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Abstract

Nanotechnology, the manipulation of matter at the scale of1 100nm is present in
everyday life and continues extending into new areas of application. Aerosol synthesis
routes, the production of nanoparticles in the gas phase, are known to be continuous,
highly controllable, and even suitable for fabricating di erent types of nanostructured
metamaterials materials with properties not found in nature. In this thesis, single
and multicomponent engineered aerosol nanoparticles with di erent morphologies were
synthesized for applications involving interactions between light and matter. The syn-
thesized nanoparticles included spherical silver particles, titania-encapsulated iron oxide
particles, silver-decorated silica particles, and silver titania composite doublet particles.
Furthermore, the studied applications for the nanoparticles were magnetically separable
photocatalyst nanopowders and nanostructured metal dielectric metamaterials with lin-
ear and nonlinear optical properties, more speci cally, localized surface plasmon resonance
and second-harmonic generation, respectively.

The aerosol synthesis techniques utilized for the nanoparticle production in this thesis
included particle size selection, sintering, encapsulation, and coating. The sintering of the
size-selected silver agglomerates to spheres continued the trends found from the literature.
In the simple encapsulation process, liquid precursor containing solid particles was sprayed
into a tubular furnace where the precursor thermally decomposed on the surface of the
solid particles, forming multicomponent particles. This approach was demonstrated by
synthesizing titania-encapsulated iron oxide particles. As titania and iron oxide are known
to be photocatalytic and magnetic, respectively, the produced nanopowder could nd
use as a magnetically separable photocatalyst. The silver coatings on the silica and
titania carrier particles, accomplished by physical vapor condensation, were found to form
di erent types of morphologies due to the migration of the silver on the carrier particles.

The wavelength of the localized surface plasmon resonance of spherical silver particles
deposited on glass substrates was tuned betweetD0 450 nm with the particle size. Due
to the random deposition process, particle particle contacts on the substrate caused
broadening of the extinction spectrum with higher area fractions. On the other hand, the
silver-decorated silica nanoparticles maintained the narrow plasmon resonance band even
with high particle number densities. This enabled the fabrication of thicker bulk-type
optical materials. The nonlinear optical properties of bulk-type multilayer nanostructures
consisting of alternating layers of silver-decorated silica nanoparticles and pure silica were
investigated. It was proposed that the porous particle layers were in a key role in the
formation of the required non-centrosymmetric structure. Furthermore, both the silver
particles and the multilayer structure were important for the second-harmonic generation,
whose intensity increased with the number of layers. The fabricated structures could
be further optimized in order to increase the conversion e ciency of the second-order
nonlinear optical process.






Tivistelma

Nanoteknologia, aineen manipulointil 100 nm mittakaavassa, hy6dyttdd ihmisid arjessa
ja tuottaa jatkuvasti uusia keksintdja. Aerosolisynteesimenetelmilla nanohiukkasia voi-
daan tuottaa kaasufaasissa jatkuvasti ja hallitusti. Lisdksi aerosolimenetelmia voidaan
hy6dyntd& nanorakenteisten metamateriaalien valmistuksessa. Metamateriaalit ovat
keinotekoisia materiaaleja, joiden ominaisuudet eroavat luonnonmateriaaleista. Tassa
ty6ssé tuotettiin yksi- ja monikomponenttisia aerosolinanohiukkasia erilaisilla morfolo-
gioilla sovelluskohteisiin, jotka liittyvat valon ja aineen vuorovaikutukseen. Tuotetut
nanohiukkaset olivat pallomaisia hopeahiukkasia, titaanidioksidilla koteloituja rauta-
oksidihiukkasia, hopeakoristeltuja silikahiukkasia ja hopea titaanidioksidikaksoishiuk-
kasia. Tutkittuja sovelluskohteita olivat magneettisesti eroteltavat fotokatalyyttiset
nanojauheet ja nanorakenteiset metalli dielektriset metamateriaalit, joilla on lineaarisia
ja epdlineaarisia optisia ominaisuuksia kuten hiukkasten pintaplasmoniresonanssi ja taa-
juuden kahdennus.

Téassa tydssa kaytettyja aerosolisynteesimenetelmia olivat hiukkaskoon valitseminen, sint-
raus, kotelointi ja paéllystaminen. Tulokset kokovalikoitujen hopea-agglomerattien sint-
raamisesta pallomaisiksi olivat yndenmukaisia kirjallisuudesta l6ytyvien tulosten kanssa.
Yksinkertaisessa kotelointiprosessissa nestemainen prekursori, joka sisalsi kiinteita hiuk-
kasia, pirskotettiin putkiuuniin. Uunissa prekursori hajosi termisesti koteloiden kiinteén
hiukkasen sisdansa. Talla menetelmalla tuotettiin titaanidioksidilla koteloituja rautaoksi-
dihiukkasia. Koska titaanidioksidilla tiedetdén olevan fotokatalyyttisia ja rautaoksidilla
magneettisia ominaisuuksia, valmistettua nanojauhetta voidaan mahdollisesti hyédyn-
tda magneettisesti eroteltavana fotokatalyyttina. Fysikaalisella hdyryn kondensaatiolla
tuotettujen hopeapaallysteiden havaittiin muodostavan erilaisia morfologioita silika- ja
titaanidioksidihiukkasten paalle. Tama johtui muodostuneiden hopeahiukkasten liikkeesta
kantajahiukkasten paalla.

Lasialustalle keréttyjen hopeahiukkasten plasmoniresonanssin aallonpituutta séédettiin
400 450 nm valilla muuttamalla hiukkasten kokoa. Sattumanvaraisen keraysprosessin
vuoksi hiukkasten valiset kontaktit levensivat ekstinktiospektria, kun hiukkasten luku-
maara pinnalla kasvoi. Sen sijaan hopeakoristellut silikahiukkaset sailyttivat kapean
resonanssikaistan jopa suurilla hiukkastiheyksilla. N&in ollen hiukkasista oli mahdollista
rakentaa paksumpia optisia naytteitd. Tassa tydssa tutkittin monikerroksisten nanora-
kenteiden, jotka koostuivat vuorottelevista kerroksista hopeakoristeltuja silikahiukkasia ja
puhdasta silikaa, epéalineaarisia optisia ominaisuuksia. Hiukkaskerrosten huokoisuudella
ajateltiin olevan suuri merkitys tarvittavan epakeskussymmetrisen rakenteen muodostu-
misessa. Taman liséksi sekd hopeahiukkaset ettd kerrosrakenne olivat tarkeité taajuuden
kahdentumisessa, jonka voimakkuus riippui kerrosten lukumaarésta. Valmistettuja raken-
teita voidaan vield optimoida epalineaarisen optisen prosessin vahvistamiseksi.
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1 Introduction

There's plenty of room at the bottom , a lecture given by Richard Feynman in 1959
(Feynman, 1992), is considered the conceptual launch for nanotechnology, a term later
coined in the mid-1970s (Taniguchi, 1974). Nanotechnology can be understood as the
manipulation of matter in the scale of 1 100 nanometer, one billionth of a meter. Even
though such dimensions are a few orders of magnitude larger than the size of a single
atom, they are still beyond the scope of optical microscopy. Thus, the nanoworld began to
truly unravel just a few decades ago, after the enormous progress in the characterization
and manipulation of nano-sized features. Nowadays, the products of nhanotechnology are
an invisible but inseparable part of the everyday life, not to mention what nanotechnology
has to o er for the future. Nanoparticles and -structures can be found from building
materials, health products, textiles, food supplies, and sports equipment, to mention
but a few. Moreover, current state-of-the-art nanotechnology enables the fabrication of
metamaterials arti cial materials with properties novel even to nature.

The properties of nanoparticles di er from the corresponding bulk material due to their
extremely small dimensions. For instance, the interaction between light and a nanopatrticle

is highly localized, enabling the fabrication of smaller optical devices. Furthermore, the
increased surface area with decreased particle size, as volume stays constant, is relevant
for catalytic reactions taking place on the material surfaces. Besides the particle size, also
the shape of the particles determines many of their properties. Nanosized spheres, cubes,
rods, and tubes, all have their own distinct properties and areas of application. Even
more complex particle structures can be achieved when di erent materials are combined
at the nanoscale. This gives the opportunity to engineer multicomponent nanoparticles
with either enhanced or multiple unique properties. In order to take full advantage of
these multicomponent nanoparticles, the control over the morphology of the produced
particles is highly important.

Several di erent techniques, utilizing solid, liquid, and gas phase processes, have been
used in the production of nanomaterials. These techniques can be roughly divided into
two categories, top-down and bottom-up. In the former approach, larger bulk pieces are
reduced in size, until the nanoscale is reached. Examples of techniques that follow the
top-down principle are, for example, mechanical grinding and lithography, which can be
used for fabricating arrays of di erent shaped nanostructures on a substrate (Haynes and
Van Duyne, 2001). In the latter approach, nanoparticles are assembled from individual
atoms or molecules. The bottom-up techniques include, for instance, the production
of nanopatrticle colloids through chemical reactions in a solution. These wet chemistry
techniques have been used for synthesizing both single and multicomponent nanopatrticles
with various di erent shapes (Liz-Marzéan, 2004).

Besides solid and liquid phase, nanoparticles can also be synthesized in the gas phase

1



2 Chapter 1. Introduction

through both physical and chemical reactions. In the aerosol-based production of nanoma-
terials, the generation, as well as, the tailoring of the particle size, shape, and morphology
can be realized in the gas phase. Several upsides follow from this, such as, the synthesis
processes are highly controllable, pure, continuous, inexpensive, and scalable (Kruis
et al., 1998; Strobel and Pratsinis, 2007; Swihart, 2003). Moreover, the particles can be
monitored in situ during the synthesis processes with aerosol measurement instruments
that give information regarding, for example, the particle size, density, chemical composi-
tion, and concentration (Hinds, 1999; Kulkarni et al., 2011). In addition, the individual
nanoparticles can be deposited on a desired substrate directly from the gas phase, thus,
aerosol nanoparticles can be used in the fabrication of nanostructured metamaterials.

Currently, aerosol-synthesized nanopatrticles, such as, carbon black, fumed silica, and
pigmentary titania, are produced annually several million metric tons (Skillas et al., 2011)
for everyday products, including, car tires, paints, foods, toothpastes, sunscreens, and
many others (Elvers, 2009). Moreover, an ongoing European project aims to scale-up the
aerosol-production of metal nanoparticles by physical synthesis methods t400 kg=day
(BUONAPART-E, 2014). Recent advances in the synthesis of engineered nanopatrticles
by aerosol methods have included the introduction of, for example, crumpled graphene
particles (Luo et al., 2011), coated Janus-like hybrid particles (Sotiriou et al., 2011a), and
semiconductor nanowires (Heurlin et al., 2012), any of which that could very well be the
next success stories in the eld of nanotechnology.

Evidently, the products of nanotechnology are utilized at ever increasing rate. Thus,
in order to build improved and novel nanosystems, it is important to increase the
understanding in the manipulation of the engineered nanoparticles. In this thesis, di erent
methods for the synthesis of single and multicomponent aerosol nanoparticles are presented
and studied, with the emphasis on the size, shape, and morphology tailoring of the particles
for applications involving interactions between light and matter. The engineered aerosol
nanoparticles synthesized in this thesis include spherical silver particlesRaper | ), titania-
encapsulated iron oxide particles Paper Il ), silver-decorated silica particles Paper il
and IV ), and silver titania composite doublet particles ( Paper Il ). Furthermore, the
applications for the engineered nanopatrticles include magnetically separable photocatalyst
nanopowders Paper Il ), as well as, nanostructured metamaterials with linear and
nonlinear optical properties, more speci cally, localized surface plasmon resonanc®éper

I and IV ) and second-harmonic generation, respectivelyRaper IV ).

In Chapter 2 of this thesis, relevant aerosol processes for the synthesis of engineered
nanoparticles are reviewed. They include the generation of aerosol nanoparticles via the
gas-to-particle and the liquid-to-particle conversion, as well as, methods for tailoring
the size, shape, and morphology of single and multicomponent aerosol nanoparticles.
Furthermore, the aerosol-assisted fabrication of metamaterials is brie y discussed. The
applications for the fabricated nanostructured metamaterials explored in this thesis involve
interaction between light and matter. These applications, localized surface plasmon
resonance, second-harmonic generation, and photocatalysis, are introduced in Chapter 3.
The experimental methods, including synthesis, deposition, and characterization of the
engineered aerosol nanoparticles and fabricated metamaterials, as well as, the obtained
results are reviewed in Chapter 4 and 5, respectively. The introductory review of this
thesis concludes with the nal remarks presented in Chapter 6. The publications included
in this thesis are appended in the end of the thesis.
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1.1 Aim and scope

This doctoral thesis aims to provide new information on the synthesis and applications of
engineered single and multicomponent nanoparticles produced with aerosol techniques.
The size, shape and morphology of the particles are tailored in the gas phase using methods,
such as, sintering, encapsulation, and coating. Furthermore, the synthesized nanoparticles
are incorporated into metamaterials with linear and nonlinear optical properties. The
main objectives of this thesis are formulated below.

Develop and study processes for tailoring the size, shape, and morphology of single
and multicomponent engineered aerosol nanoparticles

Incorporate the engineered aerosol nanopatrticles into metamaterials by a direct
deposition from the gas phase

Investigate the linear and nonlinear optical properties of the metamaterials fabricated
by the aerosol-assisted methods

The rst objective was realized in all publications of this thesis. More speci cally, size-
selected spherical silver nanoparticles were produced by sintering iRaper | , whereas, in
Paper Il , a physical vapor coating process was used to produce silver-decorated silica
nanoparticles, as well as, rather surprisingly silver titania composite doublet particles.
Moreover, in Paper Il , a simple particle encapsulation method was introduced, and the
technique was demonstrated by synthesizing titania-encapsulated iron oxide nanopatrticles.

The second objective was realized ifPaper Il , where the produced particles were collected
into a nanopowder with photocatalytic and magnetic properties. Furthermore, in Paper

I and IV , the synthesized nanoparticles were deposited on glass substrates in order to
fabricate quasilayer and multilayer nanostructures, respectively. Moreover, the linear and
nonlinear optical properties of these metamaterials were characterized, connecting to the
nal objective of this thesis. A linear optical property of metal nanopatrticles, localized
surface plasmon resonance, was studied iRaper | and revisited again in Paper IV . In
Paper IV , aerosol techniques were used, for the rst time, in the fabrication of nonlinear
optical metamaterials. More speci cally, the used techniques allowed the fabrication of
novel bulk-type structures with second-order nonlinear optical properties.






2 Engineered aerosol nanoparticles

2.1 Generation of nanoparticles

The synthesis routes for aerosol nanoparticles can be roughly divided into two categories,
gas-to-particle and droplet-to-particle (Gurav et al., 1993; Skillas et al., 2011), as depicted
in Figure 2.1. In the former synthesis route, the particles are formed from the individual
atoms or molecules of the gas via a nucleation process. The required supersaturation for
the nucleation is achieved by either cooling the vapor or by generating atoms or molecules
from gaseous precursors through chemical reactions. The nucleated particles grow by
condensation of the vapor atoms or molecules, and coagulation with other particles. As
this is a bottom-up approach, the obtained particle sizes can be extremely small. However,
the gas-to-particle route usually leads to highly agglomerated nanopatrticles.

*DV WR SDUWLFOH
&RQGHQVDWLRQ DQ¢
+HDWLQJ FRDJXODWLRQ

. ﬁ DJJORPHUDWLRQ

1XFOHDWLRQ
6ROLGLTXLG <% NG
oo

Qw 3DUWLFOHV 6SKHULFDO
5HDFWLRQ DJJORPHU

'"URSOHW WR SDUWLFOH
(YDSRUDWLRQ 5HDFWLRQ

ﬁ QQQ 0”0 OQO

3UHFXUVRU '
VROXWLRQ URSOHWYV /ILTXLG SDUWLFOHWROLG SDI

Figure 2.1: A schematic of the basic physical and chemical processes involved in the particle
formation and growth by the gas-to-particle and the droplet-to-particle conversion.

In the droplet-to-particle route (or the spray process), a liquid precursor solution is
atomized into a gas ow. First, the solvent evaporates from the sprayed droplets, after
which solid particles are formed from the liquid precursor through chemical reactions, such
as thermal decomposition or hydrolysis. The generated particles are usually spherical,
as they are formed directly from the liquid droplets. Furthermore, the particle size can
be controlled with the concentration of the solution. The di culty of nding suitable
precursors is a major drawback of the droplet-to-particle route.
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6 Chapter 2. Engineered aerosol nanopatrticles

High temperatures are usually required in order to provide the necessary energy for the
physical and chemical aerosol processes, such as, evaporation of materials and thermal
decomposition of precursors, respectively. Energy sources utilized in the nanoparticle
production include, for example, ames (Pratsinis, 1998), furnaces (Scheibel and Pors-
tendodrfer, 1983), sparks (Schwyn et al., 1988), and lasers (El-Shall et al., 1994). Although,
in this thesis, ames are used to produce powders of nanoparticlesRaper Il and Il ),
mainly tubular ow furnaces are utilized in the nanoparticle production. Compared

to many other energy sources, in furnaces, the whole gas ow is heated, making the
process rather energy ine cient. On the other hand, more controllable temperatures and
temperature gradients are achieved.

The gas-to-particle conversion was utilized in the nanoparticle generation inPaper | ,
where bulk silver was heated at temperatures above its melting point §61:78 C, Haynes,
2016), and the particles were formed by a physical evaporation condensation EC)
process. A dierent type of a gas-to-particle route, chemical vapor synthesis CVS) (Heel
and Kasper, 2005), was exploited inPaper IV , where the thermal decomposition of
tetraethyl orthosilicate ( TEOS) vapor led to the nanoparticle formation. The droplet-to-
particle conversion was utilized inPaper Il by thermally decomposing liquid titanium
isopropoxide (TTIP ) particles in a spray pyrolysis process. The thermal decomposition
of TEOS and TTIP leads to silica and titania nanoparticles, respectively, according to
the following reactions (Okuyama et al., 1986):

SI(OC2H5)4 I SiO; +4CyH4 +2H50 (21)
Ti (OC3H7)4 I TiO5+4C3Hg + 2H,0; (22)

where the by-products are water vapor, as well as, gaseous ethane and propene, respectively.
Furthermore, the formed water can result in the simultaneous hydrolysis of the precursors.
The thermal decomposition of TTIP has been reported to occur already at temperatures
above 100 C (Moravec et al., 2001), whereas, the decomposition ofEOS requires higher
temperatures; over700 C according to Okuyama et al. (1986).

2.2 Particle size, shape, and morphology

Particle size-selection

Many of the properties of nanoparticles are determined by their size. Although, the
process parameters, such as temperatures, ow rates, and concentrations, allow to tailor
the particle size to some extent, the size distributions of aerosol nanoparticles are often
quite polydisperse. In some applications, such as coatings and catalysts, this is usually
not a major issue. However, for example, electronic and optical applications often require
rather strict monodispersity from the nanoparticles.

A standard aerosol instrument, a di erential mobility analyzer ( DMA) (Knutson and
Whitby, 1975), can be used to select a narrow particle size distribution from the aerosol.
In brief, an applied voltage between two coaxial cylinders generates an electric eld which
will change the path of charged aerosol particles, allowing particles with a certain mobility

to exit the instrument through a gap in the center cylinder. As for the particle mobility, it
depends on the particle charge, which often can be assumed to be one elementary charge,
and the mobility diameter. This equivalent diameter corresponds to the geometrical
diameter for spherical particles, whereas, for agglomerates the mobility diameter is larger
than the volume equivalent diameter. As only a small portion of the nanoparticles
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passes theDMA, a great amount of nanomaterial is lost in the size-selection process.
On the other hand, a very narrow particle size distribution, with a geometric standard
deviation (GSD) less than 1:1, can be achieved. The particle size-selection by thOMA
was utilized in Paper | and Il .

Spherical particles by sintering

As an individual aerosol particle collides with another particle in the gas phase, they stick
to form agglomerates. This coagulation process depends on the particle size, concentration,
temperature, and residence time (Hinds, 1999). The formed agglomerates are fractal-like
structures consisting of several spherical primary particles. Such structures are optimal
building blocks, for example, for llers and gas sensors. However, as many applications
require spherical particles, the ability to tailor the particle morphology is extremely vital.
Consequently, spherical aerosol nanoparticles can be obtained by sintering the formed
agglomerates in a heated gas ow.

During the sintering, necks starts to develop between the adjacent primary particles of the
agglomerate. By increasing the residence time or temperature, the diameter of the primary
particles increases by fusioning with each other. Meanwhile, the mobility diameter of the
agglomerate decreases, eventually becoming identical to the primary particle diameter for
a fully sintered sphere (Eggersdorfer and Pratsinis, 2014). Di erent sintering mechanisms
can be broadly dived into surface transport (e.g. evaporation/condensation, surface
di usion) and bulk transport processes (e.g. grain boundary di usion, viscous/plastic
ow) (Karlsson et al., 2005). The actual dominant sintering mechanisms depend on
the particle material and process conditions. Furthermore, particle sintering at elevated
temperatures can lead to higher degree of crystallinity (Magnusson et al., 1999), as well
as, phase transformations (Ahonen et al., 2001). In this thesis, sintering was used to
obtain spherical silver nanoparticles Paper | ), as well as, silica and titania nanopatrticles
(Paper IIl and IV ).

Morphology of multicomponent particles

Besides the particle size and shape, the morphology of multicomponent nanoparticles
strongly a ects their properties. For example, the catalytic material needs to be on
the surface of a particle, whereas, potentially harmful materials can be coated with
a protective layer. Several aerosol methods can be used to produce multicomponent
nanoparticles, either by mixing di erent materials before the particle generation or by
adding new materials further in the production process. Generally, the morphology of
the produced particles can be tuned to some extent by the process parameters, such
as, relative amounts of the materials, temperatures, and residence times. However, the
material properties, such as, saturation vapor pressures, surface energies, and chemical
properties, determine the morphology of the end product.

In Figure 2.2, examples of di erent morphologies for spherical multicomponent particles are
presented. Here, the morphologies are roughly divided into two categories, internally and
externally structured. The internal structure can be, for example, a metal alloy (ZihImann
et al.,, 2014) or a Janus-like particle (Sotiriou et al., 2011a), containing segregated
parts of di erent materials. More relevant to this thesis are the externally structured
multicomponent nanopatrticles: core shell/encapsulated (Paper Il ), decorated (Paper
1l and IV ), and composite doublet Paper Il ).
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Figure 2.2: Examples of di erent types of morphologies for spherical composite particles divided
into two categories.

Ceramic nanoparticles, such as silica, titania, and alumina, coated with noble metals
(palladium, silver, platinum, and gold) can be utilized as gas sensors (Madler et al., 2006),
catalysts (Keskinen et al., 2006), antibacterials (Sotiriou et al., 2011b), and in optical
applications (Paper IV ; Boies et al., 2011). Aerosol techniques, both chemical and
physical routes, have been used for the coating process. The chemical routes include ame
synthesis (Keskinen et al., 2006) and chemical vapor deposition (Binder et al., 2007),
whereas, physical routes usually rely on the coagulation of smaller metal particles and
larger ceramic carrier particles (Boies et al., 2011; Pfei er et al., 2015; Sigmund et al.,
2014a).

Due to the small amount of the coating material, as well as, the surface energies between
the metal and ceramic materials (Pfei er et al., 2015), typically, the decorated morphology,
consisting of small metal nanodots on a ceramic particle, is obtained. Especially in optical
applications, a ceramic core noble metal shell structure could be desirable (Oldenburg
et al., 1998). However, to the best knowledge of the author, such morphology has not
been produced by aerosol synthesis methods. On the other hand, core shell structures
with other types of materials have been successfully synthesized (Karlsson et al., 2004;
Sigmund et al., 2014b; Teleki et al., 2008). InPaper 11l , silica and titania nanopatrticles
were coated with silver by vapor condensation, obtaining decorated and composite doublet
morphologies, respectively.

2.3 Aerosol-assisted fabrication of metamaterials

Aerosol-synthesized nanoparticles can be collected on a desired substrate directly from
the gas phase by di erent deposition methods, such as, thermophoresis, impaction, and
electrostatic force. This opens up the possibility to incorporate or utilize aerosol particles
in various types of nanostructured metamaterials with unusual properties not found in
nature, such as, electrical, optical, magnetic, and catalytic (Kruis et al., 1998; Magnusson
et al., 2014). The deposition of nanoparticles from the gas phase typically leads to
quasilayers of randomly positioned particles. As the deposition time is increased, highly
porous structures of nanopatrticle layers begin to emerge.

In ame synthesis, the temperature di erence between the hot ame and the cold
substrate allows direct particle deposition, mainly due to the thermophoretic forces. The
agglomerated particles generated in the ame can be used as di erent types of functional
coatings with properties, such as, photoactivity and hydrophobicity (Aromaa et al., 2012;
Keskinen et al., 2006). In addition, the porous nanostructures of deposited particles have
been utilized as gas and biosensors (Madler et al., 2006; Sotiriou et al., 2010). Furthermore,
gas sensors composed of macroscopic conical structures of size-selected ame-synthesized
agglomerates have been fabricated by impaction collection (Keskinen et al., 2009).
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Quasilayers of electrostatically deposited aerosol nanoparticles have been used in the
fabrication of semiconductor nanomaterials, such as quantum dots (Deppert et al.,
1994) and nanowires (Messing et al., 2009). IrPaper | , the optical properties of
quasilayers of spherical silver nanoparticles on glass substrates were explored. Furthermore,
electrostatic deposition of nanoparticles allows the patterning of surfaces with a resolution
of approximately 100 nm (Kim et al., 2006), and even the assembly of three-dimensional
structures (Lee et al., 2011).

In order to build bulk-type metamaterials, di erent nanocoating techniques, such as spin
coating, atomic layer deposition, thermal evaporation, and electron beam evaporation,
can be utilized. For instance, after particle deposition on a substrate, spin coating has
been used to embed nanopatrticles in a exible polymer Im (Blattmann et al., 2015;
Sotiriou et al., 2013). Such Ims can have, for example, magnetic, optical, and conductive
properties, depending on the material of the nanopatrticle llers. Atomic layer deposition
and vacuum thermal evaporation are techniques that have been used to grow ultrathin
Ims on deposited nanoparticles for water splitting (Valenti et al., 2015) and solar cell
(Jung et al., 2014) applications, respectively. Furthermore, inPaper IV of this thesis,
electron beam evaporation was used in the fabrication of multilayer nanostructured
metamaterials with linear and nonlinear optical properties.






3 Light and nanostructures

3.1 Localized surface plasmon resonance

The absorption and scattering of light, that is, the linear optical properties of metal
nanoparticles immersed in a dielectric environment are dominated by a phenomenon
known as the localized surface plasmon resonancé$PR) or particle plasmons (Kreibig
and Vollmer, 1995). These particle plasmons rise from the coherent oscillations of the
conduction electrons as a response to the oscillating electric eld of the incident light, as
schematically illustrated in Figure 3.1. The resonance wavelength () depends on the size,
shape, and material of the particles, as well as, on the refractive index of the dielectric
environment (Kelly et al., 2003).

Figure 3.1: An illustration of the plasmon oscillations for spherical metal nanoparticles in
a dielectric environment, showing the displacement of the electron cloud in response to the
oscillating electric eld of the light.

In everyday life, the LSPR of nano-sized silver and gold particles manifests as intense
colors (Liz-Marzan, 2004), most commonly yellow and red, respectively. Thus, these
small metal particles have been used as decorative pigments in glass coloring, already
since the time of the Romans (Freestone et al., 2007; Gross et al., 1999). Besides art
coloring, the plasmonic nanoparticles have found use in a variety of di erent applications.
Most notably, as the resonance wavelength is sensitive to the changes in the dielectric
environment, LSPR-based devices have been used for chemical and biological sensing
(Anker et al., 2008; Willets and Van Duyne, 2007). Other interesting applications include,
for example, solar cells (Atwater and Polman, 2010), data storages (O'Connor and Zayats,
2010), cancer treatment (Hirsch et al., 2003), and nonlinear optical devices (Kauranen
and Zayats, 2012).

During the recent years, the LSPRs of aerosol-synthesized metal nanoparticles have been
utilized in ever-increasing rate. The plasmon resonances have been characterized from
the extinction spectra of nanoparticles consisting of silver Paper | ; Pfei er et al., 2014),

11
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silver/silica ( Paper IV ; Sotiriou and Pratsinis, 2010; Sotiriou et al., 2011b), silver/titania
(Gunawan et al., 2009), gold (Svensson et al., 2013; Thimsen, 2011), gold/silica (Boies
et al., 2011; Sotiriou et al., 2014a), gold/titania (Chiarello et al., 2008; Madler et al.,
2003), and silver gold/silica (Sotiriou et al., 2014b). This has given information about the
presence of metal particles, the particle size, concentration, morphology, agglomeration,
interparticle distance, and oxidation state. Furthermore, Sotiriou et al. have succesfully
employed ame-synthesized silver/silica particles in plasmonic biosensing and bioimaging
(Sotiriou et al., 2010, 2011a, 2013), as well as, gold/silica particles in photothermal cancer
treatment (Sotiriou et al., 2014a). Other applications for aerosol-synthesized plasmonic
nanoparticles have included, for example, solar cells (Jung et al., 2014; Pfei er et al.,
2014), photoelectrochemical water splitting (Thimsen et al., 2011; Valenti et al., 2015),
and surface-enhanced spectroscopy (Du et al., 2015; Saarinen et al., 2014).

3.2 Second-harmonic generation

When a material is irradiated with high-intensity light, the response of the material
polarization to the electric eld of the light can become nonlinear. Thus, the oscillating
polarization of a material with a nonlinear optical response generates light at new
frequencies di ering from the frequency of the incident light. In other words, the color
of the light changes as it passes through the material. A lowest-order nonlinear optical
process, second-harmonic generatiorsHG) or frequency doubling, was rst experimentally
demonstrated by Franken et al. (1961), soon after the invention of the laser. InNSHG,
light at the doubled frequency and half the wavelength compared to the incident light is
generated. E ectively, two photons at the frequency of the incident light are destroyed
and a photon at the second-harmonic frequency is generated, as depicted by a photon
diagram in Figure 3.2.

Figure 3.2: Second-harmonic generation depicted with a photon diagram. Two photons from
the incident light with a wavelength of ( are destroyed and a photon of the second-harmonic
light at a wavelength of (=2 is generated.

Only non-centrosymmetric materials, which are lacking inversion symmetry, can give
rise to SHG (Boyd, 2008). Typical nonlinear materials are non-centrosymmetric crystals,
such as potassium titanyl phosphate (KTP) (Zumsteg et al., 1976) and lithium triborate
(LBO) (Chen et al., 1989), which are extensively used by the laser industry for the
nonlinear frequency upconversion of infrared light, in order to obtain green and blue
lasers (Risk et al., 2003). Furthermore,SHG techniques have been used for studying non-
centrosymmetric structures found, for example, from biological materials (Campagnola
and Loew, 2003) and nano-sized metal objects (Bautista et al., 2012). Also, as the
inversion symmetry is necessarily broken at material interfacesSHG techniques can be
used to probe surface properties of materials (Shen, 1989).
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In recent decades, enormous e orts have been made in the fabrication of various types of
di erent metal dielectric nanostructures for nanoscale optical devices. The research has
been boosted by the rapid development of novel nano-fabrication techniques. However,
due to the symmetry constraints, the observation of the second-harmonic signal from
metal nanostructures has been mainly limited to surface geometries, such as rough metal
surfaces (Chen et al., 1981), arrays of nanostructures fabricated by lithographic methods
(Aouani et al., 2012; Grinblat et al., 2014; Klein et al., 2006; Kontio et al., 2009; Tuovinen
et al., 2002), and quasilayers of nanoparticles deposited on dielectric substrates (Belardini
et al., 2009; Zhang et al., 2011). Until the current research presented in this thesis
(Paper IV ), no e orts have been made to incorporate aerosol synthesis techniques in the
fabrication of nonlinear optical metal dielectric nanomaterials. In this thesis, aerosol-
assisted fabrication was utilized in the fabrication of bulk-type second-order nonlinear
optical materials.

3.3 Photocatalysis on titania

As incident light interacts with a semiconductor material, a photon with energy equal to
or greater than the band gap 3:2 eV for anatase titania) of the material is absorbed. From
this follows the excitation of an electron from the valence band of the semiconductor to
the conduction band, generating a positive hole in the valence band. Through oxidation
reduction, the electron hole pair reacts with oxygen and water molecules, generating
hydroxyl radicals, which are highly oxidative. These radicals can further oxidize organic
compounds forming carbon dioxide and water, for example, in air and water puri cation
applications (Chong et al., 2010; Fujishima et al., 2000). Figure 3.3 shows a schematic
presentation of the decomposition of organic material by the photocatalytic reaction on
titania.

Figure 3.3: A schematic of the decomposition of organic material by the photocatalytic reaction
on titania.

Due to the larger surface-to-volume ratio compared to bulk materials, nanoparticles
are excellent candidates for photocatalytic applications. However, the recovery of these
small particles with conventional methods, such as lItration, is not very e cient. In
order to overcome this issue, magnetic recovery of the photocatalytic nanoparticles has
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been introduced (Polshettiwar et al., 2011; Yao et al., 2015). Magnetically separable
photocatalytic nanoparticles compose usually of photocatalytic titania and magnetic iron
oxide, synthesized with wet-chemical methods (Alvarez et al., 2010; Gao et al., 2003;
Watson et al., 2002). Within a few recent years, also aerosol synthesis techniques, ames
(Buyukhatipoglu and Morss Clyne, 2010) and spraying processes (Costa et al., 2012;
Jiang et al., 2014; Li et al., 2011), have been utilized in the production of such composite
nanoparticles for magnetically separable photocatalyst nanopowders. IPaper Il  of this
thesis, a novel approach to the synthesis of iron oxide titania composite nanoparticles is
taken by combining the advantages of the two aerosol techniques, the high-production
rate of the ame, as well as, the controllability of the spraying process.



4 Experimental methods

This thesis consists of experimental work performed in several di erent research laborato-
ries. The aerosol synthesis, measurements, and nanomaterial fabrication was conducted
in the Aerosol Physics Laboratory of the Department of Physics at Tampere University of
Technology (TUT). In addition, a part of the nanomaterial fabrication process, electron
beam evaporation, was performed in the Optoelectronics Research Centre at TUT. The
produced nanomaterials were characterized in the Department of Materials Science and
Optoelectronics Research Centre at TUT, and in the Center of Microscopy and Nanotech-
nology at University of Oulu. Morever, the optical and photocatalytic measurements were
conducted in the Optics Laboratory of the Department of Physics, and in the Department
of Materials Science at TUT, respectively.

4.1 Synthesis

The nanoparticles produced in this thesis were synthesized using aerosol processes in
closed ow systems at atmospheric pressures. In all publications, high-temperature
tubular furnace reactors provided the thermal energy required for the physical and
chemical processes, such as evaporation, chemical decomposition, and sintering. The
furnaces were equipped with either quartz, at temperatures belowl000 C, or alumina
worktubes. The source materials and precursors for the synthesized nanoparticles were
bulk silver (Ag) (purity 99:9%) (Paper | , Il ,and IV ); TTIP (97 %) (Paper Il ); TEOS
(98 %) (Paper IV ); and nanopowders of iron oxide Fe,O3) (Paper Il ), titanium dioxide
(a.k.a. titania) ( TiO ), and silicon dioxide (a.k.a. silica) (SiO,) (Paper Il ).

A ame synthesis method called the liquid ame spray (LFS) (Tikkanen et al., 1997)
was used to produce the nanopowders of iron oxide, silica, and titania, used as source
materials in the subsequent synthesis processes. In brief, in theFS, a liquid precursor is
sprayed into a high-temperature hydrogen oxygen ame. Ideally, the sprayed droplets
evaporate, after which the vapor undergoes chemical reactions, leading to the gas-to-
particle conversion. The formed particles grow from condensation and coagulation, usually
resulting into a highly agglomerated end product (Eggersdorfer and Pratsinis, 2014). The
properties of the produced nanoparticles can be tuned with the operation parameters,
such as precursor concentration and feed rate, as well as, the gas ow rates and the
particle collection distance from the burner. A more detailed description of theLFS can
be found from the literature (Aromaa et al., 2007; Haapanen et al., 2015; Méakela et al.,
2004).

Figure 4.1 shows a schematic illustration of the experimental setups, with the most
relevant components, used in this thesis. The setups are divided into three parts: particle
generation, size selection and sintering, and coating. Note that not all of these parts are

15
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used in every experimental setup. Furthermore, the source materials and the furnace
temperatures are listed in the gure. In all setups, nitrogen (N;) was used as a carrier
gas.
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Figure 4.1: A schematic illustration showing the main components of the aerosol synthesis
setups used in this thesis (Paper | IV ). The setups are divided into three parts: particle
generation, size selection and sintering, and coating. The used materials and furnace temperatures
are listed in the gure.

In Paper | , spherical and monodisperse silver particles with diameters @0 130 nmwere
generated using anEC method (Scheibel and Porstenddrfer, 1983) followed by particle
size selection and sintering in the aerosol phase. First, silver was evaporated from a small
piece of bulk silver situated in the center of a tubular furnace. Due to the temperature
drop after the furnace, the silver vapor condenses into nanoparticles. As the goal was to
produce relatively large nanoparticles, the agglomeration of the particles was enhanced
by increasing the residence time with a coagulation chamber. Monodispersity of the
particles was accomplished with aDMA , after which the silver agglomerates were sintered
to spherical particles. Here, theDMA was placed before the sintering furnace in order to
study the sintering process of the monodisperse particles.

Iron oxide agglomerates encapsulated by titania were produced irPaper Il . A sus-
pension containing LFS-generated iron oxide nanopowder and liquidTTIP in isopropyl
alcohol (IPA) was sprayed into a tubular furnace with an atomizer aerosol generator.
In the furnace, rst the IPA solution evaporated from the droplets, and then the TTIP
thermally decomposed to titania on the surface of the iron oxide agglomerates via the
liquid-to-particle route, thus, encapsulating an iron oxide agglomerate inside a spherical
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titania particle. Similar type of processes, spraying of nanoparticles suspensed in a
liquid precursor, have been used to synthesize multicomponent particles. The produced
particles have been, for example, zinc oxide nanoparticles embedded in a sub-micron silica
sphere (Abdullah et al., 2004), and sub-micron mesoporous sphere composed of silver-
decorated titania particles (Zhao et al., 2012), in contrast to the core shell/encapsulated
nanoparticles obtained in this thesis.

The coating process of spherical ceramic nanopatrticles of silica and titania using silver
vapor condensation was studied inPaper Il . Agueous suspensions of eithetFS-
generated silica or titania nanopowder was sprayed into a sintering furnace in order to
obtain spherical carrier particles. These particles were then coated with silver in a furnace
system containing three separate heating zones, with the bulk silver in the rst furnace.
The coating process resulted in silver-decorated silica particles or titania silver composite
doublets. A DMA between the sintering and the coating furnaces was used to study the
e ect of the particle size and the concentration to the acheived silver coating.

In the nal publication of this thesis ( Paper IV ), silver-decorated silica nanopatrticles
were produced using a similar coating setup than inPaper Ill . The silica particles were
synthesized using aCVS method (Heel and Kasper, 2005).TEOS vapor was introduced

into a tubular furnace by bubbling nitrogen through liquid TEOS. After the decomposition

of the TEOS vapor to silica via the gas-to-particle route, the formed nanoparticles were
sintered to spherical. Finally, the silica particles were coated with silver in a single furnace
containing a bulk piece of silver.

4.2 Deposition

The LFS-generated iron oxide, silica, and titania nanoparticles were collected into a
nanopowder directly after the ame with an electrostatic precipitator ( ESP) consisting of
two parallel metal plates separated by a distance of approximately60 mm. High voltage
was applied to the plate that contained several corona wires used to charge the aerosol
particles which were then collected on the grounded plate.

Nanoparticle deposition in the closed ow systems for electron microscopy characterization
and on glass substrates was accomplished with alBSP preceded by a small corona charger.
The charger used in this thesis was introduced by Harra (2010) and later utilized by
Ar man et al. (2014) in the electrical detection of aerosol particles with a high-resolution
low-pressure cascade impactor, whereas, the us&fSP was similar to the one introduced
by Krinke et al. (2002). In this thesis, the 5 mm inlet of the cylinder shaped ESP widened
to 100 mminside the device, leading to a decrease in the particle velocity. Inside th&SP,

a perpendicular electric eld of 25 4:0kVcm * was applied between the ceiling and the
round collection electrode with a diameter of20 mm. The charged aerosol particles were
deposited on the desired substrates placed on top of the collection electrode. Figure 4.2
shows a schematic illustration of the particle charging and subsequent deposition with an
ESP. With the knowledge of the particle size and concentration obtained from aerosol
measurements, it was possible to estimate the obtained area fraction of the deposited
particles on the substrate.

lllustrations of the two di erent types of metamaterial nanostructures studied in this thesis,

(a) a surface sample, and (b) a bulk-type sample, are shown in Figure 4.3, along with
electron microscopy images. The studied surface sample was a quasilayer of spherical and
monodisperse silver nanoparticlesPaper | ), and the bulk-type sample was a multilayer
structure with alternating layers of silver-decorated silica nanoparticles and pure silica
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Figure 4.2: A schematic illustration of the particle charging and subsequent deposition on a
substrate with an electrostatic precipitator (ESP).

(Paper IV ). In the latter structure, the porous nanopatrticle layers were covered with
silica layers with an electron-beam dielectric coater. Due to the porosity, it was suggested
that the silica partially penetrates the particle layer, as also illustrated in Figure 4.3b.

Figure 4.3: lllustrations and electron microscopy images of the two di erent types of metal
dielectric metamaterial nanostructures studied in this thesis: (a) a surface sample with a
quasilayer of silver nanoparticles (Paper | ), and (b) a bulk-type multilayer sample with porous
layers of silver-decorated silica hanoparticles separated by layers of pure silica Paper IV ). The
inset shows the proposed structure of the layers.
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4.3 Characterization

Several characterization techniques were used to study the properties of the produced
nanomaterials, both during the nanoparticle synthesis process and after the particle
deposition. Table 4.1 lists the instruments and methods used in the publications of this
thesis. The aerosol measurements refer to the instruments used to detect the aerosol
particles during the synthesis process, whereas, the deposited particles were studied
with electron microscopy imaging, and elemental and phase analysis. Other studied
properties of the produced nanomaterials included optical, both linear and nonlinear, and
photocatalytic properties.

Table 4.1: A list of the instruments and methods used for the characterization of the produced
nanomaterials.

Paper Particle Aerosol Electron Elemental and Other studied
materials measurements  microscopy phase analysis properties
| Ag SMPS TEM Linear optical
CPC SEM
1 Fe; 03 SMPS TEM EDS Photocatalytic
TiO 2 XRD (Magnetic)
Raman
I SiO2 SMPS TEM EDS
TiO 2 CPC SAED
Ag ELPI+
\Y) SiO» SMPS TEM Linear optical
Ag FIB Nonlinear optical

Aerosol measurements

Aerosol instruments were used to measure the particle number size distributions and
monitor the nanoparticle production in the gas phase in all of the publications. Mainly,
a scanning mobility particle sizer (SMPS) (Wang and Flagan, 1990) composed of a
radioactive neutralizer (Krypton-85), a DMA , and a condensation particle counter CPC)
measured the size distribution of the generated particles at di erent stages of the synthesis
processes. The number concentration of the nanopatrticles in the gas phase was measured
using a CPC with a cut point of 3nm in Paper | and Ill . In addition, the total current
measured by an electrical low pressure impactorELPI) (Jarvinen et al., 2014; Keskinen
et al., 1992) was utilized in Paper Ill , as the total current is directly proportional to the
total condensation sink (CS) of the aerosol particles (Jarvinen et al., 2015; Kuuluvainen
et al.,, 2010). Moreover, theCS is the attachment rate of the condensing atoms and
molecules onto the aerosol particles.

Electron microscopy imaging

Electron microscopy imaging is the most reliable method used in this thesis in order
to obtain information about the nanoparticle morphology and the structure of the
nanomaterials. A transmission electron microscope TEM ) was used to image individual
particles deposited on carbon coated metal grids in all of the publications. Furthermore,
an image processing and analysis software ImageJ (Schneider et al., 2012) was used to
calculate the particle number size distributions from the obtained TEM micrographs
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in Paper | . Moreover, a scanning electron microscopeSEM) was used to image the
glass substrates containing the deposited nanoparticles shown in Figure 4.3a. The cross
section of the multilayer nanostucture in Paper IV was fabricated using the focused ion
beam (FIB) technique and imaged with a TEM (Figure 4.3b).

Elemental and phase analysis

The elemental composition of the nanoparticles produced inPaper Il and Ill were
studied with an analytical TEM equipped with an energy-dispersive X-ray spectroscopy
(EDS) instrument. The measured EDS spectra were analyzed both qualitatively and
quantitatively. For the latter, a commercial software was used to calculate the mass
percents of the di erent elements.

The phase of the produced nanoparticles was analyzed in detail iPaper Il and Ill . In
Paper Il , X-ray diraction ( XRD) was used to determine the phase of the both materials,
titania and iron oxide, in the composite particles. As magnetite and maghemite phases
of iron oxide have nearly identical XRD patterns (see e.g. Pinna et al., 2005), Raman
spectroscopy was successfully used to distinguish the crystal structure of the produced
nanoparticles. The crystallinity of the ceramic particles generated inPaper Il was
studied using the selected area electron di raction (SAED) mode of the TEM.

Linear and nonlinear optical properties

Both linear and nonlinear optical properties of the nanoparticles deposited on glass
substrates were studied in this thesis. Simpli ed schematic illustrations of the experimental
setups are presented in Figure 4.4. The linear optical properties of the samples fabricated
in Paper | and IV were studied by measuring their extinction spectra with ultraviolet
visible spectroscopy UV Vis ) at wavelengths of approximately 300 1000 nm (Figure
4.4a). A clean glass substrate was used as a reference, and thus, only the contribution of
the nanomaterial to the optical extinction was included in further analyses.

Figure 4.4: A schematic illustration of the experimental setup used to measure (a) the linear
(Paper | and IV ) and (b) the nonlinear optical properties ( Paper IV ) of the fabricated samples.
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Besides optical extinction, also the second-harmonic generation of the fabricated multilayer
nanomaterials was determined inPaper IV . This nonlinear optical response was measured
as a function of the angle of incidence () in a Maker-fringe setup (Maker et al., 1962)
(Figure 4.4b). A fundamental beam of laser light with a wavelength of 1064 nm was
focused on the sample plain resulting in the generation of the second-harmonic signal at
a wavelength of532 nm The fundamental beam was lItered out after the sample, and
the SHG signal was detected by a photomultiplier tube. A more detailed description
of the measurement setups used to determine the optical properties of the fabricated
metamaterials are presented in the doctoral dissertation of Mariusz Zdanowicz (2014).

Photocatalytic properties

In Paper Il , the photocatalytic properties of the encapsulated iron oxide titania
nanopowder were measured by the discoloration of methylene bluevB) under a UV
lamp. The concentration of the MB in an agueous solution was monitored at one hour
intervals by rst separating the powder particles from a small amount of the solution, and
then measuring the absorbance of théviB at a wavelength of 665 nmwith an experimental
setup similar to the one presented in Figure 4.4a. These measurements were meant to
demonstrate the photocatalytic activity of the produced nanopowder. As no reference
nanopowders were used, the results must be treated qualitatively.






5 Results and discussion

5.1 Tailoring the particle morphology

Figure 5.1 shows a compilation of the di erent particle sizes, materials, and morphologies
synthesized in this thesis. lllustrations of the particles are placed on a graph were the
horizontal axis indicates the geometric mean diameter GMD), and the vertical axis
shows the geometric standard deviation GSD), both measured in the aerosol phase with
an SMPS. The measuredGMDs are between approximately50 and 150 nm, and the
GSDs range from less thanl:1 to approximately 1:9. The narrow distributions with the
lowest GSDs (shaded area in Figure 5.1) were accomplished with the particle size-selection
through a DMA (Paper | and Il ), while the broader distributions obtained in Paper

Il are a result of the used air-blast atomizer (Chen et al., 2011).

Figure 5.1: The range of particle sizes, materials, and morphologies synthesized in this thesis
(Paper 11V ). The geometric mean diameter (GMD ) and the geometric standard deviation
(GSD) of the particles is presented on the horizontal and vertical axis, respectively. The shaded
area (GSD < 1:1) corresponds to the nanoparticles size-selected with a di erential mobility
analyzer (DMA).

As seen from Figure 5.1, the synthesized nanoparticles compose of four materials, metallic
silver, as well as, oxides of silicon, titanium, and iron. In the end products, silica had an
amorphous structure and iron oxide was crystalline maghemite. With titania, both crys-
talline anatase and rutile were produced. Furthermore, the di erent particle morphologies
synthesized in this thesis include both single and two-component nanoparticles: spherical

(Paper | ), encapsulated Paper Il ), decorated (Paper Il 1V ), and composite doublet
(Paper Il ). These morphologies were accomplished mainly using aerosol techniques of
particle sintering (Paper | ), coating (Paper Ill IV ), and encapsulation (Paper Il ).

23
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Sintering of silver nanopatrticles

Spherical silver particles in the size range of approximately fromil nm (Alanen et al., 2015;
Kangasluoma et al., 2013) to200 nm (Ar man et al., 2015) have been produced with
aerosol synthesis techniques in the recent years, mostly for test aerosols. Raper | , fairly
large spherical silver particles flsprere 50 130 nm) were produced by sintering DMA
size-selected silver agglomeratesifgyg. 70 200nm) in a heated ow. The sintering
process was investigated by measuring the mobility diameter of the particles as a function
of the sintering temperature with an SMPS.

Figure 5.2 shows the mobility diameter for three di erent size-selections as a function
of the sintering temperature, along with schematic illustrations of a silver particle at
di erent stages of the sintering process. Three processes typical to the particle sintering
can be distinguished from the gure: the compaction, the internal restructuring, and the
evaporation. Starting from the room temperature, at rst the mobility diameter of the
agglomerates decreased fairly linearly due to the compaction, until a certain temperature,
the compacting temperature (T;), introduced by Karlsson et al. (2005), is reached. Even
though, the mobility diameter stays constant after this temperature, internal restructuring
shapes the particles from a spheroid-like to more spherical. According to e.g. Ashby
(1974), Shimada et al. (1994), and Weber and Friedlander (1997), the dominant sintering
mechanism for silver nanoparticles is grain boundary di usion. Finally, near the bulk
melting point of silver, the particle size begins to decrease again due to evaporation.

Figure 5.2: The mobility diameter of the size-selected silver nanoparticles as a function of
the sintering temperature. The arrows indicate the compaction temperature, after which the
mobility diameter remains constant until the particles began to evaporate near the bulk melting
point. The schematic illustrations show the evolution of a particle from an agglomerate (mobility
diameter dagg. ) to a compact particle, and nally to a spherical particle ( dsphere ). (Adapted
from Paper | )

Several studies have investigated the sintering process of monodisperse silver nanopatrticles,
usually in the size range ofl0 100 nm (Deppert and Magnusson, 2001; Ku and Maynard,
2006; Schmidt-Ott, 1988; Shimada et al., 1994; Weber and Friedlander, 1997). In a recent
study by Arman et al. (2015), spherical silver nanoparticles as large as200 nm were
produced by sintering polydisperse agglomerates at a xed temperature 0800 C. In
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Figure 5.3, the mobility diameter of the size-selected silver agglomerates, as well as, the
compacting temperature as a function of the diameter of the sintered spherical particles
are presented. The ndings of Paper | of this thesis are in agreement, and also continue
the trends for larger particle sizes set in the literature.

Figure 5.3: The mobility size of the size-selected silver agglomerates (left), and the compacting
temperature (right) as a function of the diameter of the sintered spherical particles. The results

of (1) Paper | are compared to the literature values by (2) Schmidt-Ott (1988), (3) Shimada

et al. (1994), (4) Weber and Friedlander (1997), (5) Deppert and Magnusson (2001), (6) Ku and

Maynard (2006), and (7) Ar man et al. (2015).

The two graphs in Figure 5.3 give a rough estimation of the requirements for producing
speci c-sized spherical silver nanoparticles by sintering agglomerates. The solid black
line in the left-hand graph shows the required mobility size for the agglomerate size
selection, whereas, the required sintering temperature is within the shaded area of the
right-hand graph. Furthermore, the results suggest that particles with diameters smaller
than approximately 10 20 nm are spherical already at the room temperature. This is
in line with the reported sizes of the silver primary particles ( 7:5 22nm) (Ku and
Maynard, 2006; Schmidt-Ott, 1988; Shimada et al., 1994; Weber and Friedlander, 1997).
In order to obtain fully spherical particles, the sintering temperature has to be somewhat
higher than the compacting temperature, approximately 50 200 C for spherical particles
with diameters of 50 100 nm, according to Ku and Maynard (2006).

As all the referenced studies employ di erent experimental setups, it should be noted
that di erent parameters, such as, the primary particle size, the sintering time, and the
possible impurities will have an e ect on the obtained results. For example, the theoretical
sintering time, that is, the time required for the coalescence of two equally sized spheres,
can change orders of magnitudes with relatively small changes in the temperature and
primary particle size (see e.g. Nakaso et al., 2002; Shimada et al., 1994).

Coating of ceramic nanoparticles with silver

Ceramic carrier particles of amorphous silica and crystalline rutile titania were coated via
silver evaporation and subsequent heterogeneous nucleation and vapor condensation in
Paper Il . Under investigation was the e ect of the di erent coating parameters: the
material, size, and concentration of the ceramic carrier particles; and the evaporation
temperature of silver. The amount of the evaporated silver was estimated by measurements
with an SMPS and calculations using the evaporation rates reported by Lu and Zhu (2007).
The results along with the upper limit obtained by assuming that the gas was saturated
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with silver (Alcock et al., 1984) are presented in Figure 5.4. Taking into account the losses
of the evaporated silver vapor and the silver particles formed by homogeneous nucleation,
it is obvious that the calculation provides higher values than the measurements.

Figure 5.4: The total mass concentration of the evaporated silver as a function of the evaporation
temperature measured with an SMPS and calculated using the evaporation rates determined
by Lu and Zhu (2007) (left). The total mass concentration of silver particles measured with an
SMPS and a CPC as a function of the temperature of the second heating zone at an evaporation
temperature of 1200 C (right). In both gures, the solid line corresponds to a full saturation
concentration at the evaporation temperature, and the dashed gray lines represent ts of the
functional form of the silver vapor pressure to the measured and calculated values. (Adapted
from Paper Il )

In order to avoid the homogeneous nucleation of the evaporated silver, the temperature
gradient after the evaporation of silver was optimized by adjusting the temperature of
a second heating zone followed directly after the evaporation furnace. It was assumed
that at the optimal temperature, no silver particles would exit the furnace system. After
setting the evaporation temperature to 1200 C, the concentration of the silver particles
was measured with anSMPS and a CPC. Figure 5.4 shows that at low temperatures,
the steep gradient between the evaporation furnace and the second heating zone allowed
particle formation. On the other hand, at high temperatures the silver stayed in the
vapor phase until particle formation after the second heating zone. However, when the
temperature of the second heating zone was set to approximately00 800 C, no particles
were detected, even with the CPC alone (cut point3nm). Thus, at these conditions,
without the presence of the carrier particles, all the evaporated silver condensates onto
the tube walls. The temperature of the second heating zone was set t600 C in the
further particle coating experiments.

The e ect of the silver coating on the particle mobility diameter, and the morphology

of the coated particles were studied with anSMPS and a TEM, respectively. Figure 5.5
shows how the mobility diameter of the size-selected carrier particles began to increase
after the evaporation temperature reached approximately the melting point of bulk silver.
At the maximum evaporation temperature of 1200 C, the mobility diameter of the silica
and titania particles had increased approximately 10 and 20 nm, respectively. In addition

to this discrepancy in the mobility diameters between the two materials, notable di erence

in the particle morphology are evident, as seen from theTEM micrographs in Figure 5.5.
On the silica particles, the silver formed small nanodots or decorations. These decorated
particles are probably the most common morphology obtained in the aerosol coating
processes of ceramic particles with noble metals (Backman et al., 2004; Binder et al.,
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2007; Boies et al., 2011; Pfei er et al., 2015; Sigmund et al., 2014a). However, on top of
the titania particles, the silver formed a single larger structure leading to a morphology
that could be described as a composite doublet.

Figure 5.5: The mobility diameter of the size-selected approximately 90 nm silica (left) and
titania (right) carrier particles as a function of the silver evaporation temperature. The dashed
lines correspond to the melting point of bulk silver. The TEM micrographs show images of the
uncoated and silver-coated silica and titania carrier nanoparticles, with decorated and composite
doublet morphologies, respectively. (Adapted from Paper Il )

TEM micrographs, taken with a higher magni cation, of approximately 90 nm silica and

titania nanoparticles coated at di erent silver evaporation temperatures can be seen
in Figure 5.6. In addition, the insets show typical SAED patterns of the particles at

the corresponding temperatures. These patterns show di usive rings and re ections
corresponding to amorphous silica and crystalline rutile titania, respectively. The evap-
oration temperature had no e ect on the phase of the carrier particles. However, at
the evaporation temperature of 1200 C, re ections from nanocrystalline silver on silica,

and starting from 1000 C, re ections from crystalline silver on titania were observed.
Furthermore, the TEM micrographs show small silver nanodots on both carrier particle
materials already at the evaporation temperature of900 C.

In the case of the silica, the size of the silver decorations increased with the temperature
from approximately 1to 10 nm. However, on the titania, the silver formed larger structures,
already at 1000 C, which can been seen to coalescence with each other 8000 1100 C.
Titania particles smaller than 120 nm contained only one silver structure, whereas, several
structures were observed on larger carrier particles. Furthermore, the silver structures
had di erent shapes, including triangular, rod-like and hexagonal. Depending on the
evaporation temperature and the diameter of the titania particle, the size of the silver
structures could be tuned between20 and 100 nm

Figure 5.7 shows a schematic illustration of the proposed routes to di erent particle
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Figure 5.6: TEM micrographs of approximately 90 nm silica (top row) and titania (bottom
row) nanoparticles coated with silver at di erent evaporation temperatures. The insets show
typical SAED patterns from the particles at the corresponding temperatures. The patterns
indicate amorphous silica and crystalline rutile titania particles. At the evaporation temperature
of 1200 C, re ections (marked with arrows) from nanocrystalline silver on silica, and starting
at 1000 C, re ections from crystalline silver structures on titania particles can be observed.
(Paper Il )

morphologies. The migration of the small silver particles, and the subsequent particle
collisions and coalescence on the titania carrier particles was suggested to be the cause
for the composite doublet morphology. This is supported by the relatively high di usion
coe cient of silver (see e.g. Gontier-Moya et al., 2004), as well as, the formation of the
di erent shaped silver structures, likely resulting from coalescence of two single crystals,
as suggested by Harris (1995). Due to the amorphous structure of the silica, the particle
surface is rougher, hindering the particle migration (Bartholomew, 2001). Furthermore,
similar sintering experiments by Binder et al. (2010) with palladium-decorated silica and
titania particles showed that the palladium was more stable on silica than on titania.
However, in their study, the decorated morphology was maintained, most likely, due to
the relatively low di usion coe cient of palladium.

Figure 5.7: A schematic illustration of the formation of the ceramic silver composite particles
with di erent morphologies. (a) The initial steps are similar for both silica and titania carrier

particles. Due to the dierences in the Ag particle migration on (b) silica and (c) titania,
decoration and composite doublets, respectively, are formed. (Paper Il .)
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Multicomponent nanoparticles by encapsulation

In Paper Il , maghemite iron oxide agglomerates were encapsulated within spherical
titania particles via a liquid-to-particle route. In the simple particle synthesis approach,
iron oxide nanopowder and liquid TTIP suspensed inlPA was sprayed into a tubular
furnace. After spraying, the alcohol evaporated, leaving arTIP droplet containing a solid
iron oxide agglomerate particle. As theTTIP thermally decomposed to solid titania, the
formed spherical titania particle encapsulated the iron oxide agglomerate. At the furnace
temperature of 500 C, some of theTTIP evaporated before decomposition, forming small
titania agglomerates through the gas-to-particle route, as also previously observed by
Ahonen et al. (1999).

The ratio of iron oxide to titania, as well as, the particle size and morphology was tailored
by the composition of the sprayed suspension. Figure 5.8 showBMPS measurements of
the particle number size distributions of pure iron oxide particles, as well as, encapsulated
particles generated with two di erent precursor compositions. The weight percent of the
solid iron oxide nanopowder was the same in both precursors; however, the weight percent
of TTIP in the precursor 1 was an order of magnitude lower than in the precursor 2. The
GMD of the particle size distribution remained unchanged at approximately80 nmin the
encapsulation process when using the precursor 1, suggesting that the titania only lls
some of the voids in the iron oxide agglomerate, thus, resulting to a partially encapsulated
particle. Due to the higher amount of the TTIP in the precursor 2, the GMD increased
to approximately 130 nm, resulting to a fully encapsulated particle.

Figure 5.8: Particle number size distribution (top left) of pure iron oxide agglomerates and
encapsulated particles produced with two di erent precursor compositions resulting to partially
and fully encapsulated particles. The decomposition temperature in the encapsulation was 300 C.
TEM micrograph of a partially and a fully encapsulated iron oxide titania particle (below). A
typical EDS spectrum from a fully encapsulated particle (top right). The peaks of C, Cu, and Si
were caused by the TEM grid and the equipment. (Adapted from Paper Il .)
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The conclusions made from the aerosol measurements were supported by tA&M
micrographs shown in Figure 5.8. Furthermore, anEDS spectrum veri ed the presence

of iron oxide in the fully encapsulated particles. EDS measurements were conducted for
several individual fully encapsulated particles in order to nd out the uniformity of the
produced particles. The composition of the particles corresponded to the composition
of the sprayed suspension, and no dependency on the particle size was detected. The
elemental analysis also showed that some of the smallest particles contained no iron oxide.
The number of these particles was estimated to be approximatel{L0 % of all the particles.

In the particle mass, this constituted less then one percent.

5.2 Applications

Plasmonic silver nanopatrticles

The LSPR of spherical silver particles with diameters of50 130 nm (Paper | ), as well
as, approximately 50 nm silica particles decorated with1 2 nm silver dots (Paper IV )
were investigated in this thesis. Figure 5.9 shows a comparison of the extinction spectra
of 90 nm silver particles and silver-decorated silica particles deposited on glass substrates
with di erent area fractions and number of particle layers, respectively, along with TEM
micrographs of the synthesized particles. The optical extinction is the negative logarithm
of the transmittance ( log,;o T), and it includes both the absorption and the scattering
of light.

Figure 5.9: The optical extinction spectrum of 90 nm spherical silver particles on glass substrate
with di erent area fractions (left) and silver-decorated silica particles with di erent number of
1um thick particle layers separated by silica layers (right). The nanoparticles are shown in the
TEM micrographs. The insets show the spectra normalized to the maximum extinction of the
LSPR. The wavelength of the LSPR is indicated by the dotted lines. (Adapted from Paper |
and IV )

A quasilayer of silver particles were deposited on a glass substrate with area fractions
of approximately 2 8%. The extinction spectra shows multiple peaks, two of which are



5.2. Applications 31

near 400 nm, and a broader peak at a longer wavelength. The theoretical calculations
suggested that the two former peaks are caused by the dipolar and the quadrupolar
resonances. The spectral broadening at the longer wavelength is likely caused by the
particle particle contacts on the substrate, as a consequence of the random deposition.
This is supported by the normalized extinction spectra showing increasing extinction at
the longer wavelength with increasing area fraction.

The silver-decorated silica particles were deposited in layers with thicknesses of approxi-
mately one micro meter separated by pure silica layers with thicknesses of approximately
200nm It was possible to fabricate such thick structures while maintaining the narrow
plasmon resonance due to the silica in the particles. Clearly, this dielectric material
prevented some of the contacts between the individual metal particles. Moreover, as the
size of the silver dots in the decorated particles was considerably smaller than that of
the spherical silver particles, the wavelength of the plasmon resonance was at smaller
wavelengths. The increase in the extinction for decreasing wavelengths is due to the silica
absorption.

A few recent studies have measured the extinction spectra of aerosol synthesized silver
and silica silver nanoparticles in various dielectric environments, such as deposited on
glass substrates, as powders, in aqueous suspensions, or spin coated inside a polymer
(PMMA). The di erent aerosol synthesis methods include mainly ames (Sotiriou and
Pratsinis, 2010; Sotiriou et al., 2010, 2011b, 2013), but also sparks and furnaces (Du
et al., 2015; Pfei er et al., 2014). Results from the literature along with the ndings of
this thesis are shown in Figure 5.10 where the wavelength of th&eSPR is presented as a
function of the size of the silver particles. Theoretical and measured reference values of
silver particles embedded in environments with di erent refractive indices are also shown.
A simple interpretation would be that n = 1:0 corresponds to air, 1:3 corresponds to
water, and 1:5 corresponds to glass.

Figure 5.10: The wavelength of the localized surface plasmon resonance (LSPR) as a function
of the diameter of spherical Ag nanoparticles. The results obtained in this thesis are compared
to other studies involving aerosol-synthesized Ag nanoparticles: (1) Paper | , (2) Pfeier et al.
(2014), and (3) Du et al. (2015); and Ag/SiO , composite nanoparticles: (4) Paper IV , (5)
Sotiriou et al. (2010), (6) Sotiriou and Pratsinis (2010), (7) Sotiriou et al. (2011b), and (8) Sotiriou

et al. (2013). The reference LSPR wavelengths of Ag nanoparticles in di erent environments
(n = 1:0 1:5) are (9) calculated from Mie theory (see Paper | ), and (10) reported by Kreibig
(2008). The dotted lines are guides for an eye.

If the e ect of the silica absorption is subtracted from the extinction spectrum of the
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silver-decorated silica particles synthesized ifPaper IV , the wavelength of the plasmon
resonance is at approximately400 nm, which is consistent with the literature values
measured from ame-generated silver silica nanoparticles. The results imply that the
dielectric environment consist mainly on the silica, which has a refractive index nearl:5
(Haynes, 2016).

Both theoretical and measured values in Figure 5.10 show that the plasmon resonance
wavelength for silver begins to red-shift after the particle size reaches approximately
50nm. In Paper | , the wavelength was tuned in the range of approximately400
450 nm As the dielectric environment in the case of the deposited silver nanoparticles
consist of two components, air and the glass substrate, the measured plasmon resonance
wavelengths are naturally between the theoretical values predicted for the individual
dielectric environments. The results for the spherical silver nanoparticles suggest that for
smaller particles, the contribution of the glass substrate is higher. All in all, the plasmon
resonance wavelength can be tuned by the particle size or the dielectric environment. The
latter can be changed, for example, by spin-coating the deposited particles in a polymer
matrix (Du et al., 2015).

Second-harmonic generation from multilayer nanostructures

The SHG of the multilayer silver-decorated silica particles was measured irPaper IV .
In Figure 5.11, the SHG as a function of the angle of the incidence laser light is presented
for samples containingl 4 particle layers, as well as, for a plain glass substrate. The
measurements show typical fringes caused by the sample geometry with a maximu@®HG
intensity at approximately 60°. Moreover, the SHG intensity increases with the number
of particle layers. Figure 5.11 also presents th&sHG intensity averaged over all angles of
incidence as a function of the number of layers, showing that theSHG signal from the
4-layer sample was approximately40 times stronger than the one measured from the plain
glass substrate. Furthermore, the quadratic growth of a simpli ed thin Im model tted

to the measurements agreed well with the obtained results. A more rigorous model for the
second-harmonic response of the fabricated nanostructures was developed by Zdanowicz
et al. (2014), who determined the components of the second-order susceptibility tensor.

Figure 5.11: The intensity of the second-harmonic generation (SHG) as a function of the angle
of the incidence laser light for the pure glass substrate and the samples with 1 4 layers (left).
The averaged SHG intensity over all angles of incidence as a function of the number of layers
(right). A model assuming that each layer is a thin Im source of an SHG signal was tted to
the measurements. (Adapted from Paper IV )
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In order to study the origin of the SHG signal, two di erent types of control samples
were prepared: a thicker 1-layer sample containing equal amount of material with the
4-layer sample (labeled CS1), and a 4-layer sample without the silver decorations (CS2).
lllustrations of the samples are presented in Figure 5.12. The aim of the control samples
was to study the e ect of the layered structure and the silver decorations. The extinction
spectrum of CS1 and the 4-layer sample were similar, as expected, since they contained
the same amount of silver and silica. On the other hand, as there were no silver particles
in the structure of CS2, the plasmon resonance was not present, only an increase in the
extinction for decreasing wavelengths due to the silica absorption. Furthermore, CS1 had
similar SHG than the thinner 1-layer sample, while the SHG intensity of CS2 was even
lower than the glass substrate alone.

Figure 5.12: lllustrations of the di erent type of layered structures for studying the origin of
the second-harmonic generation (SHG). The extinction spectra (left) and the SHG (right) of the
samples. (Adapted from Paper IV .)

The optical measurements of the control samples showed that both the multilayer struc-
ture and the silver decorations play an important role in the nonlinear optical process.
Furthermore, in order to produce the SHG, the sample needs to be non-centrosymmetric.
Therefore, it was speculated that the silica layer fabricated by the electron-beam dielectric
coater partially penetrates the top of the porous nanoparticle layer, resulting to di erences
between the top and the bottom particle layers, as illustrated in Figure 4.3.

The conversion e ciency of the second-order process (= lsyg/ 1) for the 4-layer sample
was estimated to be in the order ofl0 *2. This value is quite modest but comparable to the
e ciencies of other types of metal nanostructures reported in the literature ( 10 ¥
10 ) (Aouani et al., 2012; Belardini et al., 2009; Cai et al., 2011; Feth et al., 2008;
Grinblat et al., 2014; Klein et al., 2008; Lu et al., 2010; Park et al., 2012; Zhang et al.,
2011; Zhou et al., 2010). The metal dielectric metamaterials studied earlier have been
surface geometries, while, the multilayer samples fabricated in this thesis, were bulk-type
structures.

Based on the obtained results, the e ciency of the introduced multilayer structure could
be improved by fabricating thinner particle layers, as well as, by adding more layers to
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the structure. The optimization of the porosity of the particle layers and the amount

of the silver could also lead to higher conversion e ciencies (Zdanowicz et al., 2014).
Furthermore, enhancement in the SHG conversion is also expected when the incident
laser light is operated at a wavelength closer to theLSPR (Kauranen and Zayats, 2012).

Magnetically separable photocatalyst nanopowder

As titania is known to have photocatalytic and iron oxide magnetic properties, the
encapsulated iron oxide titania nanoparticles synthesized inPaper Il could nd use as

a magnetically separable photocatalyst nanopowder, for example, for water treatment
applications. According to the Raman spectroscopy measurements (Figure 5.13), the
iron oxide was identi ed as crystalline maghemite ( -Fe,O3), typical phase for ame-
generated iron oxide nanoparticles (Strobel and Pratsinis, 2009). Furthermore, no
unwanted hematite was observed, however, due to the broad Raman bands, a minor
contribution from magnetite phase cannot be completely excluded.

Figure 5.13: The Raman spectrum of the iron oxide nanoparticles (top), along with the
positions of the peaks reported in the literature (de Faria et al., 1997; Shebanova and Lazor,
2003). The XRD pattern of the as-synthesized and calcinated fully encapsulated iron oxide
titania nanoparticles (bottom). The latter pattern shows peaks typical to crystalline anatase
titania. (Adapted form Paper Il .)

According to the XRD measurements (Figure 5.13), the titania in the as-synthesized fully
encapsulated multicomponent nanoparticles was amorphous, as expected from the used
temperatures (Moravec et al., 2001). However, amorphous titania is almost inactive as a
photocatalyst (Ohtani et al., 1997). In order to obtain photocatalytic crystalline anatase
titania, the particles were calcinated at 400 C for one hour. The iron oxide could not be
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detected from the XRD pattern of the fully encapsulated multicomponent particles, most
likely due to the low concentration.

The photoactivity of both the partially and the fully encapsulated particles was measured
by the decolorization of MB in an aqueous suspension. The partially encapsulated
particles were found to be practically inactive as a photocatalyst, most likely due to their
morphology; the titania particles were partly covered by the iron oxide agglomerates.
Thus, the apparent surface area of the titania is considerably reduced by the masking
iron oxide. On the other hand, the fully encapsulated particles showed photocatalytic
activity as seen from Figure 5.14, where the relative absorbance of th&IB is presented
as a function of time. Even though, the photocatalytic mechanisms of iron oxide titania
nanocomposites have been studied earlier (see e.g. Beydoun et al., 2000), an extensive
research is required to nd out whether the iron oxide actually increases or decreases the
photocatalytic activity of the titania in the encapsulated nanoparticles synthesized in this
thesis.

Figure 5.14: The relative absorbance of methylene blue at a wavelength of 665nm as a
function of the time with the fully encapsulated iron oxide titanium dioxide nanoparticles as a
photocatalyst. The inset shows photographs of the particles in an aqueous suspension (a) before
and (b) after the application of an external magnetic eld. (Adapted from Paper Il .)

The magnetic properties of the prepared fully encapsulated iron oxide titania compos-
ite particles were demonstrated qualitatively. Figure 5.14 shows a photograph of the
nanopowder dispersed in an aqueous suspension. After the application of an external
magnetic eld caused by a permanent magnet, the powder particles were attracted to
the wall of the glass container. The observations of the prepared nanopatrticles indicate
that the optimal magnetically separable photocatalyst nanopowder would be such where
the iron oxide particles are fully encapsulated by the titania, and at the same time the
particles should have high iron oxide/titania mass ratio.
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As the bene ts of nanotechnology have become evident, novel nanoparticle synthesis
methods, new types of nanostructures, and interesting applications are constantly sought
after. Aerosol-based processes are highly intriguing options for the synthesis of nanoparti-
cles and fabrication of metamaterials, as the gas phase techniques are considered tunable,
inexpensive, and scalable even for industrial scale. In this thesis, aerosol-based techniques
for the synthesis of single and multicomponent nanoparticles were explored. Furthermore,
the size, shape, and morphology of the generated particles were tailored in the gas phase.
Finally, the nanoparticles were incorporated by direct deposition from the gas phase into
metamaterials, whose light matter interactions were characterized.

The di erent types of nanopatrticles, including spherical silver particles, titania-encapsu-
lated iron oxide patrticles, silver-decorated silica particles, and silver titania composite
doublet particles, were synthesized and tailored using aerosol techniques, such as, particle
size-selection, sintering, encapsulation, and coating. The particle size-selection with a
di erential mobility analyzer followed by a sintering step at elevated temperatures is a
widely used aerosol technique for producing monodisperse spherical nanoparticles. The
results obtained in this thesis were in line and continued the trends set by the previous
studies found in the literature. It should be noted that monodisperse spherical aerosol
nanoparticles can also be produced with other methods, such as, vapor condensation
(Yli-Ojanpera et al., 2010; Zihimann et al., 2014).

The simple particle encapsulation technique introduced in this thesis consisted of spraying
a liquid precursor containing solid particles into a tubular furnace. Through a liquid-to-
particle conversion, the precursor thermally decomposed, encapsulating the solid particle.
This technique could be applied to the synthesis of multicomponent nanoparticles with
di erent materials, provided that the decomposition of the liquid precursor occurs before
the evaporation. In this thesis, the technique was demonstrated by synthesizing titania-
encapsulated iron oxide nanoparticles. As titania and iron oxide are known to possess
photocatalytic and magnetic properties, respectively, the produced particles could nd
use as magnetically separable photocatalyst nanopowder.

Ceramic silica and titania nanoparticles were coated with silver by physical vapor conden-
sation. The homogeneous nucleation of the evaporated silver was minimized by optimizing
the temperature gradient after the evaporation. It was found that the morphology of the
multicomponent particles depended strongly on the material of the carrier particles. Silver
formed small nanodots with diameter of 1 10 nm on silica particles, whereas, larger silver
structures with diameter of 20 100 nm were formed on titania particles. Furthermore,
the silver structures on these composite doublet particles had di erent shapes, such as,
triangular, rod-like, and hexagonal. It was proposed that the silver migration on the
titania particles was the main mechanism leading to this interesting morphology.

37
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Localized surface plasmon resonance, a phenomenon that predominantly determines the
linear optical properties of noble metal nanoparticles, can be utilized in applications,
such as, colored coatings, biosensors, and solar cells. The use of aerosol techniques in the
fabrication of plasmonic materials has increased rapidly in the recent years. In this thesis,
the resonance wavelength of spherical silver nanoparticles deposited on a glass substrate
was tuned between approximately400 450 nm In addition, as the particles were fairly
large, higher order resonances were observed. However, due to the random particle
deposition process, the particle particle contacts on the substrate caused unwanted
spectral broadening with higher area fractions. Silver-decorated nanoparticles, on the
other hand, retained the narrow plasmon resonance even for high particle number densities,
thus, allowing the fabrication of thicker bulk-type optical structures.

Multilayer nanostructures consisting of alternating layers of silver-decorated silica nanopar-
ticles and pure silica were used as metamaterials with the ability to double the frequency
of the incident laser light. This second-harmonic generation was measured for the rst
time from a nanostructure fabricated with aerosol techniques. Due to the porous structure
of the deposited nanoparticle layers, non-centrosymmetric bulk-type materials, required
for the second-order nonlinear optical process, were formed. As the fabricated nonlinear
optical materials were not optimized, the achieved conversion e ciency could be further
improved by at least a few orders of magnitude. Furthermore, the nonlinear optical
properties of similar bulk-type multilayer nanostructures, fabricated by atomic layer
deposition, are currently being studied (Alloatti et al., 2015; Clemmen et al., 2015).

All of the introduced and studied synthesis techniques and applications for the aerosol
nanoparticles require further development and extensive research before they can be
adapted to the industrial scale. However, | am con dent that many of the issues considered
in this thesis are of interest to people working with aerosol synthesis or nanotechnology in
general. The enormous progress in the nanotechnology, even during the relatively short
period of my doctoral thesis project, has become evident for me. Although, prediction is
very di cult, especially about the future, it is very likely that the nano is here to stay.
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