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Abstract 
Metal nanoparticles synthesed by using wet chemical route and nanostructures by 
electrodeposition has attracted much attention because their properties differ from those of 
the same material in bulk form and the ease of the electrodeposition method which allows 
control of the film thickness.These nanostructures have numerous potential applications in 
various areas such as biomedical sciences, electrodes, optics, magnetism, energy storage and 
electrochemistry. 
In the first part of this thesis, synthesis and properties of cobalt and gold nanoparticles were 
studied. In order to investigate their size distribution and oxidation with different capping 
ligands, cobalt nanoparticles were synthesized with the decomposition method.Tridodecyl 
amine stabilized Co nanoparticles with different sizes (8, 22, and 36 nm) were prepared by 
thermal decomposition of Co2(CO)8 in dodecane, and e.g. particles with an average diameter 
of 8 nm and a standard deviation of 8 % were obtained. The oxidation of different sized cobalt 
nanoparticles was studied. The particles capped with carboxylic acid had become hollow and 
oxidized throughout, while the tridodecyl amine capped ones appeared to have a small core 
surrounded by oxidized shell. Gold nanoparticles were used as probes to visualize the surface 
density of functional molecules on silica. 
The second part of this thesis was focused on preparing nanostructures and mesostructures 
using an electrodeposition method. Zn/ZnO macroporous films were synthesized via 
electrodeposition using polystyrene spheres as a template. Subsequent oxidation of the films 
at elevated temperature yielded structured ZnO films. The results of this work showed that 
high quality templated Zn and ZnO films can be electrodeposited from ionic liquid onto both 
semiconductor (ITO) and metallic (Au) substrates. Pt mesoporous films were synthesized via 
electrodeposition using a liquid crystalline template method. Mesoporous Pt and Pt@CB were 
electrodeposited using both galvanostatic and potentiostatic methods from liquid crystal 
templates resulting in Pt structures with pores in the 3-5 nm size range. The Pt@CB 
electrocatalyst was shown to have a high potential for direct ethanol fuel cells. 
Pt mesostructures were applied in fuel cells as anodes. Polarization and power curves for both 
the commercial Pt and the electrodeposited mesoporous Pt at different temperatures (30 ° C, 
50 °C and 70 °C) were studied, showing an increase in the performance with the temperature. 
All the mesoporous samples showed better or similar performance in the direct ethanol fuel 
cell in comparison with the commercial Pt sample. 

Keywords nanoparticles, nanostructures, mesoporous, synthesis, electrodeposition, direct 
ethanol fuel cell 
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Tiivistelmä 
Metallinanopartikkelien synteesi kemiallisesti ja nanorakenteiden valmistaminen 
sähkösaostuksella on kiinnostanut tutkijoita, koska nanopartikkelien ominaisuudet eroavat 
saman aineen bulkkimateriaalista ja koska sähkökemiallisen menetelmän avulla on helppoa 
kontrolloida sähkösaostetun filmin paksuutta. Näitä nanorakenteita voidaan käyttää monissa 
sovelluksissa kuten mm. elektrodeina, optisissa, magneettisissa ja sähkökemiallisissa 
sovelluksissa. 
Väitöskirjan 1. osassa valmistettiin koboltti- ja kultananopartikkeleita ja tutkittiin 
ensimainittujen ominaisuuksia. Kobolttinanopartikkeleita syntetisoitiin Co2(CO)8:n 
hajotusmenetelmällä autoklaavissa keskittyen synteesin optimointiin. Myös eri ligandeilla 
suojattujen partikkeleiden hapettumista tutkittiin. Co-partikkelit olivat hyvin monodisperseja, 
niiden keskimääräinen halkaisija oli 8 nm ja standardipoikkeama 8 %. Erikokoisten Co-
nanopartikkelien hapettumista tutkittiin lisäämällä happea autoklaaviin ja seuraamalla hapen 
kulutusta autoklaavin paineenmuutoksen avulla. Oksidikerroksen paksuuden osoitettiin 
olevan riippumaton partikkelien koosta. Myös muillaligandeilla suojattujen partikkelien 
hapettumista tutkittiin. Karboksyylihapoilla suojatut partikkelit olivat onttoja ja kokonaan 
hapettuneita, kun taas tridodekyyliamiinilla suojattujen 
partikkeleiden ytimien ympärille oli muodostunut oksidikerros. Kultananopartikkeleita 
käytettiin SiO2- pinnalla olevien funktionaalisten molekyylien visualisoimiseksi 
pyyhkäisyelektronimikroskopian avulla. 
Väitöskirjan 2. osassa keskityttiin Zn/ZnO-nanorakenteiden ja Pt-mesorakenteiden 
valmistamiseen sähkösaostusmenetelmällä käyttäen polystyreenipalloja ja nestekidefaasia 
muottina. Zn/ZnO-makrohuokosia syntetisoitiin ja käsiteltiin korkeassa lämpötilassa siten, 
että filmit hapettuivat ZnO:ksi. Korkealaatuisia Zn- ja ZnO-filmejä sähkösaostettiin ionisesta  
liuottimesta sekä puolijohteen (ITO) että metallin (Au) pinnalle. Mesohuokoiset Pt ja Pt@CB 
sähkösaostettiin sekä galvanostaattisesti että potentiaalisesti nestekidefaasimuotin avulla ja 
tulokseksi saatiin Pt-rakenteita, joiden huokoisuus oli 3-5 nm. Pt@CB-elektrokatalyytin 
osoitettiin soveltuvan hyvin suoraetanolipolttokennoon. Pt-mesorakenteita sovellettiin 
suoraetanolipolttokennoissa anodeina. Sekä kaupallisten Ptnanopartikkelien että saostettujen 
Pt-mesohuokoisten suorituskykyä tutkittiin eri lämpötiloissa (30 °C, 50 °C ja 70 °C). Pt-
mesohuokoisten näytteillä saatiin parempia tai samaa luokkaa olevia tuloksia kuin 
kaupallisella Pt-näytteellä (4,0 mg/cm2). 

Avainsanat nanopartikkelit, nanorakenteet, mesohuokoiset, synteesi, sähkösaostus, 
suoraetanolipolttokenno 
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1. Introduction

Metal nanoparticles have been studied for decades as their properties differ from
those of the same material in bulk form. Especially metal nanoparticles with sizes in
the nanoscale range (1-100 nm), have properties that are different from materials of
the same chemical composition in their molecular and bulk forms. These properties
are  often  based  on  the  high  surface  area  to  volume  ratio,  which  derives  from the
small size. [1] The first metal nanoparticles are considered to have been studied with
Faraday’s work on their preparation and optical properties in the mid-1800s. [2]

Metal nanoparticles such as cobalt, iron and nickel have magnetic properties which
have attracted increasing interest among the researchers of various fields. The
magnetic properties of nanoparticles are affected by properties such as chemical
composition, the type and degree of the crystal lattice, the particle size and shape.
[1, 3, 4, 5] In the nanoscale the magnetic properties depend strongly on the size of
the particles. Hence, monodisperse particles are desired when well defined magnetic
properties  are  required  [6].  The  choice  of  synthesis  method  is  critical  since  it
determines size distribution, crystal structure and capping agents by interacting with
the reactants already prior to nucleation [7].  Therefore, many synthesis methods to
prepare magnetic nanoparticles with different properties have been developed
(G.Schmid, 2004). Solution phase chemical syntheses are commonly used for the
preparation of colloids of magnetic nanoparticles. Commonly used methods are
inverse micelles [9, 6], hot injection [1, 10] and thermal decomposition of metal
carbonyl compounds [11].

Noble metal nanoparticles such as gold and silver, which have optical properties
such as surface plasmon resonance, have also attracted much attention in the last few
years. There are some syntheses which are commonly used for preparation of noble
metal nanoparticles such as Turkevitch’s [12] and Brust-Shriffin’s [13] method.
Turkevitch’s method has been reported in 1951 and involves the reaction of hot
chloroauric acid with sodium citrate solution. Colloidal gold is formed because the
citrate ions act as both a reducing agent, and a capping agent. [14, 12]  A variation
of this approach was studied by Frens [15], where reducing/capping agent, citrate to
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gold  ratio  varied.  This  synthesis  results  in  particles  with  a  broad  size  range
(diameters between 10 and 150 nm).  Brust-Schiffrin’s method has been reported in
the early 1990s and this synthesis involves the reaction of a chloroauric acid with
tetraoctylammonium bromide (TOAB) in toluene and sodium borohydride as a
reducing agent in the presence of alkane thiols. [13]

These magnetic and noble nanoparticles have been used in several applications such
as magnetic fluids, catalysis, biotechnology, magnetic resonance imaging (MRI),
data storage, biomedical sciences, electronics optics, magnetism, energy storage and
electrochemistry. [16, 17, 18, 19]

Nanostructuring using electrodeposition has also attracted much attention recently
due to the ease of the method as the use of electrochemical deposition allows fine
control over the thickness of the resulting nanostructured film through control over
the  charge  passed  to  deposit  the  film.  Electrochemical  deposition  is  ideal  for  the
production of thin supported layers because the surface of the electrochemically
deposited film can be very uniform.  [20] These nanostructures have numerous
potential applications in various areas such as materials and biomedical sciences,
electronics, optics, magnetism, energy storage and electrochemistry. [21, 22]

The first report of electrodeposition through colloidal templates was in the work of
Braun and Wiltzius on the preparation of macroporous CdS and CSe films for
photonic bandgap studies. [23] After that work Bartlett’s group have used
electrodeposition through colloidal templates to prepare well-ordered inverse opal
films of metals and alloys, oxides, and conducting polymers as well as
semiconductors. [24, 25, 26, 27, 28, 29, 30, 31]

A novel liquid crystal template method for synthesis of nanostructured, mesoporous
silica was described by Attard at the University of Southampton in 1995. [32]
Electrodeposition of platinum in liquid crystal template was presented as a general
synthesis technique for metal films containing a lattice of periodic channels with
nanometer dimensions. [33]

In the first part of this thesis, the synthesis and properties of cobalt and gold
nanoparticles is studied using wet chemical methods. In order to investigate their
size distribution and oxidation with different capping ligands, cobalt nanoparticles
were synthesized with the decomposition method. Gold nanoparticles are used as
probes to visualize the surface density of functional molecules on silica.

The second part of this thesis focuses on preparing different nanostructures and
mesostructures using the electrodeposition method. Macroporous Zn/ZnO has been
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synthesized via electrodeposition using polystyrene spheres as template. Pt
mesoporous films were synthesized via electrodeposition using liquid crystalline
template method. The Zn/ZnO and Pt nanostructures were well organized and Pt
mesostructures has been applied in fuel cells as anodes due to their porous structures
which improve wettability and accessibility of a liquid to an electroactive surface.
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2. Synthesis of nanoparticles via wet
chemical method

2.1 Synthesis of Cobalt Nanoparticles with
decomposition method

Cobalt nanoparticles have attracted increasing interest among researchers of several
fields due to their unique properties and possible applications in magnetic fluids,
catalysis, biotechnology, magnetic resonance imaging (MRI) and data storage. [16]
These applications require magnetic particles with small size (1-10 nm) and in the
nanoscale, the magnetic properties depend strongly on the size of the particles.
Hence, monodisperse particles, narrow size distribution are desired when well
defined magnetic properties are required [6]. The choice of synthesis method is
critical since it determines the size distribution, crystal structure and capping agents
by interacting with the reactants already prior to nucleation [7]. The most used
synthesis method for preparing cobalt nanoparticles is the hot injection method. In
this method, a solution of organometallic precursors or a reducing agent is rapidly
injected into a hot solution containing stabilizing agents. This method results in
explosive nucleation, followed by a temperature drop and slow growth of preformed
nuclei. Optimized injection temperature, duration of heating and proper choice
between precursors and stabilizing agents are the key for a successful synthesis with
controllable size, shape and narrow size distribution. (S.Sun, 1999; G.Schmid, 2004;
V.F. Puntes K. K., 2001) The thermal decomposition of cobalt carbonyl is an
application of the hot injection method and is commonly used for preparing cobalt
nanoparticles. The thermal decomposition of Co2(CO)8 under an inert atmosphere of
nitrogen or argon is an established method for synthesizing cobalt nanoparticles. The
thermal decomposition of Co2(CO)8 is a complex process, which proceeds through
various unstable intermediates such as Co4(CO)12. [10] Selected reactions of cobalt
carbonyl complexes placed under vacuum conditions have been studied. The
equilibrium decomposition of Co2(CO)8 to  Co4(CO)12 have been researched under
extreme conditions such as vacuum or partial vacuum conditions. If a solution
Co2(CO)8 which has been kept under CO atmosphere, is placed in vacuum for a short
time  to  remove  CO,  the  formation  of  Co4(CO)12 starts immediately even at room
temperature. [34]
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In Publication I, Co nanoparticles stabilized with various ligands have been studied
in an autoclave. Tridodecyl amine stabilized Co nanoparticles with different sizes (8
nm, 22 nm and 36 nm) were prepared in a pressure drop induced decomposition of
Co2(CO)8 in dodecane. Three different decomposition pressures of 1.1, 2.1 and 3.0
bar were used. The decomposition pressure has a significant effect on the size of the
cobalt nanoparticles; the smaller the decomposition pressure is the smaller the
particles are [35]. Particles with average diameter of 8 nm and standard deviation of
8 % were observed. The schematic of the autoclave system and TEM figures of the
Co nanoparticles are shown in Figures 1 and 2.

Figure 1. The schematic of  the autoclave system, which consists of: a) the
autoclave (100 ml, model Parr Item 4560), b) heater, c) temperature sensor
d)  pressure  sensor,  e)  burette  of  oxygen  f)  pressure  releasing  vessel  (1
Gallon) and g) bubbling vessel and 1-9 are valves. Reprinted with
permission from Elsevier. (Publication I)
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Figure 2. TEM micrographs and size distribution of the Co nanoparticles
synthesized using different decomposition pressures: a) 1.1 bar, b) 2.1 bar
and c) 3.0 bar. Reprinted with permission from Elsevier. (Publication I)

2.1.1 Studies of oxidation of cobalt nanoparticles

To control over magnetic properties of cobalt nanoparticles, it is essential for many
applications  that  the  particles  are  stable  over  time.  A  major  problem  of  cobalt
nanoparticles is their high susceptibility towards oxidation. The stability of
nanoparticles and resistance to oxidation are very important requirements in almost
all applications. Especially since Co nanoparticles are oxidized and lose their
magnetic properties, when exposed to air. [36]

The  initial  low  temperature  oxidation  process  of  metals  can  be  described  with
Cabrera-Mott theory. It was N.F. Mott, who first developed many basic concepts for
the growth of thin films, starting from the assumption that metal ions and electrons
diffuse through the oxide layer and react with oxygen at the oxide-gas interface.
Depending on the type of the migrating lattice defects, the reaction can be either at
the metal-oxide interface or at the oxide-gas interface. This kind of phenomenon is
shown in Figure 3. Oxygen is attached to the surface of the metal, an electron tunnels
through the thin oxide layer and ionizes the oxygen, which leads to an electric field
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(electric potential, so called Mott potential) between the metal and the surface of the
oxide layer. The electric field formed drives the outward diffusion of the ionized
metal. If the thickness of the film is low enough, electrons can tunnel through the
film. [37, 38, 39]

Figure 3. The principle for the formation of the oxide layer on metal.

According to an estimation made with the Cabrera-Mott model at room temperature,
the formation of an oxide layer with the thickness of 1 nm on an iron surface takes
approximately 0.2 fs, 2 nm takes approx. 40 s, 3 nm takes approx. 40 weeks and 4
nm takes approx. 600 years. [40, 41]

Smardz et al. have produced cobalt films with a thickness greater than 5 nm, which
were shown to immediately oxidize in air forming a 2.5 nm cobalt oxide layer [42].
When cobalt nanoparticles were exposed to oxygen at room temperature, a relatively
well-ordered surface oxide (CoO) was formed. [43] Tracy et al. researched the
oxidation of cobalt nanoparticles and correlated the magnetic properties with three
different oxidation levels: The native sample had a thin (1.0 nm) CoO shell and it
did not exhibit any exchange biasing. The purposefully partially oxidized sample has
a thicker CoO shell (3.2 nm), and is exchange biased. If the cobalt nanoparticles
were fully oxidized to CoO, exchange biasing disappear. [44] This research
demonstrated well the importance of controlling the oxide layer thickness. Braidy et
al. used TEM technique to characterize the nature and the structure of the oxide shell
growing on cobalt nanocrystals synthesized by the hot injection method. It was
observed that a 1.5-3 nm CoO shell was forming on cobalt nanocrystals. [45]
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Recently, the kinetics of low temperature oxidation of cobalt nanoparticles in porous
media was studied. The Mott potential increases the mobility of cobalt cations
through the oxide layer and contributes to the tunnelling of electrons from metallic
nucleus to oxygen molecules adsorbed on the outside oxide surface. [46]

In Publication I, in addition to the synthesis development, the oxidation of the Co
nanoparticles has been studied by introducing oxygen into the autoclave and
following the oxygen consumption by following the autoclave pressure. Cobalt
nanoparticles  of  different  size  were  first  oxidized  to  see  how  the  size  affects  the
oxidation. While the initial oxidation was rapid, the oxide layer formed a passivating
film that markedly slowed down the oxidation rate. These results show that the
thickness of oxide layer formed is independent of the particle size. The thickness of
the oxide layer reached an estimated thickness of 0.8 nm during a 3000 s oxidation
time. In another experiment, ligand exchange from tridodecyl amine to oleic, linoleic
or dodecanoic acid was carried out for the 8 nm particles. After ligand exchange, the
oxidation of the colloid was studied. Interestingly, the carboxylic acids slowed down
the initial oxidation rate, but did not inhibit further oxidation as effectively as
tridodecyl amine. After 3000 s, the estimated oxide thickness reached 1.15 nm.

TEM analysis was also carried out. Directly after the oxidation the oxide layer could
barely be observed as a layer around the particles. After the above described
oxidation period, the samples were exposed to atmospheric oxygen for six months.
The particles capped with carboxylic acid had become hollow and oxidized
throughout. This is a well-known result of the Kirkendall effect which arises from
the difference in diffusion rates between anion and cation. This effect has been
observed previously for cobalt nanoparticles [47]. Ha et al. studied the atomic
structural changes and diffusion process during the chemical transformation of -Co
nanoparticles through oxidation in air into hollow CoO NPs due to the nanoscale
Kirkendall  effect  and  further  heating  in  air  results  in  the  Co3O4 phase.  The  used
capping agent was Tri-n-octylphosphine and oleic acid. [48] This supports our
studies in Publication I that oxidation of oleic acid capped nanoparticles were
hollow. The tridodecyl amine capped particles appeared to have a small core
surrounded by oxide and are not hollow.  According to the Cabrera-Mott model the
electric field across the oxide layer drives the diffusion of cobalt cations out and
oxide ions in through the oxide layer. In the case of tridodecyl amine capped
particles, the electric field is primarily set by the transfer of electrons from the metal
core to the adsorbed oxygen atoms, and hence, the amount of oxygen ions must equal
the cobalt ions, and the transport rates determine whether hollow particles are formed
or not. The situation is different for carboxylic acid capped particles. The carboxylic
acid is adsorbed as an anion with both oxygens symmetrically bonded to the cobalt
surface as indicated by FTIR measurements [49]. The adsorbed carboxyl anions
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contributes to the electric field across the oxide layer, resulting in a situation where
the number of cobalt ions at the inside of the oxide layer must be greater than the
number of oxygen ions on the outside. Consequently, cobalt will be the main charge
carrier through the oxide film promoting the formation of hollow particles. [50] TEM
images of these samples can be seen in Figure 4. The formation of hollow particles
was explained by the influence of the carboxylate ions on the electric field across
the oxide layer.

Figure  4. TEM micrographs of oxidized Co nanoparticles capped with
different ligands: a) oleic acid capped particles before oxidation, b) oleic
acid capped particles directly after oxidation, c) oleic acid capped particles
6 months after oxidation, d) dodecanoic acid capped particles 6 months
after oxidation, and e) tridodecylamine capped particles 6 months after
oxidation. Reprinted with permission from Elsevier. (Publication I)

2.2 Synthesis of citrate coated gold nanoparticles

Noble metal colloid science started with the experiments of Michael Faraday on gold
solutions in the mid-1800s. [2] Deep red solutions of colloidal gold were prepared
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by the reduction of chloroaurate solutions using phosphorus as a reducing agent.
Many methods for the preparation of colloidal metals have been developed over the
years since Faraday’s experiments. Turkevitch and co-workers have studied the
synthesis of metal nanoparticles which was based on Faraday’s studies. The studies
of Turkevitch’s contained the nucleation, growth, and agglomeration of colloidal
metals. [12, 13] This synthesis method with modifications leads to the formation of
quite uniform gold nanoparticles. [51, 52, 53]

Figure 5. Reaction mechanism for the colloidal gold.

Xia et al. used Turkevitch’s method with modifications to prepare quasi-spherical
gold nanoparticles. The addition of citrate to the tetrachloroauric acid served as a
buffer depending on the amount and concentration of citrate added. The nucleation
and crystallization of gold nanoparticles occurred rapidly at high temperatures.
However, the buffers encourage the crystal growth of the nanoparticles. Two factors
mentioned above act independently, and this resulted in the formation of the different
sizes of gold nanoparticles. [52] In Publication II, the Citrate-stabilized Au
nanoparticles were synthesized following the protocol from Turkevich and Enustun
[54] with modifications [51]. The mean diameter of Au nanoparticles was 17.5 nm.

2.2.1 Surfaces with chemical concentration gradients by self-
assembled monolayers of gold nanoparticles

Surfaces with chemical concentration gradients have attracted increasing interest
among researcher because they allow systematic study of properties as a function of
surface density, and an entire spectrum of properties can be explored on one single
surface. [55, 56, 57] Self-assembled monolayer (SAM) describes a monomolecular
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thick film of organic compounds on flat metal (Au, Ag, Pd, and Pt) or semiconductor
(Si, GaAs, ITO) surfaces. The SAM formation provides one of the easiest ways to
obtain ordered monolayers through strong chemisorption on the substrate of the
functional group (thiols, amines, sulphides, carboxylates and silanes) of a desired
compound and the metal surface leading to the preparation of the thermodynamically
stable monolayer. [35, 58, 59] In recent years, the surface density gradients of SAMs
have become of interest in both fundamental and applied research. [60, 61, 62] The
gradient surface preparation is motivated by their ability to change properties in a
continuous manner such as the gradients of chemistry [63], wettability [64], proteins
[65] and nanoparticles [55].

For producing a gradient, critical steps must be fulfilled, first the gradient should be
easy to prepare, the method should provide good control over the wettability as well
as the steepness of the gradient, and it should offer the freedom of choosing a specific
surface chemistry that can be applied for a particular application [55]. On the basis
of these criteria, various methods have been developed for producing density
gradients of SAMs such as gradual immersion in a solution [66, 67], thermochemical
manipulation of the SAM [68] or vapour diffusion [55, 69], gradual contact printing
[70], edge-spreading lithography [71] and electron beam lithography (EBL) [72].
Genzer et al. proposed a method which consists of first producing a gradient of
amine functionalized silane and subsequent immobilization of gold nanoparticles.
[55, 73]

Electron beam lithography (EBL) is one of the most used fabrication techniques that
allows us to create patterns at the nanoscale. The development of EBL tools started
in the late 1960s [74] by modifying the design of scanning electron microscopes
(SEMs).  EBL is  a  versatile  tool  for  patterning as  it  has a  wide flexibility  for  size
range and the e-beam dose and acceleration voltage can be varied. The main
advantage of using EBL is flexibility and it has the ability to fabricate patterns having
nanometer feature sizes. The sizes can vary from nanoscale up to a millimetre and
beyond, and most of all the steepness of the gradient can be very precisely controlled.
[75] EBL has been used for patterning of self-assembled thiolate or silane
monolayers [76, 77, 78, 79, 80, 81, 82, 83] with various effects: removal, partial
removal, disordering, dehydrogenation, crosslinking or change of functional group
[72, 80, 81, 83].

In Publication II, a novel patterning strategy based on electron beam patterning of
SAMs with control of the density of the molecules on tunable scale areas on a surface
was presented. A SAM of aminosilane molecules was first assembled on a silicon
surface. Then the silane layer was patterned using electron beam lithography. This
fabrication method can be used for gradient preparation as the electron beam
parameters can be varied to control the density of the molecules on the surface. The
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patterns on a silane layer were imaged by SEM. Citrate-stabilized gold nanoparticles
were attached to the SAM gradients  as  labels  to  visualize the structures.  In acidic
conditions, the driving force for the attachment of particles to SAM gradients is the
electrostatic interaction between negatively charged gold particles and positively
ionized amino groups. A schematic of the patterning process is shown in Figure 6.

Figure 6. Schematic of the patterning procedure. (1) Spatially controlled
e-beam exposure of the aminosilane-SAM alters the density of functional
aminosilane on the surface. Applied dose controls the effective area
density. (2) The remaining amino groups are labeled with negatively
charged gold nanoparticles in acidic conditions for SEM imaging.
Reprinted with permission from the Institute of Physics. (Publication II)

Electron beam patterning was carried out with SEM using different acceleration
voltages:  1,  3,  6,  9  and  12  kV.  It  was  observed  that  gradients  prepared  at  lower
voltages have sharper boundaries as has also been reported previously [76],
especially when high doses were used. It was observed that samples prepared at 3
kV and doses ranging from 100 to 5000 μC/cm2 resulted in the sharpest boundaries.
SEM image of the sets of gradient lines written with the acceleration voltage of 3 kV
on silanized silicon substrate before the nanoparticle deposition and SEM images of
nanoparticle density gradients with varying densities are shown in Figure 7.
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Figure 7. (a) SEM image of sets of gradient lines written with acceleration
voltage of 3 kV on silanized silicon before nanoparticle deposition. (b-d)
SEM images of nanoparticle density gradients with varying densities and
steepness prepared using the voltage of 3 kV and the following dose
ranges: (b) 160-2480 μC / cm2, (c) 160-4800 μC / cm2 and (d) 160-9440
μC / cm2. The doses in each image increase linearly from left to right in 30
nm steps. The length scale-bar applies to all images (b-d) and the exposure
dose axis illustrates the dose in each position of the sample. The images
show that the method outlined here can readily yield spatial molecular
gradients with sub-micron dimensions. Reprinted with permission from the
Institute of Physics. (Publication II)

This method was flexible and it allows the fabrication of patterns having nanometer
feature sizes especially to control nanoparticle density gradients on the surface with
different e-beam parameters.
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3. Electrodeposition method for preparing
nanostructures through templates

The first report on electrodeposition through colloidal templates was in the work of
Braun and Wiltzius on the preparation of macroporous CdS and CSe films for
photonic bandgap studies. [23] After that work the Bartlett group have used
electrodeposition through colloidal templates to prepare well-ordered inverse opal
films of metals and alloys, oxides, and conducting polymers as well as
semiconductors. These materials has been applied in some applications such as
photonic mirrors, solar cells, magnetic materials, and electrochemical materials.  [24,
25, 26, 27, 28, 29, 30, 31]

Furthermore, the use of electrochemical deposition allows fine control over the
thickness of the resulting macroporous film through control over the charge passed
to deposit the film. Electrochemical deposition is ideal for the production of thin
supported structures because the surface of the electrochemically deposited film can
be very uniform. [20] Schematic of three-electrode electrodeposition using
polystyrene spheres is shown in Figure 8. In the first step polystyrene is spread on
working electrode (cathode) by various methods such as centrifugation,
sedimentation, evaporation or spin coating. After this the working electrode together
with the dry polystyrene latex spheres template was dipped in to the appreciate
electrolyte solution to deposit the film. After deposition the polystyrene latex spheres
were dissolved out of the metal films by soaking in organic solution such as toluene,
tetrahydrofuran and dimethylformamide at least for 24 hours. Choice of electrolyte
and its concentration as well as deposition current or potential are important factors
in this electrodeposition process.
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Figure  8. Schematic of three-electrode electrodeposition using polystyrene
spheres as templates process. WE: working electrode, RE: Reference
electrode, and CE: counter electrode

3.1 Nanostructures of Zn/ZnO through colloidal
templates from ionic liquids

Zinc  oxide  (ZnO),  a  representative  of  II–VI  semiconductor  compounds,  is  a  very
important material. ZnO has a unique position among semiconducting oxides due to
its piezoelectric and transparent conducting properties. It has a high electrical
conductivity and optical transmittance in the visible region. Moreover ZnO has a
direct band gap of 3.37 eV (375 nm) with a relatively large excitation binding energy
of 60 meV. These properties make it a promising material for optoelectronic
applications, e.g. light emitting diodes (LEDs). [84, 85, 86, 87]

Ionic liquids (ILs) have become an increased field of interest because of their unique
properties such as negligible vapour pressure, large liquid range, high thermal
stability, high ionic conductivity,  and ability to solvate compounds of widely
varying polarity [88, 89, 90, 91] and potential applications such as battery
technologies, fuel cell concepts, dye sensitised solar cells, thermo electrochemical
cells and supercapacitors [92]. They are also attractive for electrodeposition of
reactive metals due to the large potential window. The ILs also offer solvation
environments that are different from water, and provide altered nucleation rates and
growth mechanisms. Yavari et al. [93] studied the morphology of ZnO prepared by
a hydrothermal route in different ILs as morphology templates. The morphology of
the ZnO changes from rod-like to star-like and flower-like in different ILs.
Deposition onto self-assembled colloidal crystals is a useful method for producing
such structured arrays on surfaces and the technique has attracted much attention due
for the ease of production of structures with different thickness and because the
structures can be very uniform [20]. These structures can be used in numerous
potential applications such as in biomedical sciences, electronics, optics, energy
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storage and electrochemistry [20, 94, 95]. The length scale of the features is typically
of the same order of magnitude as light, and can be well controlled by the size of the
colloidal particles. The first purpose was to texture ZnO, which can favourably out
couple light from the LED chip by reducing total internal reflection through
increased surface roughness and diffraction from periodic structures. In Publication
III, we prepared ZnO films by electrodepositing metallic Zn onto colloidal crystal
templates, then removed the template, and finally oxidized the film in air at elevated
temperatures. Well-ordered nanostructured films of Zn were deposited onto regular
arrays of 600 nm spherical polystyrene spheres on gold and ITO substrates. The
thickness of the film was optimized by changing the deposition charge.
SEM images of the deposited zinc structures after removal of the PS template are
shown in Figure 9. The white areas correspond to deposited zinc and the dark areas
to  the  voids  left  by  the  PS  spheres.  The  insets  in  the  figure  show the  structure  at
higher magnification. In addition to the electrodeposition parameters, such as
potential, deposition time and temperature the structure of the substrate affects the
morphology of the deposited films [96, 97]. The Zn films obtained on gold were
more even than on ITO. The difference observed here probably follows from the
favourable lattice match between zinc and gold. Compared to the rather large
structural difference between zinc and ITO.

Figure 9. SEM  images  of  Zn  nanostructured  films  from  49  mM
(Zn(TFSI)2) in (PYR14TFSI) ionic liquids at 25 °C, on a) on ITO and b) on
Au-substrate after the PS beads were dissolved in DMF. (Publication III)

The  samples  were  heated  in  an  oven  at  400  ºC  for  20  hours,  the  colour  of  the
deposited samples changed from black-grey to white,  which indicated that  the Zn
had been oxidized to ZnO. The SEM images and XRD analysis of the oxidized
samples are shown in Figure 10 and 11, more detailed of these analysis is introduced
in Publication III. The SEM image shows that the heating process did not damage
the structure of the film.
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Figure 10. SEM images of ZnO nanostructured films from 49 mM
(Zn(TFSI)2) in (PYR14TFSI) ionic liquids at 25 °C, on a) on ITO and b) on
Au substrate after PS have dissolved out in DMF and heating at 400 °C for
20 hours. (Publication III)

Figure 11. XRD patterns of (a) calculated bulk ZnO (P63mc, a = 3.253 Å, c = 5.207
Å), (b) ITO substrate (Ia-3, a »  10.2 Å), (c) ZnO deposited on ITO substrate and (d)
ZnO deposited on Au(111) substrate. The Miller indices are presented to aid the
identification. (Publication III)
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3.2 Electrodeposition of Pt nanostructures using
lyotropic liquid crystal as templates

Lyotropic crystal (LC) phases are formed on the dissolution of amphiphilic
molecules of a material in a solvent (usually water).  Lyotropic liquid crystals exhibit
phase transitions as a function of both temperature and concentration of the LC
molecules in a solvent, for example soaps and detergents form  lyotropic liquid
crystals when they combine with water. [98] This kind of lyotropic liquid crystal has
been used as templates for synthesis of small nanostructures, mesoporous silica was
described by Attard at the University of Southampton in 1995 [32].
Electrodeposition of platinum in a liquid crystal template [99] was presented as a
general synthesis technique for metal films containing a lattice of periodic channels
with nanometer dimensions. The phase diagram for surfactant octaethyleneglycol
monohexadecyl ether (C16EO8/water) system which has been used widely is shown
in Figure 12. [20]

Figure 12.  Phase  diagram  for  the  C16EO8/water system showing the
micellar structures formed in the different phases (the phase diagram is
based on the work of Mitchell et al. [100]. In the cartoons of the structures,
blue represents the water domain, the white circles the hydrophobic
ethylene oxide head groups, and the yellow regions the hydrophobic alkyl
chains. Reprinted with permission from ECS. [20]
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In Publication IV, we have used the same method as Attard et al. [33, 99] to
synthesize mesoporous Pt deposited on TEM carbon grid using Brij®C10 as a

template. The TEM figures of the mesoporous Pt are shown in Figure 13. In Figure

13a islands with a nearly circular outline can be seen with diameters in the 50-400
nm range. Figure 13b shows an island in the initial growth stages. The porous
structure of the deposits can be clearly observed, with pores in the 3-5 nm range. The
pores are separated by 5-8 nm irregular shapes of Pt. Contrary to the work of Attard
et al. [33, 99] the pores are not hexagonally oriented, but rather irregular and
reminiscent of the irregular surfactant structures observed with TEM, see in Figure
13.

Figure 13. TEM images of the electrodeposited Pt directly onto carbon grids
with -0.5 mA constant current. (Publication IV)

50 nm50 nm1 μm1 μm

a) b)



 Rotating disk electrode for studying
the activity of Pt mesoporous electrocatalyst towards fuel cell reactions

20

4. Rotating disk electrode for studying the
activity of Pt mesoporous electrocatalyst
towards fuel cell reactions

The rotating disk electrode (RDE) is a convective electrode system for studying the
hydrodynamic and the convective-diffusion phenomena. RDE is a polished disc
surrounded by an insulating sheath of substantially larger diameter. The structure is
rotated about an axis perpendicular to the surface of the disc electrode (see Figure
14).

Figure 14. A rotating disk electrode and directions for the electrolyte
flow.
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The rotating disk electrode method has been widely used for studying electrode
kinetics. Especially the activity of electro catalysts (Pt based) towards fuel cell
reactions e.g. oxygen reduction reactions, ethanol oxidation and CO tolerance in
simulated fuel cell environments have been studied a lot using this method. This
method requires that the electrode is in a steady state.

4.1 Oxygen reduction reactions on mesoporous Pt in
acid media

The oxygen reduction reaction (ORR) is a very important reaction in electrochemical
energy  conversion  devices  such  as  fuel  cells.  The  ORR  kinetics  are  slow  and
consequently, the reaction has been widely investigated in both acidic and alkaline
electrolytes on different electrocatalysts [101, 102, 103]. Pt is the most active metal
for catalysing the oxygen reduction reaction and therefore, ORR on Pt has been
studied a lot [101, 104]. This reaction proceeds via two alternative routes: a direct
four electron transfer reduction to water or a parallel pathway involving two
electrons transfer to hydroperoxide, see in Figure 15. [105] Adsorption of O2 is one
of the major steps in ORR. Thus, ORR is very sensitive to the choice of electrode
materials, especially to the surface of the catalyst.  The best illustration of this
phenomenon is called a volcano diagram, see in Figure 16. This shows the binding
energy between single O atoms and various metals. Pt is closest to the optimal, i.e.
intermediate, binding energy for the four electron transfer ORR and has the highest
activity. From Figure 16, it can be seen that, metals such as Cu and Ni bind oxygen
too strongly, thus the activity is limited by the removal of adsorbed O and OH species
and the surface quickly becomes oxidised and unreactive. For metals such as Ag and
Au, the opposite is true and it is difficult to bind oxygen onto the metal surface. For
these metals the rate is limited by the dissociation of O2 or the transfer of electrons
and protons to adsorbed oxygen species. Thus, they promote the two electron transfer
reaction which does not involve oxygen bond cleavage [106, 107].
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Figure 15. The schematic of ORR in both acidic and alkaline media.

The direct four electron transfer reactions are:

In acidic media: OHeHO 22 244   E0 = 1.229 V

In alkaline media:   OHeOHO 442 22 E0 = 0.401 V

The number of electrons transferred in ORR can be calculated by using Koutecky-
Levich (K-L) equation [108]
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Figure 16. Trends in oxygen reduction activity (defined in the text) plotted as a
function of the oxygen binding energy (Reprinted with permission from [107].
Copyright 2004 American Chemical Society)

Recently, mesoporous Pt and Pt alloys have been found to have promising
electroctalytic activities towards ORR reactions [110, 111]. Birkin et al. studied
ORR on hexagonal mesoporous Pt microelectrodes and observed that mesoporous
microelectrodes have significantly different oxygen reduction kinetics than polished
Pt microelectrodes under otherwise similar conditions [112]. In Publication IV, the
ORR on mesoporous Pt was studied in acidic media using the RDE. The preparation
of mesoporous Pt was described earlier in chapter 3.2. The number of the electrons
(n)  transferred were calculated using equation (2).  The values,  for  all  the samples
were  close  to  4  as  expected,  indicating  a  primary  mechanism  leading  to  H2O
formation, as has been well established for platinum in numerous studies. The
voltammograms of the electrodeposited samples AGC (0.5C/cm2),  BGC (1.0 C/cm2),

and CGC (2.0 C/cm2), for oxygen reduction in an O2-saturated 0.1 M HClO4 aqueous
solution at room temperature are shown in Figure 17. Bauer et al. synthesized
mesoporous Pt on Au electrode using the same method and the same surfactant as in
our work [113]. In their studies it was shown that a mass activity (A/gPt) value for
non-templated Pt on gold was 0.5 and for a templated Pt on gold was 1.5, which is
slightly lower than for our samples BGC (2.4 A/gPt). Furthermore, the onset potential
of the samples BGC is shifted about 60 mV to more positive potentials compared to
their electrodes indicating our electrode has higher catalytic activity toward ORR.
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The onset potential here is defined as the lowest potentials at which noticeable
current can be detected. Thus, onset potential is very important for the evaluation of
the catalytic activity and even more for the comparison of different catalysts.

Figure 17. Current-potential curves for oxygen reduction in  an O2-
saturated 0.1 M HClO4 aqueous solution at room temperature. The
sweep  rate  was  5  mV/s  and  rotation  rate  2400  rpm.  Curves  are:
sample AGC , 0.5C/cm2, sample  BGC, 1.0 C/cm2,  and sample  CGC,
2.0 C/cm2. The current was normalized to the geometric area of the
electrode. (Publication IV)

4.2 Ethanol oxidation on mesoporous Pt in alkaline
media

Electro-oxidation of the ethanol fuel has been a subject of increasing interest recently
because it can be produced from agriculture and biomass products [114]. Ethanol
contains two carbons. During the ethanol oxidation reaction (EOR) various one-
carbon intermediates such as carbon monoxide and carbonhydrate (CHx), as well as
two-carbon intermediates such as acetaldehyde and acetic acid, are produced. The
schematic of ethanol oxidation reactions with various paths is shown in Figure 18.
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Figure 18. The schematic of ethanol oxidation reactions with various paths modified
from [115].

Complete oxidation of ethanol into CO2 via C-C bond cleavage is mechanistically
difficult. Many experiments suggest that CO2 is formed via the acetaldehyde path,
as in following equation, whereas these pathways are marked with red arrows in
Figure 17. [115]
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In Publication IV, we presented ethanol oxidation on mesoporous Pt in alkaline
media which has not been reported previously. The cyclic voltammograms of
ethanol oxidation in 1.0 M EtOH+0.1 M NaOH on mesoporous Pt@CB and Pt
electrodes are shown in Figure 19. The onset potential for ethanol oxidation is 0.24
V on Pt@CB (2.0 C/cm2, ~1.0 mg/cm2) and on Pt (1.0 C/cm2, ~0.5 mg/cm2) 0.25 V
vs. RHE. Xu et al. studied methanol and ethanol electro-oxidation on Pt and Pd (0.10
mg/cm2) on carbon microspheres in alkaline media. In their studies, it was shown
that Pd is a good electrocatalyst for ethanol oxidation in alkaline media. [116]  Later
on the same group studied electro-oxidation of various alcohols on Pt and Pd
electrodes in an alkaline medium [104]. They observed a good activity for methanol
electro-oxidation on the Pt electrode but low performance on the Pd electrode. A
comparison of the electrochemical performance of ethanol oxidation on Pt-based
electrodes in alkaline media is shown in Table 4. The peak current on our
mesoporous Pt@CB is 18 mA/cm2 and on Pt is 8.4 mA/cm2 which is higher than for
all the experiments in the work of Xu et al. [117]: Pt@CB 7 mA/cm2, Pt 7.4 mA/cm2

and Pt@CMS 12 mA/cm2 (Pt supported on carbon microsphere). In our work the
amount of Pt is 90 % higher than in the studies of Xu et al. [104, 116] explaining
partially the differences in the mass activity. However, there is also a difference in
the onset potentials, on our mesoporous Pt or Pt@CB, the onset potential is 120 mV
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lower than on the Pt based electrodes in the studies by Xu et al. A more than 100
mV reduction in the onset potential for an anodic reaction can be considered a
significant improvement for fuel cell applications. In order to maximize fuel cell
efficiency, the fuel cell anode should operate at the lowest potential thus having a
lower onset potential is desirable. The onset potential here is defined as the lowest
potentials at which noticeable current can be detected. Thus, onset potential is very
important for the evaluation of the catalytic activity and even more for the
comparison of different catalysts.

Figure 19. Cyclic voltammograms of electrodeposited Pt@CB (solid) with
2.0 C/cm2 charge and Pt (dash) with 1.0 C/cm2 charge in 1.0 M EtOH+0.1M
NaOH. Sweep rate was 20 mV/s. The current is normalized to the geometric
area of the electrode. (Publication IV)
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5. The application of mesoporous Pt in
direct ethanol fuel cell

The interest in direct ethanol fuel cells (DEFC) for mobile applications has grown in
recent years. Although methanol has been the most studied liquid fuel for fuel cells,
ethanol presents many advantages as a fuel, e.g. high energy density (8.00 kWh/kg)
and low toxicity compared with methanol (6.09 kWh/kg), a schematic figure of a
DEFC can be seen Figure 20. [118] In addition, ethanol can be produced from
agricultural bioprocesses and thus it is considered as a renewable fuel [119]. The
complete electro-oxidation of ethanol to CO2 involves a 12-electron process as
follows:

Anode reaction: CH3CH2OH + 3H2O -> 2CO2 + 12H+ + 12e- (3)
Cathode reaction: 3O2 + 12H+ + 12e- -> 6H2O (4)
Overall reaction: CH3CH2OH + 3O2 -> 2CO2 + 3H2O (5)

However, this reaction involves a dual path mechanism where the incomplete
oxidation of ethanol (involving only 4 electrons) can also take place reducing
electrical energy obtained from the process. Thus effectiveness of anode catalysts is
crucial for the practical application of a DEFC. Since Pt is known as the most active
metal for ethanol oxidation, catalysts based on Pt have been intensively studied.
[120] In addition, Pt bimetallic compounds such as PtPd [121], PtRu [120, 122, 123],
PtCo [117, 124] and PtSn [125, 126]  have been also reported as catalysts for direct
methanol fuel cells (DMFCs) and DEFCs.
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 Figure 20. Schematic figure of a direct ethanol fuel cell.

5.1 The preparation of a membrane electrode
assembly MEA

In a fuel cell unit, the core unit is a membrane electrode assembly (MEA). The fuel
cell unit consist of several layers such as a proton exchange membrane, anode and
cathode  layers,  two  carbon  cloths  and  two  sets  of  sealing  gaskets  and  flow  field
plates. A schematic of the inner components of a fuel cell is shown in Figure 21. The
performance  of  a  MEA  is  described  by  the  power  density  (W/cm2) which is the
product of current density (A/cm2) and voltage (V). The power density of a MEA
depends on the choice of components and materials, especially catalyst. The most
used  process  for  MEA  preparation  is  so  called  catalyst  coating  as  an  electrode
method. In this method the catalyst ink (usually nanoparticles as a powder mixed
with solvents) with ionomer is painted onto the membrane (Nafion) and then the
electrode is dried in the vacuum oven at a certain temperature for a couple of hours.
After this the MEA is hot pressed to attach the catalyst containing electrodes on the
membrane surface.

Recently, electrodeposition methods have been used for preparing membrane
electrode  assemblies  for  fuel  cells  due  to  the  ease  of  preparation,  and  low  cost
requirement. Taylor et al. [127]  developed an electrochemical catalyzation (ECC)
technique to improve the utilization of Pt catalysts. In this process a gas diffusion
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electrode was prepared form uncatalyzed carbon. Nafion was impregnated into the
electrode and Pt particles were electrodeposited from a commercial plating bath
through Nafion into the electrodes. Electrodeposited Pt using cyclic voltammetry
and pulse deposition on carbon black has also been described for fuel cell
applications. [128] A new approach to prepare MEAs based on pulse
electrodeposition was studied by Kim et al. [129, 130]. They reported that with this
pulse plating technique, the Pt/C ratio was increased up to 75 wt. % near the surface
of the electrode.

Figure 21. Schematic components of the MEA used for DEFC experiments in
Publication V.

5.2 Electrodeposited mesoporous Pt for direct
ethanol fuel cells anode electrodes

Pt is known as the most active material for ethanol oxidation and mesoporous Pt
electrocatalyst was shown to have a high potential in direct ethanol fuel cells
(Publication IV). In Publication V, mesoporous Pt was electrodeposited directly on
a carbon cloth using a potentiostatic method from liquid crystal templates resulting
in samples with different amounts of Pt (0.60 mg/cm2, 1.0 mg/cm2 and 1.6 mg/cm2).
The electrodeposition method and the result for 0.60 mg/cm2 is shown in Figure 22.
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These  mesoporous  Pt  electrocatalysts  were  used  as  anodes  for  direct  ethanol  fuel
cells and the activity of ethanol oxidation reaction was studied.

Figure 22. The electrodeposition stage and mesoporous Pt on carbon cloth after
dissolution in EtOH and drying in vacuum at 80 ºC for 2 h. WE: a carbon cloth with
lyotropic crystalline template as a working electrode, RE: Dri-Ref as a reference
electrode and CE: Pt-gauze as a counter electrode.

The mapping of the anode surface for the 3 identified elements (Pt, C and F) detected
in the SEM images for the 3 Pt mesoporous loadings is shown in Figure 23. C and F
elements  are  from  the  used  carbon  cloths.  It  is  clearly  observed  that  a  good
distribution of the Pt catalyst on the surface is obtained with this electrodeposition
method.

Figure 23. SEM images of elemental (Pt, C and F) distribution on the GDL surfaces
with:   a)  0.6  mg/cm2,  b)  1.0  mg/cm2 and c) 1.5 mg/cm2 of mesoporous Pt.
(Publication V)

c)

b)

a)
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Cyclic voltammetry under fuel cell conditions was done to measure the
electrochemical active surface area of the electrodes. Polarization and power curves
for both the commercial Pt and electrodeposited mesoporous Pt at different
temperatures  (30  ºC,  50  ºC  and  70  ºC)  were  studied,  showing  an  increase  of  the
performance with the temperature, see in Figures 24 and 25. All mesoporous samples
showed better results in the direct ethanol fuel cell compared with the commercial
Pt sample (4.0 mg/cm2).

Figure 24. Cyclic voltammograms for anodes of the MEAs with different amounts
of platinum loading at 50 mV/s: current densities normalized for a) the surface active
area and b) and for the Pt loading. (Publication V)
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Figure 25. The polarization and power curves for commercial Pt and
electrodeposited mesoporous Pt with the different platinum loadings operating in
temperatures  30 °C,  50 °C and 70 °C in a  direct  ethanol  fuel  cell.  The results  are
normalized against the total platinum mass. (Publication V)
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6.  Conclusions

In the first part of this thesis the synthesis of cobalt and nanoparticles was studied.
Tridodecyl amine stabilized Co nanoparticles with different sizes (8 nm, 22 nm, and
36 nm) were prepared by thermal decomposition of Co2(CO)8 in dodecane. Particles
with average diameter of 8 nm and standard deviation of 8 % were obtained.

The oxidation of the particle was studied by introducing oxygen into the autoclave
and following the oxygen consumption with the autoclave pressure. Cobalt
nanoparticles of different size were first oxidized to see how the sizes of particles
affect the oxidation process. The results showed that the thickness of the oxide layer
formed was independent of the particle size. The thickness of the oxide layer reached
an estimated thickness of 0.8 nm during a 3000 s oxidation time. In another
experiment, ligand exchange from tridodecyl amine to oleic, linoleic or dodecanoic
acid was carried out for the 8 nm particles. It was observed that the carboxylic acids
slowed down the initial oxidation rate, but did not inhibit further oxidation as
effectively as the tridodecyl amine. After 3000 s, the estimated oxide thickness
reached 1.15 tridodecyl amine. After oxidation, the samples were exposed to
atmospheric oxygen for six months. The particles capped with carboxylic acid had
become hollow and oxidized throughout, while the tridodecyl amine capped particles
appeared to have a small core surrounded by oxide.

The molecular surface gradients created by the electron beam were visualized using
gold nanoparticles  as  probes in SEM. A SAM of aminosilane molecules  was first
assembled on a silicon surface. Then the silane layer was patterned using electron
beam lithography. It was observed that gradients prepared at lower acceleration
voltages had sharper boundaries, especially when high doses were used. In this work,
samples prepared at 3 kV and doses ranging from 100 to 5000 μC/cm2 resulted in
the sharpest boundaries. The method used to prepare these gradients was EBL which
is a versatile tool for patterning as it has a wide flexibility for size range and the e-
beam dose and acceleration voltage can be varied. The main advantage of using EBL
is flexibility and it has the ability to fabricate patterns having nanometer feature
sizes.
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The second part of this thesis was focused on preparing different nanostructures and
mesostructures using the electrodeposition method. Zn/ZnO macroporous were
synthesized via electrodeposition using polystyrene spheres as a template. The
depositions were carried out with 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide based ionic liquid at room temperature in an argon
filled glove box. Subsequent oxidation of the films at elevated temperature yielded
structured ZnO films. The results of this work showed that high quality template Zn
and ZnO films can be electrodeposited from ionic liquid onto both semiconductor
(ITO) and metallic (Au) substrates.

Mesoporous Pt and Pt@CB were electrodeposited using both galvanostatic and
potentiostatic methods from liquid crystal templates. Cryo-TEM, TEM, SAXS and
SEM  characterization  showed  that  the  structures  are  porous  and  after
electrodeposition  Pt  structures  have  pores  in  the  3-5  nm  size  range.  Cyclic
voltammetry and CO adsorption/desorption were studied on the Pt and Pt@CB
electrodes in both acid and alkaline media and both the samples had similar EASA.
ORR experiments were done in acidic media (HClO4), the results indicated that
oxygen reduction proceeded readily on the galvanostatically prepared samples. The
mass activities and onset potentials of mesoporous Pt (0.5 mg/cm2) is 2.4 A/gPt and
0.91 V and mesoporous Pt@CB (0.42 mg/cm2) is 2.6 A/gPt and 0.98 V at 0.9 V vs.
RHE at the rotation rate of 2400 rpm. Moreover, ethanol oxidation in alkaline media
was studied on mesoporous Pt and Pt@CB and the onset potentials of these samples
were 0.24 V and 0.31 V which are lower than for other Pt based catalyst reported in
the literature. More than 100 mV reduction in the onset potential for an anodic
reaction can be considered a significant improvement for fuel cell applications. The
results showed that the Pt@CB electrocatalyst has a high potential in direct ethanol
fuel cells.

To continue the work explained above mesoporous Pt samples were electrodeposited
using a potentiostatic method from liquid crystal templates directly on a carbon cloth
which work as MEA for fuel cell electrodes. SEM characterization showed that the
structures are porous with a particle size range around 300-900 nm and the sizes of
pores are around 3-5 nm.  Polarization and power curves for both the commercial Pt
and the electrodeposited mesoporous Pt at different temperatures (30 ° C, 50 °C and
70 °C) were studied, showing an increase in the performance with the temperature.
All the mesoporous samples show better or similar performance in the direct ethanol
fuel cell when compared with the commercial Pt sample (4.0 mg/cm2).

In this study, we have shown that this electrodeposition method is easy and fast when
comparing to the powder/ink method for preparing MEAs for fuel cell electrodes.
Moreover, with this electrodeposition method a separate carbon support is not
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needed as the catalyst is directly electrodeposited onto the carbon cloth diffusion
layer and a good activity is achieved with a low Pt loading. Thus this kind of
electrodeposition method can be a new route for the development of more efficient
catalysts for direct alcohol fuel cells.

6.1 Recommendations for further work

This thesis consists of different works from the synthesis, characterization and
oxidation of nanoparticles to their applications and nanostructures and
mesostructures via the electrodeposition method using templates. The synthesis of
the cobalt nanoparticles resulted in highly monodisperse nanoparticles with a size
below 10 nm. The magnetic properties of these nanoparticles would be interesting
to measure. These monodisperse nanoparticles could have be applied to applications
such as catalysis for energy device, it would have been interesting to see the results
from these nanoparticles.

As explained above, textured ZnO structures are interesting because they can
favourably out couple light from the LED chip by reducing total internal reflection
through increased surface roughness and diffraction from periodic structures.
Therefore it would be interesting to measure optical properties and total internal
reflection of these structures and apply them in LEDs applications.

As to the mesoporous Pt, these have been successfully to synthesized via the
electrodeposition method using templates and moreover applied in DEFCs as anodes.
The results showed that these mesoporous structures are active catalysts for DEFCs.
For further work related to this method, it would be interesting to produce Pt
bimetallic catalysts such as PtSn, PtCo, and PtRu and apply these in DEFCs to
compare which catalyst is the most active and efficient.
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