns. These resulting suboxides would then correspond to a Ti02_x

rather than a Magneli phase. At 4 cm END also the darkest blue powder

was obtained (Figure G.1c) indicating the highest degree of non

stoichiometry and therefore in good agreement with the shoulder

observed in the XRD spectra at that END.

Rutile formation is promoted by oxygen vacanCles which are

created at low oxygen concentration. [11] The oxygen partial pressure

increases with increasing flame length and END as more oxygen diffuses

into the core region of the flame. In unquenched flames nearly pure

anatase is produced. [12] The highest rutile content is obtained in powders
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where the quenching nozzle was placed right after the high temperature

region of the flame (BND = 6 - 8 cm), e.g. the formation of rutile is

favored by the combination of high temperature, rapid cooling rate and

low oxygen partial pressure. Growth of the main anatase (XA(101)) and

rutile (XR(1lO;) reflections is observed for BND > 6 cm, while the crystallite

size is rather constant at low BND (Figure G.2b). A detailed Raman

analysis study on flame-made titania showed that stoichiometric

powders are mainly anatase, while nonstoichiometric rutile is favored for

particle sizes above ~ 20 nm. (21)

Figure G.3a shows EPR spectra of titania produced at 4.5 and

6 cm BND, as weIl as stoichiometric Ti02 and Degussa P25 reference

sampies measured at room temperature. The stoichiometric and the 6 cm

BND sampies had no EPR signal at ropm temperature. At 4.5 cm BND

the signal with g = 2.003- probably arises from superoxide anions (02-;

Attwood et al. (22)). These could have formed by surface Ti3+ reaction

with atmospheric oxygen during storage, as this sampie also has the

highest degree of substoichiometry (Figure G.2a).

Stoichiometric Ti02 and Degussa P25 showed no EPR signal at

130 K (Figure G.3b), as these sampies do not contain paramagnetic

centres or only at a very low concentration. In contrast, a signal appears

with g = 1.956 for titania quenched at 4.5, 6 and 10 cm BND. This signal

can be attributed to Ti3
+[23,24) and can only be observed at rather low

temperatures due to the short relaxation time of the ion. (25) The signal is

broad as extensive spin-spin interactions occur at high Ti3
+

concentrations. [22,23] However, the signal intensity decreases with

increasing BND as the Ti3
+ concentration is reduced. The temperature

dependence of the EPR signal at 140 - 10 K was investigated for the

6 cm BND partides (Figure GA). The linewidth narrowed with

decreasing temperature consistent with Khomenko et al. ,[26] however at
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lOK the signal was still unusually strong and broad. This suggests that

the sampies are highly concentrated in paramagnetic Ti3
+ centres.

g =1.955
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Figure GA: EPR spectra oftitania produced at 6 cm burner-nozzle-distance at 140 -10 K.

Figure G. 5 shows the UV-vis absorption spectra of powders

produced at 1, 2, 4, 6, 8 and 10cm END. All sampies show a maximum

absorption at 240 nm, in agreement with the 246 nm measured for

commercial Degussa P25. As the BND decreases, the absorption edge is

shifted towards lower wavelengths. At BND 10 cm the absorption edge is

located at 388 nm, while at 1 cm BND it has decreased to 342 nm. This

blue-shift could be a result of the decreasing crystal size[27] as the BND

decreases here. The absorption edge of powders made at 4 cm BND is

located at 362 nm just as commercial Degussa P25 (363 nm), as these

powders have similar specific surface areas, 54 and 50 m2/ g,

respectively. In the wavelength region between 600 and 800 nm an

increase in absorption can be observed as a result of the blue coloration
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of the powders. This broad' absorption in the near-infrared region was

also observed by Jakob et al.[1S] for blue TiOz nanoparticles in ethanol.

200 300 400 500 600 700 800

Wavelength, nm

Figure G.5: UV-vis spectra of titania powders produced at 1, 2, 4, 6, 8 and 10 cm burner

nozzle-distance (END). Degussa P25 is shown as reference.

Bandgap energies were calculated from the extrapolation of the

absorption edges onto the energy axis and are shown in Figure G.6. The

bandgap energy increases nearly linearly from 3.2 to 3.6 eV with

decreasing END from 10 to 1 cm showing the capacity of this process to

produce powders with co~trolled bandgap energy by selecting the

location of the nozzle above the flame.
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