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Abstract

A light is an energyortion that plays &ery important rolen nature A light particle
or photoncan be absorbed, scattered or reflected. In stames light can greatly
influence the formation of a crystal and guide its growth into hierarchical nano or

microstructure

This work exploreshe light-induced synthesisf nanomaterials (Au, Ag, CdS, ZnO)
and lightinduced polymenanostructurationT his way ofsyntheszing nanomaterials
iIs compared to other known routéBhe main advantagef the synthesis method
presented he is its ability to be used for watbased reactions at room temperature
This method can be applied to most wdiasedsynthesesln this work, results have
been compared with templagdssiséd synthesis for AgCdS andAu. The ZnO light

induced syntésis was used and comparedhmhydrothermal ZnO synthesis method.

First, the effect of light over the synthesisZnO, Ag and semiconducting polymer
P3HT and its mixture wh PG7¢;BM is demonstrated’he main results from this work
include that compter-assisted lightontrol systemsnight providea shapeselective

synthesisof nanomicrostructuresat room temperaturélso, light-assisted synthesis

provides crystal growth withouhe useof a capping agent or polymer template.

Morphology control ofpolymermonomer mixtureis demonstratedvhich was
achieved using Red and Blue LEDs. It was found that Red light increased the diameter
of the voids in polymer films while otine contrary blue light decreased it. Fease of
comparison the mixed solvent gtly was carriecbut on the same polymers. The
change of electrostatic interaction reflected on the change of the morphology of the
polymer films. Templated Ag nanostructure synthesis alas performedshowing

different results when in the presence of igtructures are more uniform and have
VI



higher surface area’he work also demonstrates templassisted synthesis of CdS
guantum dotsThe use of PPI type dendrimer showed that-ssembly of CdS
guantum dots in a nanofiber is achievable at room termyeraAu nanostructures

were synthesized using another organic template oleic acid. Synthesis results showed

unusual Au nanoparticle morphologies.

Finally, low-power light was shown to influendde nanostructure synthesis and
structuration at room tempeuse. The main effect was the changeéhe shape due to

the vibration of water molecules. Water absorbs light mostly on the infrared region
and very little inthevisible range. Due to the low absorban¢®isible light bywater,

it required longer timéntervals in order to achieve the changes in morphology of the
ZnO or Ag structuredkeaction time has been proven taabamportant factor in light
matterinteraction.In this work,AFM, SEM, UV-vis, PL, NMR and TEMwvereused

for the characterisation ofiaterialssynthesized at room temperature

VI
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Chapter 1 Introduction

The most problematic questions today are those related to dthgemd pollution[2,

3] and are technology challenges which drive thele/Boiencecommunity to create

and promote solutions order to address theranoscience is providing goods and
solutions for almost any problem starting from clean wgtgéto medicine[5, 6].
Nanotechnology became very poputarer the last few decadeand oférs a great
future to humankind Nanorobots in the future should be able to solve serious
problems like starvation, diagnosis problems in medicine, spacf 8. Recently
nanostructurizeailicon-basedsolar cell achieved 22% efficiend9] and research
increases in this area. Nanoscience brings novelties to society by improvingsdevic
and thus helping to improve our lives. Howevéng nanostructures synthesis
procedure is specific for every material and morpholdy@i 14]. Tunnelling
microscopes are able to build structures atom by atom which albowsuild
nanometessized objects but doeenable mass production because it is time
consuming and expensij&5]. Nanomaterials depending on their size and shape
possess different physical and chemical propef1i6s20]. The synthesis of defined
and/or complicated shapes was always a challg2de23]. The gnthesis of
nanomaterials usually requires toxic chemicals, also elevated temperatures are used in
nanomaterial synthesig4, 25]. Photochemical synthesis methods are limited in
materials (Ag and photoreactive chemicals) and usually ultraviolet (UV) light is used
which hasa high energy in comparison tosible light [261 29]. Theinvestigation of

the formation of nanoparticles and other nano mmctostructuresvas also poorly
described by researchdgsli 29]. Photochemicaynthesis allowtheuse of less toxic
materials and room temperature is usually enough for the reaction. On the other hand,
control over the synthesis becomes difficult due to the limited variation ability during
the synthesis. This is why existing exipeental methods need beupgrade which

might be achieved if the hybrid method will be proposed (photochesutge! for
instance). Improvingnanochemicalsynthesis methods would upgrade the whole
nanochemistry and other related disciplines as we#.mhin problem in synthesis of
nanosized structures is that it is not possible to change the synthesis conditions at a
certain point of synthesis time. If there is a template synthesis, then the chemicals

dissolved in the solution sometimes cannot be sugidemoved if required. If there



Is a synthesis at elevated temperature, then the solution cannot be cooled down
immediately which sometimes could stop the reaction and leave the desired shape of
metal nanoparticles. To overcome these problems a moieldlesynthesis method is
required. Photochemical or ligitduced synthesis allows such changes during the
synthesis. The light wavelength can be changed at any moment of the synthesis and
the time of the irradiation can also be changed as degitgnl. elevated temperature

IS not necessary for the lightduced synthesis. The reaction can be stopped at any
moment preventing the nanostructures from further growthth®@mrontrary light-
assisted synthesis also needs to be improved and upgraded.

1.1 Aims
The mainaim of this work is to demonstrate the controlled synthesis and nano/micro

structuration conception with Ag, Au, A§u, ZnO, CdS, P3HTPG7qBM. This
proposed method is different fraime already existing methodsnce it it cheaper and
more efficent In the case of lighinducedsynthesisit combines several wavelengths
of light in one synthesis chamber. The methodugetllows the control of the time
interval within irradiation period. The key project aim is to put ligituced
conception alog with otherwell know popular synthesis methodsd use And
importantly tounderstand the lighihatter interaction on the nanoscale in order to grow
a variety of hierarchical nanostructures. This method solves the syntleagidity

problems mentionedn theprevious page (Ch.1 Introduction).

1.2 Major Work C onducted
To achieve the aims in 1the main work steps kia been proposed as follows

1 To synthesize ZnO and Ag hierarchical nanostructures under the Light
Emitting Diode (LED) light, and to tailr the morphology of the polymer films
using the same experimental -sgt Experiments in dark without the use of
LED light will be conducted to study the influence of light irradiation.
Conventional hydrothermal and templatssisted synthesis methodslaiko
be carried out for comparison.

1 To characterize ZnO, Au and Ag nanostructures using the scanning electron
microscope. And to use the atomic force microscope for topographical

characterization of polymer films.



1 To assess the experimental results wxisting theories that can explain the
formation of the nanostructures and lighduced synthesis. And to evaluate
the influence of light on the formation of the nanostructures.

1 To study the mechanism on the light influence on the growth of the crystal
structures. A nanostructure growth model will be established.

1 The advantages and disadvantages of -igihiced synthesis over known
traditional synthesis methods will be highlighted, and research direction for

future work will be proposed.



1.3 Outline of T hesis

The present work consists of seven chapters. Chapter 2 reviews popular nanomaterial
synthesis methods and routes suclvagsourliquid-solid synthesis (VLS), Segel,
Hydrothermal, Photochemical,and Templatassisted. Also, the role of
nanomorphology of most popular semiconducting polymer films used in nanoscience

was reviewed andnalysed

Chapter 3 describebe experimental methodology detail. Starting from theaw
chemicals used and ending with the equipment usetidatharacterizatiorspecifics

of each experiment are highlighted and sample preparations for every characterization
are described in detail. Schematic depictions of most complicated experiments are
included in the chapter with descriptions in order to entile experiments repeatable

for the reader with minimum skills.

Chapter 4 focuses on polyméim morphology changend charactedation using
Atomic Force Microscope and Nuclear Magnetic Resonance. Polymer morphologies

areanalyedand influence of@lvents and light are discussed in detail.

Chapter 5 covers the templassisted synthesis of Au and C#®8r the synthesis of
Au oleic acid was choseas a templatéo drive the Au growth into triangles and
prisms. But CdS synthesis was performed using petydendrimer which also serves

as selfassembly agent.

Chapter &evoted to lighinduced synthesig.he dapteralso speaks abothe light-
induced synthesisof Ag, Ag-Au alloy nanoparticles. Lighhduced synthesis and

characterationof ZnOis descriled.

Chagper 7 describes the crystallization of nanostructures. An attempt to solve the most
important questions by using crystal defect theories and explain the paths and ways of

crystalgrowth. Also, light influence on materials discussed and analyzed.

Chapter 8gives thesuggestions for the future works. Ligihtduced synthesis with
more materials anchorecomplicated lightcodesUse of soundwaves and vibrations

could giveinterestingresultsin the synthesis of nanoobjects.



Chapter 2 Literature R eview

In this chapter, detailed review is given on the nanomaterial synthesis methods. The
most popular and efficient methods are described in detail. Special attention is given
to the methods used in this work (photochemical, {igtiticed) and materia(silver

and zinc oxide) that were synthesized in this work. Advantages aadvdintages of
each technique amescribed. Current trends manosynthesighat are up to datare

analyzed and discussed.

2.1 Introduction
Nanotechnology has greatly influestt science anthe livesof most of us already. It

includes almost all known disciplines: textilg80i 33], mathematics[34, 35],
computer sciencg86], biology[37, 38], medicing39, 40] etc. Synthesis methods are
crucial for this type of science. Since the quality of the nanostructures depends also on
the synthesis methods it is important to develop new methods and stratedjies
continueupgrading the traditional methods. Depending on the size, shape, materials
and quality of the nanostiures their properties can chargjgnificartly. In most
casedt is desirabléo havea monodispersive system wietparticular size amor shape

of the material[41]. However, there are very few reports regardifgerarchical
structures and the formati@amd growth mechanisms behind thgt®, 43]. A range of
synthesis techniquese used in nanochemistryaporliquid-solid method (VLS),a
solgel method hydrothermalmethod templateassistecandphotochemicamethods.

In this work, we are going to review mentioned synthesis methodshmidight the

advantages and disadvantages of each method

2.2 Vapour -Liquid -Solid Synthesis
Thevaporliquid-solid (VLS) method has been widely studied and used to obtain one

dimensional structures like nanowires. The mechanism was developed 50 years ago
and first used ithesilicon industry by Wagng#4]. Then starting fronthel 99 06 s i t
was the beginning ahe wide use of this method for nanostructure growth dfier

Lieber [451 47] group at Harvard University demonstrated the efficiency of this
method. Inthe VLS processthere are three main stages: (a joaloying, © to c¢)
precipitation, ¢ to d) axial growth (Fig. 2.1). This process runs only at high
temperatures and involves vagmuid-solid phases of the material and tsisalled

the VLS process. With VLS iis possible to grow the structures from nanometer to



even centimeter scale. This mechanism requires one very important component: metal
catalyst. The problem with this method is that not all the metals can work well. The
main requirements for the catalysaterials are: (1) it must form a liquid solution with

a component, (2) the catalyst must be more soluble in the liquid phase than in a solid
phase, (3) the vapor pressure of the catalyst material over the liquid alloy must be
small, (4) the catalyst matal must be inert to chemical reactions, (5) the catalyst
material must not make an intermediate solid. So the material catalyst must not
evaporate during the process, must not react with the materialsnotuspoil the
reaction and basically guide theaterials in the process in order to get the final
formation of nanowires. This is the reason why gold works very well for growing Ge,
Si, ZnO, nanostructures’he VLS method is popular fothe growth of vertical
nanowires with less than 100 nm diameter atehgthranging froma fewhundred
nanometerso afew centimeters. Nanowires found their application in optoelectronics
[47,48] and became very popular sirnbe VLS method can provideothhigh quality

and control over the growth process. Usihg VLS process it was even possible to
make branched structurg®, 50] which wasusually difficult to achieve. It was found

that not only gold can be used as a catalyst material thus expanding the borders of the
synthess tactic§51]. Inthegrowth of Si nanowires vitneVLS method and using Au

asacatalyst leaves deep defects in nanowires.

Supersaturation

'+| |

Figure.2.1 VLS method process in growing 1D nanowires. Step (aubstrate with the material on it. Step
(b) heating up the sibstrate and dissolvingevaporating the material. Step (c): precipitation. Step (d)growth
of 1D nanostructures (whiskers in the case depicted).




Also cleaning the final product and the equipment from gold is quite diffelt Si

wire synthesis wascaomplished with other materials such as[Bg8], Al [53], Co

[54], Cu[55], Fe[56], Ga[57]. The growth rate determining factor is the speed of
incorporation of atoms into the nanowire and can be controlled vieessing
conditions. In this process (at high temperatures) van der Waals force and Ostwald
ripening force arehe driving particles to largeclusters and the formation &drge
droplets. Since every particle is trying to attain lowest possible energy and
agglomerate, it requires precision in preparation, positioning them and heating the
surface during nanowire growth. As it was mentioned before sometimes catalyst
materials are not very efficient because they cause impurities (Au for instance) and
thus permaent damage to the final produ@nowires. By increasintpe amount of
impurities ofthe catalyst material in the band gap causes degradation of optical
properties of the nanowiresghich is so important for the industry. It was found that

Au can be replaad by P{58i 61] and caises even higher growth speed unitiersame

conditions. Ke et akynthesized Si nanowires using Alasatalyst[62].

2.2.1 Issues with VLS Method
The same group faced specific problems related to the VLS synthesis ri&2hod

The basic issue was with Al oxidation andne airtight system design wesquired.
Scientists used temperatures ranging from%00500°C and H and SIH and it was
found that these materials were reducing the oxidation but not completeityating

it. Growing interesto the catalystfree VLS method increaseinumberof works in

this area. This useful method solves catalyst contamination problem and can be applied
to a number of materia|§3, 64]. Interestindy the sef-catalytic process was reported

in 2014 by Yu et al[65]. The metal oxide nanostructures growth process was based
on electron beam evaporatidrhecondensed electron beam veedecomposing met

oxide source and was performed with In(Sn), Gagrdwnon Si. The control of the
structures can be achievedthg variation ofthe synthesis time and becomes optimal
after 150 second$5].

2.2.2 Advantage of VLS Method
A key role ofthe VLS synthesis in nanotechnology is the ability to grow vertical wires

that have optoelectronic properties desired for photovoltaics, ldQglectronics.
Hochbaum et al. synthesized Si vertical nanowirays{66]. The nanowires were

around 40 nm in diameter and Au colloid nanoparticles were used as a catalyst
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material. The nanowires were uniform and to demonsthatéiexibility of the method
researchers grew them directly into microchannels. However, deposition of
nanoparticles onto any surface is always random and precise control of the
nanoparticle deposition still remains a challenge. Other similar expesmene
performed by different groups but they included work with dangerous chemicals such
as hydrofluoric acid (HF) for cleaning purpogé8, 67]. Orlandi et al.[68] reports
growth ofSnG nanobelts and denties by VLS method. The synthesis was performed

at 1218 C in the carbothermal process a sealed tube furnacat N; gas flow.
Basically, researchers mixed Sa@nd carbon powder and heated it up in the furnace
for 2h. The resulting product was nanowivggh branching out elementssembling
branchlike structures. This experiment required small ameahthemicals and high
temperatureonly. The major issue is the control of the size and width and achieving
the diameter of less than In of the nanowe was agreat challenge. The classic
problems with this method are still the setup of the experimental equipment which is
usually expensive and requires specific conditions such as fume hoods and inert
gasses. Also as was mentioned beforgigiit setup ould be an issue which can lead

to the imperfections of the nanowires and degradation of their optoelectronic
properties. Use of high temperatures requires monitoring and cantfalso time and

the properties of used materials are of great importance.

2.3 Sol-Gel Synthesis Method
The ®l-gel process is the name for a group of synthesis used to synthesize usually

metal oxide nanaficro structuresNormally in thisprocesssol and therthe gel is
formed in order to get the final produghe sol-gel procas can be aqueous involving

water as a main solvent or raqueous which involves organic solvef&g].

2.3.1 Aqueous Sol-Gel Process
This synthesis method is one tiie most complicated due to thégh number of

chemical processes involvdd0]. To control this process many parders are

involved: pH[71], temperaturg72], hydrolysis and condensation r§i&], time[73],
theconcentratiorof anionstherateof oxidation, metal oxide precursdi3] and even

themethod of mixing. Intheaqueous sedel processo obtain sol highly dispersive

colloidal system condensational or dispersive methods are used. Duripgottess

an Aelastic solido is formed. Theth@met wor

synthesisof metaloxides it is like apolymer connection from mettd -oxo (M-O-H)



or -hydroxo (MO-M) (M-metal) bridgeq69]. Using this methd, it is possible to
synthesize various types of metal oxide nanostructures inctulingi, Zn, Cr,Vn,

Al, Sn, Ge etc.The initial solution usually contains either metal alkoxides ¢non
agueous) or chlorides (aqueous) as precursors (Fig.2.2) then ohependhe desired
result the solution is either coated on a surface or it undergoes hydrolysis and
polymerization states. The next step is wet gel and the removal of the solvent by
evaporation either at room temperature or slightly heating up the maiéadolvent

can be water oanyorganic solvent but in most cases it is ethanol. The extraction of
the material by centrifugation is also efficient or natural precipitation is used. In
general, we can summarize these steps: 1) preparation of a s@)itoa@mversion of
prepared solution to sol, 3) aging, 4) shaping, 5) thermal treatment. At thstégel

we haveaninorganic interconnected networgel (solgel transition). The reason this
methodis one of the most popular in synthesis is the ahititghape the material into
almost any desired form: fibers, films, powders, monoliths and convert itheto

ceramic materidby heat treatment.

Xerogel film Dense film
e

Coating B S |
e TGRS ‘ >

Metal alkoxide
solution

Dense

Xerggel ceramics

Hydrolysis
Polymerization

Furnace

Sol-Gel process
—

Figure. 2.2 depictsthe processof solgel synthesis. First steps show the initial solution (metal
alkoxide in our case). Other steps involve coating and obtaining xerogel film or directlysing the
hydrolysis process and polymerization leading to the formation of sol. After sol is obtained coating
can be performed (depending on the result required). fie last step processes involve evaporation
and creation of xerogels or aerogels depending on evaporation techniques. The final product can
be dense film, ceramic or fiber.



2.3.2 Issues with the Aqueous Sol-Gel Process
The major problem is the control thfe reaction rate. The reactions in this process are

simply too fast for most of the transition metal oxide precursors. Hence it reghis in
uncontrolled formationof shapes and sizes of metal oxide structuless also
important to mention that evenmyetal oxide precursor has its own reactivity thus
making every synthesis process specffic every material. To overcome these
problems andirive the reaction process inngore controlled way additives such as
carboxylic acids are used. The role of thesiésis to decrease or modify the reactivity

of the metal oxide precursors and act as chelating agents. This method used in
synthesis and coating of ceramiessproven to be very efficient because it gives the
ability to coat almost any surfaddowever posttreatment prevents precise control of

the crystal size and shapéhefundamental issue with this process is the sensitivity to
many factors which basically makes the process impossible to control and such
parameters akesize distributiorof sha@ of the material is barely controllable. Non
agueous seyel synthesis can overcome some problems persistent in aqueous
synthesis method by replacing water with organic solvents.-agoeous sejel
synthesis. In thiprocessthe transformation occurssal in liquid media but organic
solvents are replacing water. The precur
Typically, it is a metal alkoxide or acetate. To defmeypical formula of used
precursor chemicals: -R-M, H3C-O-M, where R isthe organicsubstituent.In the
agueous process normally metal gets oxygen from the water dmglrionaqueous
processheoxygen comes either from solventi®provided bytheorganic constituent

of the precursor. In other words, the second possibility occurs tigemetal oxide

precursor molecule i s agmewmaleguepart of its

2.4 Hydrothermal Synthesis M ethod and ZnO
Hydrothermal synthesis ia widely used method usually to obtain nan@ro

structuredZnO[74-76]. In most synthesis procedures theahptecursor is added into
distilled water.The second process is usuallye addition of either donor of oxygen

(in the case of oxides synthesis) or the reducing agent (in Au or Ag synthesis). The last
step is heating and stirring the solutiond@oupk of hours. The heating up is required

to complete the synthesis process and sometimes even to speed up the growth of
nanoparticles. Heating up spend also can affect the shape and size of the materials.
Fig.2.3 depicts the chemical glass and the steelclw® used in hydrothermal

synthesisA common issuavith the autoclave is thahe solution insides heated up
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in afurnace and without stirring. The teemature applied tautoclavesisuallyranges

from 8@ to up to 258 C. Chemical glass or vial thaaw standh few hundred degrees

are also widely used in hydrothermal synthesis. They can be used to precisely control
the concentration and even modify the growth during the process by simply adding the
saltinto the solution. Stirring can be precisely caried as well and is usuallyfew

hours in thesynthesis process. Using this method nanostructures of ZFIPDSNQ

[78], TiO2 [79], including sulfideqg80] (ZnS, CdS, PbS, CuS, FeS, BIS) etc. were
successfully synthesized with various shapes. This method provides good quality and
size distributions of synthesized products also allowing to

Heating up the liquid solution in
the autoclave

—

S

Heating up the liquid
solution

Figure.2.3 traditionally chemical glass and steel autoclaveised in hydrothermal synthesis
processes.

control the synthesis process by varyihg synthesis time, pH, concentration and
impurities of the solution. The first report time hydrothermal method dates back to
1845 when German geologist Karl Emil vonhSa f h[81li reported microscopic
guartz crystals grown im pressure cooker. The term Hydrothernsalmesfrom
ancientGreek(hydro-i U ¥water) and (thermesf U} ewirgi/hot) and ipurelyof
geologic originThe hydrothermal method can be used to synthesize many types of
nanoparticles but became very populartf@synthesiof metal oxide$81i 85]. ShQ

was synthesized using this method in a variety of wi@&%&88] and proven to obtain
high control over the sizes and shapes of the strucfi®s89]. Wang et al.
synthesized tin oxide nanoflowers on the surface of indium tin oxide in the presence
of PVP[90]. Structures were grown iautoclaveat 208 C for 12h. The obtained
product was around 300nm in width andembleshedgehogike structures. Along

with PVP solution contained NaCl. Thatructure pathway is associated with the
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synthesis time and the PVP polymer persistence. Patil egpairteda hydrothermal

route in the presence of hydrazine at%Q0for 12h[87]. The resulting product was
spherical nanoparticles of 40 to 70nm width looking like clumps of rice pimerisal
particles together. The proposed reaction was basically the reduction of Sn precursor
by hydrazine (few chemical reaction steps process). Lupan aemirt SnQ
nanofibers with lengths of 300 0 Om a n d-100v nng86]hIn thidsynthesis
NH4OH was used and the study suggeke chemical playe@ major role inthe
synthesis.

2.4.1 Synthesis Scheme and the Morphology
Scientists suggeshe formation of amphoteric hydroxide Sn(Qtdphd dissolution in

NH4OH followed bythe formation of Sn(OHY" ions andhe formation of SnQ after

the hydrothermal process. The study suggests that Sn ions play a key role in the
formation of the thickness of nanowire aar@found to be optimal at 1:2P5. All the
mentioned experiments syntimsg SnQ suggestthat the control over the
morphology of the nanostructures can be achieved by changing either the chemicals
or the processing conditions like temperature. Du et al. repivedakmationof SnQ

hollow microspheres ithe autoclave at @0° C for 16 hourg91]. In this synthesis
researchers used methenamine({feNs) and carbamide (CO(NHb) along with

SnCk. They also controllethe pH bythe addition of sodium hydroxide (NaOH) and
havingpH intherangeof®1. The microspheres were of

consisted of small nanospheres of 70 to 150nneimeter.

2.4.2 Reaction Scheme and Morphology
The proposed reaction suggests that COjjpidas hydrolyzed into C&and NHL O

and only then the formation of nanosphere occurred. The process of the final
microsphere formation remained unclear since dtigctural and already consists of
formed nanoproducts. Howevergsearchersspeculate that formation of the
microsphere could be attributed to thecrobulbles of CO, during the reaction.
Basically a microbubble was solving the agglomeration issue dt gdbale. The
nanospheres were agglomerating around the microbubble thus creating the shell of
SnQ. This work shed some light on the synthesis of Swi@ the hydrothermal
process. Changing the size and shape of the nan@particlesand achieving hig

control over the synthesis process was always the main purpose of the nanochemistry

as such. Chen et al. reportéae hydrothermal synthesisf SnG with different
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morphologie§92]. Researchers obtained pine nedie, nanospheres, nanosheets
and grapdike narostructures. Every structure hadferent preparation steps also
varying in chemicals and processing parameters such as time and temperature. For the
preparation opine needldike structure NaeSnQ L 38 and NaOH were usetihe

later synthesiwas followed bytheaddition of (CH)sN4 and in all four cases synthesis
was performed i Teflon-lined stainless steel autoclave. The synthesis temperature
was 186 C for 24h. Fabrication of graplike structures included the same procedure
steps and the difference wigi@ amount o€hemicals and the tin precursor which was
SnCLL 5-,8. Other two cases of spherical and stiet structures had the same
processing conditions18® C for 12h. Also, the same precursors were used
SnChbL 228 along with NaOH and N&sHsO7l: 2.8. The main difference weabe
amount otthemicals and in the shelite preparation procedure magnetic stirring was

used.

2.4.3 Morphology Influencing Factor s
It is not possible to answer the question whether the stirring could cause such changes

in morphology since the solution with chemicals always has Brownian motion between
the particles and molecules.thehydrothermal synthesaf oxidesusually the aidity

(pH) is one of the main factors determining the synthesis r¢9@ksBut the authors

did not focus on explaining the Spforphologies but rather on gas sensing properties
such as K As mentioned beforéhe hydrothermal synthesis method is widely used to
synthesize metal oxides with van®shapes but probably the most popular material is
zinc oxice (ZnO). This material has growm popularity both for nano and
microstructuresanda hydrothermamethod is a powerful tool ithe synthesis of ZnO.

In a typical hydrothermal synthesis of Zn@ditionallythe zinc precursor and NaOH

are involved. For the zinc precursasually it is zinc acetate or zinc nitrate and the
NaOH serves as an oxygen donator.As mentioned previously pH and other factors like
synthesis time and temperature play a kdg.rThe properties of ZnO depeaod the

shape, size and surface structure of the material. Control of the synthesis process and
also synthesis modelling are essential. Amin et al. reported work that focuses on the
influence of pH, temperature, concentatiand time in ZnO synthesj94]. They
synthesized different types of nanostructures like flowarshinlike, rods and
tetrapod struwires. The report mainly focussed pH of the solutions. The chemicals
used were zinc nitrate and (@kN4 for the pH control HN@and NHRL kD or HCI
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and NaOH were used. For the pH control depending on the matenaltsaapes
referred as procedure A and B. The pH values were set for 1.8, 2.5, 3.5, 4.6, 6.6, 8,
9.2,10.7,11.2 and 12.5 i.e. from strong acidic to strong basic solutions. It was found
that the main controlling parameters wéne pH and the temperaturBy changing

the temperaturé is possible to change the morphology of the nanostructures. They
obtained nanosized structures: tetrapods, floeesand urchinlike structures at

high pH values pH=8 or more. While lowering the acidity led to the formatidhe

rods and evefilm-like structures. Also they found thlay increasing the temperature

the aspect ratio of nanorods increhf#].

2.4.4 The Time as Synthesis Influencing F actor
The time factowas also very important and Imgreasing the synthesis time the length

of the nanostructures also incredsét the synthesis timeof 1h the length othe
nanorods were around 500nm drydncreasing the time to 3h the length increased to
10m. Further increasing the growth ti me
It seems to be logical that at the constant concentrations and temperature tineestruct
continue to grow. However, if we imagine the solution with ions and molecules of the
chemicals inside it is also logical that the concentration should always decrease while

the growth continues.

2.4.5 The Influe nce of Precursor
The influence of thenecursor concentration is pointed out very clearly statinghieat

increase of the concentration of the precursor (zinc nitrate in this case) leads to the
formation of polycrystalline films. While lower concentrations lead to the formation

of nanowires. Bsearchers found that the length becomes constant at the concentration
of 200 mM which basically suggests that thereaimit for ZnO growth [94].
Increasing the concentration led to the formation of film. This observation allowed to
conclude that linear relation can be drawn between the concentration and nanorod
dimensions. This work actually sho@véhe connection between the parameters such
as time and concentration. However, the precurabpé&hcontrolling chemicals seem

to be the main parameter since the aspect ratio and the shape can be controlled by just
adjusting the concentration. While thime and the temperature seems to be efficient
only in affecting the aspect ratio of the structures. Other interesting works in ZnO
hydrothermal synthesis were performed by various scientists using chemicals such as

already mentioned before (GJdN4 and oher types including polymers and organic
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molecules. Sugunan et al. investigatieelinfluence of hexamine on the growth of the
ZnO structureg95]. They used temperature-88° C for 24h to synthesize the few
micrometer nanowires with around 30 nm thickness. The proposed model for this
growth was the attachment of hexamine molecules &tdomonpola facets of the
crystal thus leaving polar facets to grow and form the nanowires with high aspect
ratios. It seems that for synthesis of particular shape of ZmOextratemplating

chemical wasequired.

2.4.6 pH as Morphology Influencing F actor
Some work report hydrothermal synthesis of ZnO without any template. Bhat et al.

reports synthesis using zinc precursor, methanol and NagHThey maintained the
solution in an oven for 8h at 16C. The difference of every sample was the pH an
they obtained spherical particles wll00 nm diameter at pH=8, elongated cracker

like structures at pH=12 withdiameterof around 100 nm and 500 nm length. Varying

the amount of chemicals but keeping pH=8 they also synthesized rods and spherical
patticles together ranging from 100 nm to 450 nm. At pH =9 the dominant structures
became spherical nanoparticles with very few nanosized rods. While it is still possible
to synthesize ZnO nanostructures without the aid of any other molecule obtained
structues in such way usually have defects or size and shape distributions and might
exhibit different properties. Hence this is not always desired and more precise

approaches are required suchhasuse of hexamine.

2.4.7 Influence of Additives on ZnO Synthesi s
Over the past fifteen yeanydrothermal synthesis of ZnO using additives gained great

popularity because of its effectiveness ahe possibility to modify by snply
changing the amount @dditives. Chen et al. synthesized ZnO with various shapes
and sing different additivef97]. The temperature was chosen to be fron? 1922¢F

C and the time from 5h to 10h. The additive was choseri&xadianol and it resulted

in the formation ofod-like structures with vanus sizes and lengths basically ranging
from 300 nm to 700 nm. The thickness of the rods also differs from 30 nm to 70 nm.
When additive was previously mentioned hexamine gjeNd) the result was
snowflakelike and the size was around 2800 nm. Using #anolamine as an
additive polyhedrons were synthesized with sizes from around 150 nm to 220 nm. Also
they observed the change in shape from rod to polyhedral after increasing the

temperature. The researchers observed and described the synthesis hayaver th
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not explain the shape formation behind the process. Zhang and Mu have grown ZnO
homocentric bundles using zinc acetate and NaOH with the addition of polj@8her

The synthesis was performed at 460for 16h inanautoclave. The shape of the ZnO
crystals were attributed to the growth habits of ZnO and the influence of polyether.
The role of polyether is proposed to be templatingzine-containingmoleales and

due to the process when Zn(QH#)s surrounded with PE®@PO the resulting growth
makes the homocentric bundles. These structures are made of hexag@yahemd

like ZnO crystals that grow due to ZnO growth habit.

2.4.8 Different M orphologies of ZnO
Lu and Yeh synthesized ZnO powder with temperature d QGthd used ammonia

which also served aspH controlling chemical99]. The heating time was ranging
from 30mins to 2h. The obtained powder after SEM characterization revealed
microsized ricdike ZnO structures. Also they observed that increasing khfeqom 9

to 12 the aspect ratiof the structuregncreased or mi ng Andther simpld s .
method was proposed which led to the formation of ZnO various nanoparticles by
Music et al.[100]. The nanoparticles were mostly spherical and the synthesis
procedure includetheuse of tetramethylammonium hydroxide (TMAH) which led to
10-20nm nanoparticles along with dendron looking like structures of 200 nm and
larger in sze. Synthesis methods that are most simple and do not require high
temperatures or complicated polymer mixtures ntakdéydrothermal method one of

the most attractiveoth for science and industi@unha et al. demonstrated synthesis

of urchin-like strucures which areeferred as nanoflowers in the articj@01]. They

used zinc chloride and ammonium hydroxide and the synthesis was performé&d at 90
C pH=10.5 for different amousibf time. All the structures were urchiike with slight
differences: thickness, density of the nanorods that come out of the center, sharpness
of the nanorods and packing of the structures which also could be accidental. The
experiments were performed for diféet amounts of time ranging from 15 minutes to

up to 72 hours. The results revealed that @tnthesis timef 72h the nanorods were

the sharpest in comparison to other samples and the 30mins, 2h and 6h synthesis
showed nanorods of urchlike structureshavingthe smallest aspect ratio. Synthesis

in supercritical water was performed by Viswanathan and Gup#. Basically they
oxidized zinc acetate in supercritical water in less than a minute. The obtained

nanoparticles were with sizes ranging from 120-326 nm in dianeter. Li et al.
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synthesized different shapes of ZnO ranging from nano to micro[Xig. Two
different precursors were used: ammonia refaiwes A and ammonia and zinc nitrate
referredto as B.The synthesis temperature was®8D for 12 or 24 hours. In the case

of A precursor nanowires were obtainethndifferent diameters and lengths and using
the B approach thicker nanowires and hexagonal shaped nanowires were obtained. It
Is important to mention that all the nanowires were synthesized on a large scale on zinc
foil and all of them were verticallyighed. They report that sharp wires were obtained

at alkdine solutions while more flat withitess alkaline medium.

2.4.9 Synthesis of Complicated ZnO Structures
Synthesis of more difficult structures has always been a challenge because of the

different poperties that those structures exhibit. One of the most attractive ZnO
nanostructureis a flower-like structure which haa center and branching out leaves
or Dendronrlike shapes. One of the very unusual works was performed by Shao et al
[104]. Flowerlike structures were synthesized using zinc chloride and ammonia.
Copper platewas immersed into the reaction solution before the heating up. The
synthesis temperature was’@for 2h. The obtained structures had gdabranching

out from the center angtsembledoses 30 microns in diameter and 150 to 250 nm
thickness of the leavéfragment of that rose)important to notice that rodike
structures were in ordered manner and distributed over the sample very yndsrmi
indicated by SEM. While the addition of polymers could be explaingddtgmplate

like role the use of ammonia raikthe question of the chemical reaction within the

solution. According to refi84] this reaction could be written as:

NH+HO <> NH HO +—> NH +OH
4 - 2

or Zn" + OH—» Zn(OH),

Zn'+ NH,— Zn(NH,)’ y

. OHd
” _ Zn(OH),— ZnO
Zn(NH,), + OH — Zn0O

As we can see ammonia is creating intermediate products whahftatm ZnO
structures. In the case when hexamine is used it is known that during thermal

decomposition of HMT it releases the hydroxyl ions that are very important in the
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formation of ZnO. So the reaction with hexamine can be written in the following way
[84]:

(CH,) N + 6H,0 «— 6HCHO + 4NH,
NH,+ H,0 <— NH+ OH 6 HUd

20H+Zn"—— ZnO+HO

Synthesis of microsized urchlike structuregnancflowers referred in the article)

were synthesized using zinc acetate and NaOH%€J60r 30 minutes by Wahab et
al[105. The structures were basically sharp
around 300nm in diameter. Structures were uniformly dispersed ovsarf@e and

the size and shape distribution was very uniform. Another interesting work that
showed flowetlike, urchinlike and various other shapes ZnO structures was
performed by Zhang et §106]. Researchers found that such factors as the polarity
and the saturated vapor pressure of the solvent are the key factors in shape and size
formation of the final product. Also influence of already mentioned factors such as pH,
temperature and time wererdomed in this work. Still the growth reasons and the
directions are not clear. And the growth habits of the crystals should be well

investigated.

2.4.10 Growth Mechanisms of ZnO
One of such works towards investigation of the growth habits of the crystalsade

by Li et al[103]. Researchers used zinc acetateaanthonia hydroxide. The autoclave
wasa stainless steel silver lined tube type wattialve for gas relief at the upper part.

The temperatures appligengedfrom 200 to 350 C. The obtained structures were
hexagonaprismtlike wires with micron sizes. The growth habit of the ZnO structures
are related to the growth of crystal faces and they are related to the elements of the
coordination polyhedron at the infece. The article suggests that ZnO can grow either
faster or slower in some directions. Depending on the solution concentration and pH
ZnO crystals can take different shapes. For instance, the fastest growth direction for
ZnO is [0001] thus providing nawire growth in most of the synthesis. The growth
processes and the growth habits will be discussed in detdiieirResults and
Discussion chapteil.he hydrothermal method is not limited and can be used not only

for oxides.
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2.5 Hydrothermal Growth of Ag Structures
Another material that is widely synthesized usihghydrothermal method is silver.

Zou et al. synthesized different shapésilver nanoparticles usirtipe hydrothermal
method [107]. The synthesis was performed in the autoclave using Aghi@
ammonia. Scientists synthesized various shapes of silver nanoparticles: spherical,
triangles, rods, hexagonsis important to mention that along with the chemicals PVP
was used as well. Authors believe that it was PVP that ddoath the templating and

the reduction. Also they found that the variation in concentration for both PVP and
AgNOs can change the shape aside of the nanoparticle&nother hydrothermal

work on silver nanoparticles was performed by Aksomaityte ¢1GB]. For this
synthesisa countercurrent pipe reactor was used. 8Bil\acetate and PVP were used
with different concentrations and at different reactor temperatures. The synthesized
particles were 3@0 nm in size as reported. Most of them were spherical in shape.
Yang and Pan usdtie hydrothermal method to synthesizevsil and chosen sodium
alginate both as a template and the reducing affigfl]. They used different
temperatures for 6h and 12h of synthesis. The obtained particles were spherical when
the synthesis temperature was @D for 12h and in the case of £28nd 186 C
mixture of triangles and hexagonal nanopagtclith various size distributions.
Kometani and Teranishi demonstrated Ag nanoparticle synthesliew-type reactor
system[110]. The reactor allowethe rapid mixing of two solutions: one containing
silver precursor and another oaeeducing agent. The second solution contained PVP
and the nanopatrticles were triangles, rodssptericas with sizes of around 200 nm

and 500 nm for the rods.

2.5.1 Hydrothermal G rowth of Au and CdSNanostructures
Along with slver, synthesis of gold also has been reported. Liu et al. tlsed

hydrothermal method to synthesize gold nanoparticles with narrow size distributions
[111]. For this synthesis chloroauric acid HAu@hd thistidine GHoN3zO> were used.
Thetemperatur@sedwas from 65C to 150°C and the size distribution of the particles
were 11.5 nm which is not easy to synthesize using other methods. Some patrticles
were trianglelike with rounded corners (around d=10 nm). Another hydrothermal
method for Au synthesis was performed by Liu ¢i&P]. The pH was controlled and

the dendrimer of PAMAM type was chosentlasstabilizing agent. The particle sizes
were around 5.6 nm whiahkas a high achievemeabnsidering the agglomeration and

other factors at that scale. Cadmiwsulfide nanostructures and nanoparticle can also
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be synthesized vithe hydrothermal approaciXiang et al. synthesized CdS flower
like, leavelike and branched structurgsl 3]. The reaction time, temperature found to
be most influential and found to be optimes180°C ata particular concentration.
Thestudy showed that increasitige synthesis time the structures were more and more
complicated.The role of pH orCdS hydrothermal synthesis has also been reported
[114].

2.5.2 Microwave -Assisted Synthesis
One of the processes that can be associated tw&hhydrothermal process is

Microwaveassistesgynthesis. Inead of producing heat by conventionally heating up
the solution it is heated up by microwaves in an oven. Using this method, it is possible
to synthesize the variety of materials. $oaf them we are going to revidwiefly.

One of the main advantages thfis approach is that the solution is heated up
immediately since the microwaves transport the enégmgughthe materials. CdS
microwave assisted synthesis was performed by Caponet{il€t5d| The synthesis

was performed in an ewater microemulsion at 2.45GHz frequency and3Q¥V

power of the oven. The resulbdtained weregather outstanding since they obtained
very small 2.7nm CdS crystals. They maintained °@5temperature durin the
synthesis process and concluded that due to the interaction between the
electromagnetic field and the dipoles of the water eventually initial faster growth
occurred. SynthesizingdSwith such small sizes was alwagisallenging and usually
requiredeither a very well controlled synthesis processesamery good templating

since nanoobjects at that size tend to aggregate or due to Van der Waals forces
agglomerate rapidlj116, 117]. Esmaili and Habibliangjeh synthesized CdS in 4
6minutes[118]. They used Zethyl3-methylimidazolium ethyl sulfate (RTIL) and
water mixture. ESEM micrographs reveal that the sizes were ramgmgsDnm to up

to few hundreds of nm. Various nano and micro ZnO structures were synthesized using
zinc nitrate and pyridine via microwave hydrothermal synth@di8]. The ynthesis

time was 10mins and the temperature 900 C. Changing the concentration of pyridine
it was found that shape and size can also be controlled. Motshekga et al. demonstrated
microwave synthesis of metal oxides supported on carbon nan¢i20¢szZhu et al.
demonstratethe synthesis of telluriumanorods and nanowir¢s21]. As we can see

the hydrothermainicrowaveassistedsyntheses basically do not have limiigerms

of the materialghat can be usednd the high quality of the producthat can be
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achieved. To understand thdnternal processes we must first ask: whare
microwaves? Microwaves are electromagnetic waves with frequencies of 300MHz to
300GHz. Whera portion of the microwaves hits a polar molecule, such as water for
instance the water molecule is trying to orientate withe electric field of the wave

Fig. 2.4. After the orientation procebasoccurred and the dipolar ¢B) molecules
orientate theyhavealready lost the energy portion due to the molecular friction and

this energy ishentransferred in the form of hefit22, 123]

| Wavelength |

Figure. 2.4 orientation of water molecules in an electric field after the microwave hits theater.

Water is a good microwave absorber véttelaxation timeof 9 T 112 s at 200 C and
a relaxation frequency of around 18GHE23]. Microwaveassistedhydrothermal
synthesis provides uniform and rapid heating of the solution catsrgynthesis of

auniform nanosized object with small size distributions.

2.6 Photochemical Synthesis of N anoparticles
Another important method that isagsinnanosynthesis the photochemical method.

It is believed that light can caussduction reactions with the nanoparticle precursors.
Also, it is important to mention the fact thphotochemistry cannot be used on all
materials Traditional photocheroal synthesis isthe synthesizing of silver
nanostructuresBasically this method isa liquid chemistry method anithvolves
traditional (nitrates, chlorides etc.) chemicals dissolved in a liquid medium with or
without the addition of the reducing agenheTslver nanoparticles were triangular
shapedafter exposing the solution containisgver nitrate and sodium citrate to the
green light. The synthesisasdone with Lightemtting Diodes (LEDs) and witla

laser as a source of light.
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2.6.1 Wavelength of Light Influence on the Synthesis
J., Zhang et al. found that dependingloewavelengthof light it is possible to control

the aspect ratio of the nanoroff24]. Their photosynthesis is based arseed
mediatedapproach. To synthesize seeds AgNdd BSPP solution was used and
irradiation with UV light of 254 nm. Then the solution was added to the mixture of
AgNO:sz and sodium citrate. The irradiation was performed for 24 hours asiB@W

light source and filters with filtering from 600 nm to 750 nA2G- nm. The result
yielded in very uniform nanorods with pentagooaisssections The work showed

that incrasing the excitation wavelength from 600 to 750 nm the aspect ratio of
nanorods tends to increase. Maretti et mlade another photochemical synthesis
method that was performed in THF and in toluene, results showed high fluorescence
of Ag nanoparticle$125]. The synthesis v&adone in the nitrogen atmosphere and in

the air. The precursors were silver acetate with cyclohexylamina @wd was used

asthe light source. According to theeport the solution showedhe formation of
nanostructures in around 3 minutes (by changdhegcolor of the solution). TEM
images indicatednly spherical shapef the nanostructures and the difference in size
with each solvent. Nanoparticles synthesized using THF were twice smaller as that
with toluene. In the case of the reaction with THF ipk$ size 5 +2nm and with
toluene around 102nm. The presence oyclohexamingroved to havaninfluence

in synthesis as another solution containing toluenenarddecylamingvasproven to

i ncrease the size di st r i20nmThieappraa¢hcdulde NP G
be useful i f fl uor es c ethesyntiheBidnethal e svitian e d . P
UV lamp was used as wgR7]. The main difference with previous methods is that
citratecappedseeds were used. Authors hypothesized that the synthesis occurred due
to photoelectron transfer from citrate Pt nanoparticle seed. The resulting Ag
morphologies were nanorods and nanoparticles. Exposure to UV light with variation
in time for every sample showedsinificant difference in the resulting product.
Exposing for 45 minutes to UV formed nanopaegchnd clumyike structures and
increasing the exposure time to 60 minutes gained nanorods with great aspect ratio.
Nanorods were of around 100 nm thick an@l Bhicrometer in length. Further based

on the work done by Redmond e{H26] the reaction was explained in the following

way:
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CitrateLacetone-lj-dicarboxylate +CO, + 2e 0 HOG

This process according to the authors leads to the formation of Ag nanostructures with
extra electrons and the reducing source for". ABhis experiment suggestn

interesting reaction pathway sincethé t r at e i s proposed to be
other photochemical processes basically should be coming out from this perspective

as well.

2.6.2 Shape of the Nanoparticles
However, there is no explanation the dependence of excitation on the shaphef

nanostructure. Pietrobon and Kitaev synthesized decahedral KiliPedby using
AgNOg, sodium citrate, PVP, darginine and NaBkK[127]. The nanoparticles were

first grown usinga chemical reduction of NaBHand afterwardthe solution was
exposed ta metal halide lamp (white) of 46@att power.An experiment was also

done witha blue filter which led to the formation of smaller decahedr® 6 Ehe
reaction was monited usingan UV-vis spectroscopy. The results showed that
increasing the time of exposure to the light from 2 to 15 hours the size of decahedral
NP6s was ranging from 35 nm to 45nm res
described to be essential. PVPkes stable nanoparticles and the arginine accelerates
the photochemical transformation process. While NaB#ia well known strong
reducing agent widely used in nanochemistry. In thermal synthiEsiahedra
nanoparticles do not form so the conclusion iat tthe light is essential for this
synthesis. Another very similar photosynthesis was performed by ZhanflL28Rl

they used 150 W halogen lamp the filters were 50R0aim, 550+20 nm and 600+

20nm and 650-20nm. The solution also contained Aghl@odium citrate but the
difference was irthe use of BSPP and NaOHh& results were nanoparticles with
different shapes: triangular bipyramids, triangles and sphe¥i¢alo iangles and
spherical NP6s were observed after st opr
respectively. These results basically suggest thaigheis playing only the role of
force to makeachemical reduction. R., Jin et al. Reports synthesmobprismslso

using silver nitrate, sodium borohydride and trisodium citrate then the addition of
BSPP helps to form theanoprismg129].
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2.6.3 Influence of T ime and Light on the Nanoparticle Growth
Light and time also has an influeneer allgrowthprocess. For the irradiationZ0W

fluorescent lampvasusedin [129]. They found that increasing the irradiation time
from 55 to 70hours the triangles grow more uniform and basically no spherical
particles were obseed. Most of the photochemical synthesis of silwanoprisms
nanoparticles, nanorods includie useof AQNOs and NaBH for the formation of

seeds at the initial stage. Since atoms and small clusters attach to the bigger objects
inside the colloid theeeds are required. During theogith process the role of light
wasbeing introduced. The light can transform spherical nanoparticles into triangles

and it is also believed that the growth is mainly influenced by light.

Possible interpretation.Later R., Jn again reportavery similar synthesis procedure

that their group used before (regarding the chemi¢a)]. The main difference is

that they used duatbeam illumination this time to grow the nanopatrticles. They state
that all the process is driven by surface plasmon excitations and the whole process can
be controlled by simply changingehvavelength. The plasmon excitation leads to the
fusion of the NPOs or the termination of
by light. They usec 150W xenon lamp witla 12W output and optical filters for 50

h. The TEManalysisshowed thahanoparticles hatwo distributions ohanoprisms

the smaller particles witan edgeof 70+12nm (type 1) and the larger ones 150+
16nm (type 2). The thickness was observed to be the same for both types of
nanoprisms The process explained with dipoleso@ance of Ag nanoparticles. The
control of the secondary wavelength allows tantrolof the size of the nanoparticles

due to bimodal growth. Bastys et al. used light emitting diodes to grow silver
nanoprismg131]. Thenanoprismsexhibited strong absorption the IR region. The
wavelengths of LEDs were: 518 nm, 641 nm, 653 nm. This work also confirmed the
influence of longer wavelengths enablitige formation ofthe side length of the
nanoprism The size of the structures was about 150 to 200 nm (edge lefgtimow
NPb6s as in previous met hods theAgNGstwiths e e d s
NaBH; and the addition of sodium citrate. The only difference from previously
mentioned methods is that PVP was used t@snplate. In photochemicalnthesis

mostof the works are mainly done on silver nanostructures with some modifications
usually the addition of chemicals othe varying of the light source. In any

photochemical synthesisually silver is somehow involved in one way or another.
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2.6.4 Influence o f Chemicals on Growth of the Structures
Dong and Zhou usethe photochemical method to synthesize gold nanostructures

[132]. The experiment was done under UV (300 nm) light and usiiREG-acetone
mixture as a template also psgnthesizing seeds of Au. The work reports that the
speed of the reaction can be controlled via increasing the concentration of citric acid
(increasing the concentration of the citric acid the reaction speed increases). The
reaction resulted in near uniform spherical nanopatrticles with sizes from 10 nm to 12
nm. They also report thaby increasing polymerization degree the size of the
nanopartles decreases and the size of the nanoparticles incleaseseasing the

wavelength or irradiation.

The role of the preformed seedsThe addition of prdormed gold seeds was added

to the silver nitrate containing solution and then irradiated withlighvt [132]. The

result was the formation @n Au nanoparticle withan Ag shell. It is suggested that

Au (seed)particles catalyze the reduction of Ag ions under the UV light leading to the
formation ofanAg shell. Also synthesis of gold nanowires was modified by this group.
First synthesis of Au nanowires was proposed by Esumi t38] using UV light

form axenon lamp (200W) of 253.7nm and using HAu&d HTAC as a template.
They report that only spherical particles obtained at low concentrations (Immol dm
3) and only increasing the camtration up to 5 times the nanorods were obtained. The
obtained nanorods of this group contained also nanoparticles and were varying in
thickness and length. This method was improvethbyrevious group of Dong and
Zhou[132]. They grew nanorods with more uniform size and length distributions. The
novelty wasthe use of different solvents and mixtures of solgerithe mixture of

DMF and water ratio can actually control and optimize the growth and the aspect ratio
of gold nanorods. As a template in this synthesis CTAC was used. The solution
contained DMFCTAC-acetone mixture and the result of the synthesis highly
depen@don CTAC micelle. The explanation was that due to the change of solution
polarity the CTAC micelle transforms fromspherical toa rod-like shape and thus
leading to higher number of micelle aggregation. In this way molecules form almost
perfect template for roedike nanostructures. This statement was confirmed by
changing the concentration of CTAC. It was found that at higher concentrations of
CTAC the growth of nanorods is poor. This result could be explained by CTAC

molecules blocking the patlay for the growth of nanorods. At optimal conditions the
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aspect ratios from 50 to 150 were obtained. It was also found tlegrlerposure to

the light time wa favorable forthe formation of the nanorod$he photochemical
method is efficient and excitgnsince it can be controlled and always modified. Room
temperature is always enough for the photochemical synthesis. Synthesis can be
stopped at any moment of the synthesis process i.e light cavitbeedoff. It is cheap

and portable (depending on theesof the setip) which is easy to install. On the other
hand to run photochemical synthesis phs¢ositive chemicals are required whadéo

limits the spectrum ofmaterials that can be synthesized photochemic@hg. only
problem is that the method not very popular and very few articles are available in

this topic.

2.7 Template -Assisted Synthesis of Nanoparticles
This methods widely usedn nanosynthesisTemplates are usually used in order to

achieve uniform structures and to avoid using héghgeratures (in the liquid phase).

In templateassistedsynthesighe pre-synthesized template isuallyin liquid phase

and the molecules of the desired material are allowed to either settle down or make a
chemical bond with the template (inside the tttg) thus usually it creates one
dimensional nanostructur¢s34-136]. In most cases the templates are organic (like
polymers) and the materials that are being synthesized are metallic or semiconducting
[137]. In the case of template assisted synthesis in liquid phase the template could be:
(a) dissolved in the liquid (water, acid or any orgdigicid depending on the material)

or (b) asolid prepared template (could be made from any material that is possible to
nanostructurize or make desired voids or shapes). In the (a) procedure usually
polymers are used. The desired structures are Ag, Alloyrnanoparticles and in (a)
usually polymers are dissolved and the metal precussadded afterwardgfor
example AgNGQ). After stirring for some time in order to gée maximum interaction
between the molecules the reducing agent is added for tineatfon of the
nanostructures. The shapiethe nanostructures is usuadigherical but it also depends

on the template. For instance, in the synthesis of silver nanowires only ethyleneglycol
(EG) and silver nitrate are usgB8]. The EG serves as both the reducing agent and
the template. Also such polymers as dendrimers could be used as well, siritavihe

a spherical shape and dendritic structure also most of them are soluble in water. The
structure of the dendrimer is shown in Fig.2.5. As we can see the diameter of the

dendrimer increaseswith the increase othe generationf139]. Dendrimers are
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attractive because of the different functional groups that they have which can also be
used in synthesis of hyldrmaterials dendrimemanoparticles for instang¢&40-142].

Linear polymers havanelongated structure afy using them as

4G

Increasing generation

Figure.2.5 depicts structure of dendrimers: dendrimers have branched structure and different
generations. With increasing generation dendrimers become more branched and their diameter
also increases.

templates can limit the size and shape onetallic crystals by forming large
nanoparticles. However, dendrimers have branches as depicted in Fig. 2.5 and
nanoparticles can be synthesized either in between the branches Fig.2.6 or between the
molecules of the dendrimers (if the concentrationghk bBnough). Before the synthesis
process using dendrimers we should pay attention to their unusukrh@anstructure

thatcan be easily chemically modifi¢ti4 3] this fact makes themttractive candidates

for the template synthesaf nanoparticlesThe only disadvantage is the high price.
Important experiments were done using polymers in syntheswdfglver, platinum

and palladium nanoparticles. Dendrimers havwwanched structure thus they allow
synthesis of very small nanoparticles (few nm) since the nanoparticle precursor (single
molecule) can be incorporated between the branches of therdendhig.2.6. After

the reduction nanoparticles are | imited

molecule and
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Dendrimer branches /

Atom attracting force g, D

Atoms E

P - Atom attracting force

Figure. 2.6 one of the possible synthesis scenarios using dendrimers. The formation of the
nanoparticles occurs between the dendrimertanches. When the growth occurs it is terminated
by the dendrimer and this effect helps to template the nanoparticles and get the particular size
depending on the concentration.

further growth is prevented here are different types aendrimers and tlyehave
different parameters and also can have varidwsnical groups attached. Aftdre
formation of the nanoparticles (in case of Ag and Au) the change of the solution color
indicates the formation of the nanoparticles) the solution is centrifugededvasiu

the structures are removed or if the tempisitached to the material other chemical
processes like etching might be involved. Thus some works in nanopatrticle synthesis
were performed using dendrimers that should deeight for consideration. @rsuch

works in synthesis of-2 nm goldnanoparticles using PAMAM typgendrimer was

done by Kim et dl144]. The Au nanoparticles wespherical in shpe and researchers
proved that usin@ 4th generation dendrimer and higher it is possible to synthesize
nanoparticles of less than 2 nm. And increasing the dendrimer generation basically no
significant changes in size were observed. In such way alsadPAgananopatrticles

were successfully synthesized with sizes ranging from 2.2 nm to 5.fL4bh
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Reduction of AgN@ or HAuCL with NaBH; is usually instant and can be expressed

as.

AgNO, + NaBH, —— Ag + 1/2H, + 1/2B,H, + NaNO, 0 A

4HAUCI, + 3NaBH, + 9H,0— AuC + 3NaCl + 3H,B0, + 13HCI + 6H, ¢ HUG

These reactions occur in liquid reducing metal precursors with strong reducing agent
such as sodiurborohydride. Adapted from rg¢146]. Another process that exists in
dendrimer encapsulated nanoparticle synthesthagalvanic redox proces.his
process is the electron transfer between two metals in different oxidation states and
refers tatheelectrochemical process. This process was used in Pd and Cu nanoparticle
synthesig147]. Using dendrimers usually small spherical particles can be obtained.
This isa very powerful template since it camoducenanoparticles of sizes with less
than 2 nm. One of thereviouslymentioned organic molecules is ethylene glycol and

is also used in templated synthesis. EG with Aghd@duces Ag nanowires with
different aspect ratios acting both as a templateaanedlucing agentWhen AgNQ is
dissolved in water it creates ions Fig.2The ions float freely in a solvent and the
molecules of EG hits them and mix. This is why usually such processes include stirring
before the reaction starts. But in the case of EG and Ag it starts immediately and is not

rapid like in the case of NaBH

P PSR
U~ i\
C 5 ‘/, " [\ »\
it Q N

Figure.2.7 depicting the synthesis process of Ag aliquid solution with the presence of ethylene
glycol (EG) used both as a template and reducing agent. As we can see after AgNQOvas

di ssolved in the water (and tibneandthenithe mdustiont h EG)

occurs.
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After silver dissolved due to the reduction silver atoms start to attract each other thus
forming subnanometer clusters.teasteps are the growth of the nanostructures but
since they are in EG matrix they form linestructures such as nanowires Fig. 2.7.
Also usinga solid template is very popular in template assisted synthesis. The solid
template is usually made of aluminum and called anodized aluminum oxide or AAO.
AAO is usually a film with mutually parallel void®\AO after its use as a template is
dissolved and the nanowires collected by washing and centrifuging the supernatant
Fig. 2.8. Using AAO template it is possible to grow a variety of vertically aligned
materials including S[{148]. There are different types of AAO anodization and

template preparation techniques and methods which can be found elsgB¢re

Porous template

Eloctrod-vosmon -

m »m-/
\ Fno-nlnnwlns

Figure. 2.8 porous Al template. First step includes evaporation of the film onto the template. Then
electrodeposition and removal of the template leaving ée nanowires.

Yang et al. used AAO in combination withe calcination process to synthesize Ag
nanowireg150]. As indicated by SEM nanowires were vertically aligned with small
defects that were Ag microparticles. Kim et al. synthesized Pd nanowires by pulsed
electrodepositiofl51]. Nanowires were of 50800 nm in length and around 50 nm
in thickness. The dPnanowires were grown on 5é@rea which can be considered as
large. AAO can be used in synthesis of Ij062], Ni[153], carbon nanotubd454],
Au/Ni [155] however the products obtained by this tempéateusually in the shape
of nanowiresThetemplateassisted synthesis method is efficient but only limited sizes
and shapes like spherical particles or nanesvitan be obtained in most cases. Also
removal of the template and selection of the template creates extra complications for
the process as suchhe advantages of this method Hrat the structures obtained are
very monodispersive, uniform in size andaph. This isa much desired quality for
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industry and science. Templadssisted synthesis is also another very popular method
for the nanostructure synthesis. The template if it is organic can drive the crystal
growth in a particular way creating one oo#rer shape of the crystal. This method
hasonedisadvantage because it is not easy to remove the template after the synthesis.
If the template is organic it also might interact with the synthesis product. If the

template is not organic then another stegeaoving the template is required.

2.8 Control of End -Functionality of P3HT
Synthesis of conducting paher has been a great interestdbemists for many years

[156]. Electroconductive polymer or semiconducting polymer can be used in a variety
of applicationg[157] since it has flexibility, solubility and a physical properties of a
solid conductive materidlLl58]. The properties of PS3HT depend mostly on its-end
functionality groups.n this work we are not going to synthesize or functionalize
polymers. However, it is reasonable to briefly review the-femdtionalization
straegies of P3HT. There are two simple strategies fotfenctionalization of P3HT:

(1) Functionalization via Grignard metathesis polymerization and (2) use of functional

Ni-based initiators.

2.8.1 Functionalization via Grignard M etathesis Polymerization (G RIM)
This strategy was reported first time in 20Q®9]. In this process using thiophene

group GrignardVicCulloughtype polymerizations were successfully quenched. But
this strategy was limitecksince it was applicable to onlgrimethylsilyl groups.
McCullough suggested more efficieint situ functionalization strategy that involves
GRIM polymerization quenching with different Grignard reag¢h€®, 161]. In this
synthesis the enfiinctionalization is detenined by Grignard reagent. Incorporation
of additives like styrene andgdentene proven to control the end group composition
[162]. Also Thelakkat and Lohwassemptimized the procedure and identified that
excess of Grignard species and LiCl influence GRIM kin¢1i68]. This improvement

led into low polydispersity and perfect control of the end group of the polymer.

2.8.2 Functional Ni -Based Initiators
Ni-based initiators polymer synthesis strategy can provide almost perfect product with

low polydispersity and controlled molecular wei¢ft4, 165]. Specially designed Ni
based initiators can give a variety of P3HT polymers with different end groups like:
amino, ethynyl, carboxylic acid or phosphondi@3, 166-168]. Also a concept for Ni
based exteral initiators led to a synthesis of P3HTs with different-&ntttional
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groups like: pyridines, thiols, and phenol$69]. This approach also allows
synthesizing complicated polymeric architecture. The disadvantage is that traces of Ni
i mpurity can fAdistur bo ngtheedesped greumer chai n

2.8.3 Organic Molecules and the Morphologies of Thin F ilms
Synthesizing the polymer or adding specific functional groups to its end is still half

way to the applicationlhe main question is: what will we do after the desired polymer
is synthesized? We will answer this question in the next subchaphbersynthesisr
structuratiormethods sometimes limit the morphology of the nano or microstructures
[170]. Organic molecules like polymers play an important part in the synthesis of
nanomateriald171]. Polymers can be synthesizéat a variety of purposes like
photovoltaicgl 72] or sensor§l73]. The synthesis of polymers is beyond the scope of
this work. Howevera brief introduction on polymer synthesis will be reviewed and
discussed. Special attention is given to morphological variatibtise structureof

polymerson the nanoscale

2.8.4 The Importance of Polymer M orphology
The present work focuses @nfew types of polymers which are semiconductive.

Semiconductive polymers haaevery wide range of applications as mentioned above
from solar cells to light emmiting diodes LEDs. The most popular are thiopene
type polymer anthe PCBM monomer mixture. Theyearelatively cheap and used as
a"Playground for researchers in order to develogncepts about processes happening
onananoscale. Thiophene type polymers can be dissolved in ayvafisolvents at

room temperature which gives the flexibility required for the research.

2.9 Morphology of Polymers and | nfluence on Organic Solar Cells
Progress in organic solar cells led to the development of novel nanostructuration

methods of the polyar layerd174-177]. As has been demonstrated the efficiency of

the polymer solar cell strongly depends on the materials and nanomorphology of the

polymer layerg[178]. For a better uderstanding of the topic first donor acceptor

materials should be introduced. The most efficient proven to be P3HT/PCBM and

PTB7/PCBM mixture layer$l79]. The first layer P3HT/PCBM where P3FRR

corresponds to Poly{Bexylthiophene,5diyl) regioregular (RR) which is a donor

and PCBM stands for [6,8henyl C butyric acid methyl &3 where Cis a fullerene

which can be usually C61 or C71 and this derivative is an acceptor in an organic solar

cell film. PTB7 is poly[4,8bis[(2-ethylhexyl)oxy]benzo[1,2:4,5b Nj] di t -B.6op hene
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diyl][3-p u o-2-[@-ethylhexyl)carbonyl]thieno[3;4]thiophenediyl] and is one of the
most efficient low bandbap polymers for thieotovoltaics. PCBM acceptor contains

benzene ring and fullerene Fig.2.9. atoms in the fullerene.

PCBM [60] structure ol PCBM [60] 3D model

Figure 2.9 structural formula of PC61BM and 3D model.

The most popular type of BM is PGiBM and PGoBM. The difference between
these two molecules is the amount of carbon a®@sBM contains 60 carbon and
PG70;BM contains 70 carbon atoms Fig. 2.10. The second molecule reported to be
more efficient in organic solar cells (C7T®CBM makes one of the best acceptor
materials due to its solubility in organic solvents. This is very important feature in

order to achieve printable and thin film solar cells.

Figure. 2.10 depicts 3D models of fullerenes of two different kinds: C60 the left and C70 in the
right. These molecules define the number on PCBM molecule.

PCBM and its derivatives are usually necessary ingredient for therganic

photovoltaic devices which showery high power conversion efficiencigis80-182].
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2.9.1 P3HT/PCBM -Based Solar Cells
Another very important and probably most popular semiconducting polymer used in

flexible solar cell fabrication ighe P3HT [177]. This polymer has good dono
properties and is widely used for solar cell fabricatidrestructural formula of P3HT
andthe 3D model are depicted in Fig. 2.11. It is reported that P3HT in organic solar
cells makes a-ype bonding thus creatingparticular nanomorphology of thén

[172, 183]. This type of nanomorphology usually characterized by AFM.
Nanomorphology has a great influence on the performance of the solaj18dlls
185. Such AFM investigations were performed by Villers efl&6]. The work
included nanomorphology control in P3HT/PCBM films. They show that PCBM
creates domains in the film thus greatly influencing the morphology of the film.
Keawprajak et al. sdiedtheinfluence of solvent on thin P3HT/PCBM fil[@87].

(a) P3HT | (b)

structure 3D model .

p-bonding

Figure. 2.11 depictsghe P3HT semiconducting polymer. (a)the structural molecule andthe 3D
model of the P3HT and (b) the stacking of the P3HT molecules by fbonding within the films
reported by some works.

They improved solar cell PCE by 20% using TCB and temperature treatment. The
roughness of the films was influenced both by solvent and temperature treatment.
Lowest roughness was achieved by applying® il8Gemperature and lowest TCB
concentration of 12mg/milt is important to mentionthéhe AFM s can ar ea wa s
which is relatively high for this type of scan. Another report by Chirvase et al. has
also showrthe influence ohanomorphology upon the performance of the photovoltaic
device [188]. Different amourg of PCBM were added to the P3HT/PCBM mixture.
An AFM scan was performed at different amounts of PCBM and revealed the
formation of nanohills when the concentration was 50%. Also the device showed best
characteristics at 50% of PCBM.
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2.9.2 Influence of T emperature on Polymer M orphology
The influence of tempetare on polymer films showed also morphological changes

which led to the structural changes inside that could either increase or decrease the
device performanc¢l89]. Shi et al. incorporated nematic liquid crystal irtte
P3HT/PCBM matrix and improved the PQE/5]. Increasing the amount of liquid

crystal AFM images showed changes in nanomorphology. At weight amount 3% the
textures could be barely seen but increasing it to 6% it was more obvious. When the
amount of liquid crysl was increased to up to 10% the textures were clearly seen and
the wupper and | ower parts of the film w
observed which indicated specific orientation of the P3HT/PCBWIguid crystal.

However, it wadifficult to analyze the micrographs since thegrevnot analyzed in

detail. It waddifficult to answer the question whethiemwasthe P3HT othe PCBM

or the temperature thatasinfluencing the morphological changes.

2.9.3 Structural C hanges of the P3HT
Grigorian et al. made an investigation tre structural properties dhe P3HT[176].

The work revealed that dregast P3HT films were highly crystalline and ungent

minor changes during temperature treatmentti@contrary films deposited by spin

coating exhibied less crystallinity and changeduch more ander temperature
treatmentlt is important to mention that for the investigation Gazing IncidencayX

diffraction was used (GID). They concluded that P3HT wweet structural changes

under temperature treatment and that those chawges reversible. Aso they
concluded that ai Wighemctkte dper @tasress and
distances interstacking spacings, crystalline packings are influenced as well. Nicho et

al. studied P3HT and different organic molecytEs7]. The AFM was used for the
morphological charactersatianResearchers showehat by varying the amount of

organic molecules it is possible to control the nanomorphaégiye P3HT films.

2.9.4 P3HT Mixture with other P olymers
Mixing P3HT with other polymers can give a different morphology. Thus using

polystyrene (PS) and P3HT mixture in toluene to make thin films bycating
revealed morphology changes upon theatarm of the amount of PS. 80:20 ratio led
to the formation of spots with diameter ranging frafew hundreds of nm to up @
few microns[177]. 60:40led to the wider spots with similar sizes as that of 80:20

ratios. The most interesting was 0.5:95 by weight which ledatcomplete
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nanostructurisation of the features on the film (n&tend formation). The same
experiment was done using polymethylnoetiate (PMMA). Changing the amount of

the secondary organic molecule researchers demonssregadively high control of

the nanomorphology othe P3HT film using toluene as a solvent. Saini et al.
demonstrated that the influence on the P3HT could he g using carbon nanotubes
[190]. It was found that muliwalled carbon nanotubes can be dispersed uniformly
within the P3HT and as a matter of fact polymer wrapped around the tubes. NMR
analysis indicated chemical interaction between the polymer and the tuhest al.
investigated P3HT/PCBM [60 and 70] morphologies via optical technifjL8.

They fabricated dar cells with efficiencie®f around 5%. The finding of this work

was that annealing helped to improve the PCE of the device. Increasing the annealing
temperature PCBM was forming clusters which were removed by addition of Al. The
temperature range wafn 100 C to 280 C. By increasing the temperature PCBM
clusters were increasing in numbers at 180 C. The investigation of the morphology
was conducted mainly viean optical microscope which dishot show the

nanomorphology. Howevemicrofeatures greatly depdon the nanofeatures.

2.9.5 Solvent Influence on M orphology
Chang et alalsostudied the effects on the solvent residues in the PS3HT/PCBM films

also using optical microscodit81]. They showed that casting the solvent has an
influence on the nphology of the films. They alsshowed that regardless the
solvent PCBM agglomerateshen heated uprave an influence on the solar cell
parameters. Liao et al. used different solvent annealing and investigated the effects on
the morphology of the P3HT/PCBM filnj&482]. Researchers used nesalvent, bad

and good solvents to show the influence on the morphology. PCBM and P3HT
moleculeswvere arranging differently within the film after the vapor treatment which

was affecting the device parameters.

2.9.6 Annealing Un der Solvent Vapours
Another similar work was performed by Verploegen efl83]. This work included

aninvestigation of solvent vapors on the P3HT¢BBA morphology. They found that

THF can induce cryallinity in PCBM. THF and chloroform vapor annealing resulted
intheswel Il ing of the P3HT | ayé€r stamrdkiinmgp ari ts
which leads to morphological changes and can improve device performance. Chen et

al. usedhe annealing method to investigate the performance on the devices based on

36



P3HT/PCBM[172]. All of the methods of polymer morphology control mentioned
above are either solvent and solvent mixture based or temperature based.
P3HT/PCBM system is usuallype mostinvestigated however another increasingly
popular system ishe PTB7/PCBMFig.2.12. This doneacceptor system can give
higher efficiencies of the devices and ha®right future in the area of flexible
photovoltaics. However, the control of this typepoflymer seems to be tlsame as
controlling any polymer morphology sindeet same conditions can be applied to the

PTB7 and the morphology change can improve the device efficiency.

PTB7 structure y PTB7 3D model

Figure. 2.12 PTB7 structural formula and 3D model in the right.

Guo et al. demonstrated such PTB7 propertpt@paring films and the influence of
the solvents such as chlorobenzene;dichlorobenzeneand 1,2,4richlorobenzene
wereinvestigated191]. The used polymer had 40% of fluorinated monomers and 1,8
diiodooctanecan improe the performance and influence the morphology which are
correlated. The films that were made using chlorobenzen¢hleaunallest domains
while theDIO influencegshe PCBM and not the PTB7 which also influences the whole
PCE of the device. He et al. fatmted PTB#®G70BM inverted solar cell withan
efficiency of 9.2% which is greatly higher than most polymer based solafX@?k

This article proposes the trend towarl0% which actually can be commercialized.
However, currently there are not many works reporting PTB7 morphology
manipulation sine most of the works are aiming @eating solar cell and increasing
the efficiency. Another work by Yanagidate et al. wdasoacreatingthe PTB7/
PG70BM device that had LiF buffer layer which helped to improwbe PCE[193].

The morphologies characterized the AFM showed that the device with greater



efficiency had smaller nanofeatures however the roughneasumgnents were not
provided.The P3HT/PG7qBM and PTB7/PG70BM systems are the most popular
and used for the organic solar cell prototype in the laboratory. Depending on the
conditions applied polymers can arrange in a particular way which will cause the solar
cell efficiency. The main problem is the contaflthe arrangement of the polymers

which still remains a challenge.

2.10 Summary
This chapter gave the introduction to tlexisting synthesis methods of the

nanomaterials. Most important techniques and strategies were reviewed and analyzed.
Existing techigues require expensive equipment (VLS or CVD) or high temperatures
and/or dagerous chemicals (hydrothermal meth8dgcial attention is given to the
photochemical synthesién most cases photochemical synthesis can be performed
with light-responsive matials or chemicaldJnfortunately not many works has been
done in this direction and clear gap can be filled with the -igihticed synthesis
proposed in this work?hotochemical method is limited to the Ag or Abr. can be

with plasmomrrelated mnaterialdf the light is not absorbed by the material then the
material cannot be affected by the lighther synthesis methods are well investigated
and high precision is achieved over the years using them by a variety of scientists over
the World. This fact pus lightrelated synthesis method in a shadow as less efficient
and undeveloped®hotochemical synthesis is the smallest subchapter in the literature
review andthe methodrequires an improvemenflso existing nanostructation
methods for he polymers ws reviewed and analyze&urface morphology can
influence overall efficiency of the solar cell and is very important for the future organic
photovoltaics. Most popula semiconductive polymers wereonsidered and the
strategies of improving their morphologsas reviewedThe most common strategies

of changing the polymer film morphology is the treatment of the polymer film with
solvent vapours or heating it up called annealiRglymer surface morphology

variation is really limited due to th@lymer chemisty and is time consuming.
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Chapter 3 Experimental Methods

In this chapter experimental methods suchtresexperiment setip preparation,
synthesis procedure, sample preparation and characterization will be described.

Characterization methods and teicjues are introduced and described.

3.1 Raw (themicals
For the synthesis of nanoparticles and nanostructures the raw materials were used:

oleic acid (GgHz405), nitric acid 70% (HNOs), chloroauric (HAuCl), P3HT Poly(3
hexylthiophene2,5-diyl) regioregula 1g, PG7qBM [6,6]-Pheny C71 butyric acid
methyl estermixture of isomers99% 500mg chlorofarm 2I, dimethylformamide
500ml, tetrahydrofuran 2ldimethybkulfoxide 1l, xylene 1l ethanol, ethanol
anhydrous Silver nitrate sodium hydroxide cadmium aceti@ dihydrate sodium
borohydride(powder) tri-sodium citrate dihydratecadmium acetate dihydratdll
chemicalswere purchased from SigmaAldrich UK. Substratessilicon wafers 7X5
and mica (for AFM) were purchased from Agar Scientific. For the TEM tigagson
copper grids formware were also purchased form Agar Scien##fitkG4-32
dendrimer from SMO-Chem.

3.2 Procedure for Synthesis

3.2.1 Synthesis of Gold Nanoparticles
For the gold nanotriangle synthesis oleic acid, nitric acid and chloroauds vaere
used. Stepl: Chloroauric acid was weighted to have 1mmol and added to the 50ml
vial. Step2: 0.1ml of concentrated (70%) nitric acid was added to the vial with
chloroauric acid. Step3: Oleic acid was added to the vial(50mislarak manually.
The solutionwas left for24 hours without further stirring. After 24 hours the bright
yellow precipitate removed and deposited via gtopting on the silicon wafer for the
ESEM without further procedures. Schematic depiction of the experiment is depicted

in Fig.3.1.
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EEm) Centrifuge

Color change to clay-like

Chloroauric acid and
oleic acid mixture

Figure 3.1 showsthe experimental setup scheme. In the mixture of chloroauric and oleic acids
concentrated nitric acid is injected usinga micropitette. Then after some time wherhe color of
the liquid changes to bright claylike the nanopatrticlesare formed. The last step is centrifuge and
the extraction of gold nanoparticles for thecharacterization.

The extraction of nanoparticles was performed using ethanol and distilled water. The
solution turned to be clagolored andvasnot liquid arymore. Itlookedlike a solid

soap. First ethanol was used to dissolve the particles. After dissolving the particles the
solution was centrifuged two timaa ethanoland then 3 times iwater. For easier

sample preparation ethanol can be used as a solvent

3.2.2 Synthesis of CdS Quantum Dots
Cadmium acetate dihydrate (Cd(&Z20»)2) 1mmol was added to the 20ml vial along

with 15ml of distilled water and 1mmol of PPI(SyMzhem) type 4th generation
dendrimer poly(propylene iming) containing NH groups.The mixture was stirred
overnight at 200 rpm stirring speed usagagnetic 1cm bar. The next step was the
addition of sodium sulfide (N&). For the AFMcharacterizationthe solution was

spirncoated at 2500 rpm f@0son a silicon wafer (AgarScientific).

3.2.2.1 Preparation Procedure of CdS Quantum Dots
The synthesis of CdS was performed under nitrogen atmosphere and at room

temperature. Two three neck chemical glasses were used to prepare the components
for the synthesis. Rubber caps were used to covreaB necks first. Then in two of

the rubbercapssterile syringe needles were inserted to ensure the nitrogen circulation.
The middle neck was connected to the nitrogattle fig.3.2After the chemicals were

dissolvedthe NaS solution was injected fro stepl to step2 usiragsyringe and
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elongated needle. After the solution turned from transparent to yellowishcites

that CdS quantum dots wefimed.

Step 1 Step 2

Figure 3.2 depicts synthesis of ordered CdS quantum dots usiadPPI type dendrimer. At first all
the chemicals are dissolved separately in a solvent. And the nitrogen flow is provided to both
mixtures. The mixture containing sodium sulfide is taken from the solution step 1 and injected
into the solution containing cadmium precusrsor and the dendrher step 2.

3.3 Experiment Set -up for Synthesis of ZnO, Ag, AgAu Nanostructures
In this subchaper we will descrilbee light-induced synthesis sefp preparation and

procedure used. Lighhduced synthesis was performed at room temperature for ZnO,
Ag, Ag-Au and nanostructuration of the polymer films P3HP70BM and PTB7/
PG70BM.

3.3.1 Experimental S et-up for Light-Induced Synthesis
For all these materials (ZnO, Ag and-Agl) the same exgrimental seup was used.

Thisconsisted o# laptop,amicrocontroller, LEDs, prepared solutions a&lnthesis

chamber. The detailed experiment set up is shown in Fig.3.3.

41



| Laptop with LabWiev |

Controller
Power supply c
' L
i s B { =
:|{l‘/ “] \‘w ‘
\_ \» _/)/. iﬁ »
Power supply LED strip

Figure.3.3 depicts the setup of the experiment. The main components are the LED strip and the
controller with alaptop. The controller was programmed from the laptop and then the LED strip
was placed intothe synthesis chamber with the chemical solution.

The control of the LED sequences was programmed using LabWiev Software and
transmitted froma laptop to the controller and then to the LEIhe controller was a
National Instruments USB 6008 driving the LEDs via solid state relayskéyhpoint

of this experiment wat control the energy (light) portions te samples. This set

up allowedgreat lightinduced synthesisontrol and timedependent energy portions
from different parts of the optical spectrum. Also it was possible to control the cycle
number which precisely controllethe synthesis time. The synthesis chambas
simply black box with aluminum foil inside to reflect the visibight. The distance

between the light source (LED) and the sample was always 15cm.

3.3.2 Procedure for Light -Induced Synthesis of ZnO

Zinc acetate dihydrate (ZnfOCHg)2(H20)2) was dissolved with different molar ratios
(Immol, 2mmol, 3.2mmol) in distilledvater (20ml vial 15ml of water) with the
addition ofof 1ml of ethanol. Then from the stock solution 1ml of sodium hydroxide
(NaOH) was added (2mmol/ml). The vial was immediaty placed into the light
chamber. The light sequence was chosen to be as shdwb.B1. Allthechemicals
were purchased from sigma Aldrich. For Ag and-Ag synthesis these sequences
were slightly modified (RGB and greead) and for the polymers only red and blue

lights were used. Photoinducegnthesis and nanostructuringere carried outfor
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12hours in the synthesis chamber. RGRle was 1s red, 1s green and then 1s blue.

Thenthecyclewas repeated

Table.3.1 the light sequence code for the ZnO synthesis experiment.

Title Wavelength | Wavelength | Wavelength | Wavelength | Wavelength | Wavelength | Time
(nm) (nm) (nm) (nm) (nm) (nm)

Codel
Code2
Code3
Code4

634 (red) 518 (green) 634 (red) 518 (green) 634 (red) off

634 (red) 461 (blue) 634 (red) 461 (blue) 634 (red) off 12h
518 (green) 461 (blue) 518 (green) 461 (blue) 518 (green) Off 12h
518 and 461 461 (blue)  Off 518 (green) 634and518 518 12h

| Time | 10 seconds | 30 seconds | 25 seconds | 10 seconds _| 25 seconds | 10 seconds | Repeating _

3.3.3 Specifics of the Light -Induced Synthesis

The lightinduced synthesis sefp and conditions were the same for all the materials
ZnO, Ag, AgAu and nanostructuration of the polymers. The specifics of the synthesis
revealed the importance every small and nesignificant move and condition. Such

as importance hether the experimentalist will inject or pour sodium hydroxide into
zinc acetate othe other way around. The results cdmange dramatically leading to
results witha great bias. Also if the vials or chemicals used are not pure enbisgh

would lead toachange in shape and or size of the final product.

LED light .During the synthesia LED light must be switched on all the time. Before

the chemicals are mixealLED light must be on andlso during the mixture of the
chemicalslt is also recomaded b do the synthesis in tliark area where the daylight
cannot reach the samples (because of UV). For the synthesis in darklsbis
recommended to \ap the vials or beakers mluminium foil to avoid any light
reaching the chemicals. Also when light lenming through the bottom of the vial it
does not influenceesults Fig.3.4. The influencidéctor is stirring or shaking. No
magnetic stirrers or shakers should be used. This helps to assemble the hierarchical
nanostructure. For better analysis the tliglavelenght should be measured and the
spectrum obtained. Since every light wave (color) da#ferent energy it is very
important to know which energy portion (higher or lower) influestbe growth. The

LED wavelength of light was characterized usamgOceanOptics USB4000 optical
bench spectrometer calibrated from 300nm to 800nm and used with SpectraSuite

software.
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Figure.3.4 shows schematic set up of the ZnO light induced synthesis at room temperature. The
vial or glass beaker is surrounded with lidpt reflecting surfaces and the light is shining from the
bottom.

3.4 Procedure of the Synthesis of Ag and Ag-Au Nanostructures
Silver nitrate (AgNQ) was prepared with concentration of 1mmol/ml ia 20ml vial

(15ml of the solution) in distilled waterh& second step was the addition of trisodium
citrate (NaCeHs0O7) with the same concentration (1mmol/ml) of 1ml and placing the
solution into the light chamber without stirring. To produce-Ag nanoalloy the
addition of chloroauric acid with the molar @atto make 50:50 (50% of Ag
(AgNOz)and 50% of AuHauCl)) was prepared inta 20ml vial and placed into the
light chamber for 12 hours. The samples were prepared for the SEM investigation
without further washing or centrifuggy by dropcasting and dryinghenat 4® C

temperature for-4bhours.

3.5 Polymer M orphologies
A morphological structure change experiment was performed using semiconductive

polymers an@ LED light. The experimental seip described in subchapers 8.3.6.
The morphological change veaperformed with polymers in the chloroform at room
temperature and using LED lights of two wavelengths red (633nm) and blue
(461nm).

3.5.1 Light -Induced Morphology M anipulation of PTB7/ PC70)BM and P3HT/ PC7qBM

The P3HT, PTB7 anBG70BM were purbased from Sigm@ldrich and used without
further purification. For the experiment two types of solutions were prepared: P3HT/

PG70;BM and PTB7PG70BM. The molar ratio was chosen to be 1:1. For the sclvent
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based experiment onthe P3HTPG70BM systemwas used. For the lightduced
nanostructuration experiment two systems were used: MRK§BM and
PTB7PG70BM. All the solutions were in chloroform (CH{}I After dissolving the
polymers the samples were placed into the light chamber without gtmnith left for
12 hours. After the light chamber the solutions were spin coataditicon wafer and

characterized using AFM.

3.5.2 Specifics of Polymer Morphology Light -Induced Approach
This experiment that proven light can influence the morphologlgeopolymer films

has few important details thate worth mentioning~irst of all chloroform was chosen
since it is the best solvent for these polymers. Secondly the concentration plays an
important role. The concentration as it was mentioned in 3.10Wasolar ratio of

both polymers. If the ratio will be 1:10 then the solution turns too dark (it is dark brown
in color) and he light cannot penetrate throughe sample. Also chloroform
evaporizes very fast and vials should be closed immediately dffiérgea polymer.

In this experiment it is not important whether the chloroform is added first into the vial
or the polymer. Als@ polymer mixture should not be stirred while und&ED light.

Stirring can greatly influence the overall result.

3.6 Characterisation E quipment
In this subchapter the equipment used for the characterisation of the materials will be

described. The parameters of the equipment and the working principle will be

analyzed. Important features likee advantages of eaatethod will beemphasized.

3.6.1 High Resolution Transmission E lectron Microscopy (HRTEM) and High -Angle
Annular Dark -Field Imaging (HAADF)
Transmission electron microscopy (TEM) measurements were carried out on a (high

resolution) TEM (TECNAI Biotwin, FEI Ltd. and JEi110F, JEOL) operated at 100
kV and 200 kV, respectively. Prior tthe TEM measurements, a solution with
nanoparticles was dregated on carbon coated copper grids (400 mesh, AGAR
Scientific) using a solid substrate suppdiie HAADF was intergrated ancobnducted

for the duratiorwith theHRTEM scan in STEM mode.
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3.6.2 HRTEM Working Principle
TheTransmission Electron Microscope can proadetter resolution than any optical

microscopdan existenceand zoom into the lattice of the crystal. In Fi§.3he TEM
working principle is depicted. First the sourceluod electrons calledhe electron gun
Ashoot§  teleatrons to the sampl@he electronsthen scatter andy in many
directions andhis is where the magnetic lense comes to the aid. Magaate can
focus the electrons vighe magnetic field. The magnetic lense is basically an

electromagnet.

Electron gun

.

Transmission Electron Microscope
working principle

Magnetic lens

Vacuum

Specimen holder

Figure 3.3 depicts schematics of the TEM working principle. The electron gun shoots the electrons
through the magnetic lense which focuses the beam. & the beam goeshrough the sample.
Normally the electron beam falls on the fluorescent screen showing the result. But today electron
microscopes are equipped with CCD cameras which helps to improve the characterization.

The TEM itself has a chamber@camera (made of steel) and it contaitégh vacuum.
When electrons passrough the sample they cannot get through thick areas of the
sample. For instance metal nanoparticles would stop some electrons creating a shadow

which would be visible on the CC&mera (which is connected to tAE).

3.6.3 HAADF Mode
The dark field mode othe HAADF can show the areas which are reflecting the

electrons. It is a HRTEM mode and the image of an obgaafoparticle for example)
appearsbright while on a dark backgund. The bright areas shows the reflected
electrons and can help determine whether it is an organic soft material (if the operator
is not sure). Inthe HAADF modethe sample can be titled to collect badKfracted

electrons called Bragg reflections. Thigthod is also used in studying lattice defects.
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3.7 Characterization using Environmental Scanning Electron Microscope
The ESEM characterization has been carried out using a JEOL WINSEM6A8M

ata20kV accelerating voltage as well as a Phillips FEI XEEGESEM with various
accelerating voltages. Incorporated into the ESEM is an EDX analyzer supplied by
Oxford Instruments. EDX scans halveen carried out on differenagisof the sample

in order to confirm the elemental analysis of the structures.

3.7.1 Scaming Electron Microscope (SEM) Working P rinciple
TheSEM is an elecron microscope which uses electrons to hit the sample atitethen

reflected electrons tihg the detector creatan image Fig. 3.4The electron
microscope is used to stuthgththe metallic and polymeric structures. It does not go
through the sample like in the TEM scarhe SEMcan be compared to an optical
microscopeapart from the fadthat it uses electrons instead of light. Electrons behave
like waves (due to the particlgave duality) and at high energies have low
wavelengthsThe SEM image is produced due to low energy secondary electrons. The
more electronshat are reflected the brighter the image is. Electrons that go into the
depth of the sample (for example irttee void or pit of the structure) are usually
absorbed and not ftected into the detector. THeestmodernSEM can achieve

resolution of less than a 1nm.

3.7.2 Environmental Scanning Electron Microscopy (ESEM)
The Environmental Sanning Electron microscope is Scanning Electrone

Microscope that is designed for wet or biological samples. The specinmtbpESEM
does not have toecessarily be coatetheESEM allowsamore detailed investigation

on biofilms ands mostlywidely used in biosciences
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Figure 3.4 depictshe working principle of SEM. The first electron gun creates a beam of electrons
which are focused by magnetic lenses. Then after being focused they hit the sample and get
reflected from it into the detector which then creates an image. The whe process happens in a
high vaccum.

3.7.3 Dispersive X-ray Spectroscopy (EDX)
The EDX is usually an option in SEM and can be used to determine eleinetite

material. It shows whiclkthemical elements are on the sample or the composition of
the sample Whenthe electron is released from the material it cread®le and
another electron with the higher energysftlhe hole releasing energy in therfoof

an x-ray. Secondary electrons make every element anaiharacteristic xay (a
specific xray with different energy portia). The xray signal can be separateday

silicon-lithium detector then the signal is amplified and analyzed.

3.8 Atomic Force Microscope (AFM)
An Atomic force microscope (Dimension 3100a Nanoscope, Veeco Instruments Inc.)

was sed to image the fabricated nanofibers and polymer thin filimsimaging of
the samples was conducted in tapping mode using silicon nitride cantilevers (Bruker
AFM Probes) with a resonance frequency of about 330 kHz, a spring constant of 45

N/m and a tigradius of less than 10 nm.
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3.8.1 AFM Working Principle (contact mode)
The Atomic Force Neroscope (AFM) was used in the present work to determine the

surface morphology or texture of the sampldge AFM is actuallyaNanoscope which

can go from microrscale to nanometers depending on the model and the operator
(user).The AFMactuallyhascontact with the sample by touching it. It is not an optical
technique and the images are computer generated. Fig.3.5 depicts the schematics of
the AFM working princide. The most simple description tie AFM is that the
triangular needlscansall over the sample whiléhe laser (usually red$hineson top

of it. The needlgip is attached to the microsized sprihgt iscalleda cantilever.

Atomic Force Microscopy working principle

N Photodetector
Laser

Cantilever

Oscilation direction 1

J

Scanned surface

Figure.3.5 shows the schmatics of the AFM microscope. The main part of the AFM is the head
which is scanning the specimen. The tip (blue triangular in the image) is touching the surface of
the specimen and the holding spring called cantilever is bending. The laser is shining othe tip
and the reflection angle of the laser is changing. The reflected laser is going to the photodetector
which is connected to the analyzing computer.

Whenthetip is scanning the surface the cantilever is bendingtiagtp is moving
upwards and @wnwards changing its height. The height changedaew nanometers

and the laser that falls on the tip is reflectedhe detector. Everytime the height is
changeghe reflection of the laser spot changes the position on the photodetector. So
during onescan we have only one line of pixels. To scan the whole area usually the
AFM table is moving to x and y axis. To scan the area of 10X10 micrometers of a

sample witithe AFM model D3100 we typically need around 30mins. This would also
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depend on the paranees adjustedlhe scanning speed should be 0.4Hz. The surface
of the sample can be almost anything from soft materials like polymers to
nanodiamonds. Theugher thesurfaceis the easieit is to brake the tip. Typically
mica or silicon wafer surfaces agaitable for the AFM samples. The samples can be
prepared by dropasting the material on top of the substrate which leads to the rough
surface in most of the cases. Or it can be-spated which leads to thin and smoots

films.

3.8.2 AFM Tapping Mode
The AFM has two main moded.he contact mode anthe tappingmode It is very

important to mention the difference between thesertwades In the contact mode
described in the previous subchapter we have a contact between the tip and the surface
of the sampleln the contact mode the tip is dragged all over the sample. But it also
has some disadvantagesttiecontact modé¢ he t i p dust and dkagé overh 7
the sample thus preventing accurate results. thisprobability of breakinghetip in

the cortact mode is higher. This isherethe tapping mode comes to an aid.the

tapping mode everything happens the same asedrcontactmode but with one
difference. Inthe tapping mode or as it is sometimes called intermittentcontact

mode the tiposclates. The spring jumps up and down fig.B.6onstantly oscilates

and touches the surface of the sample at the lowest point of oscilation.

3.8.3 Scanning with Tapping M ode
In the tapping mode the tip would do estly the same as ithe contactmodeit will

touch the surface (only once) the cantilever will bend according to the sample surface
roughness. Buthe probability of catchingdust or any other molecule is much
decreased and also breaking it is not very probable anymoeeefore extending the

life of the probe (cantilever and the tip).

3.9 UV-vis and Photoluminescence S pectroscopy
The UV-Vis and photoluminescence spectrated CdS nanoparticles in the PPI[G4]

solution were recorded at room temperature using a Cary 50ViglV
spectrophotometer arad Cary Eclipse fluorescence spectrometer (both Varian Inc.),

respectively. The monochromator slit width was 10 nm.
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3.9.1 UV-vis Working P rinciple
TheUV-vis spectroscopy is the ultravioleisible range spectroscopy. It is considered

as the most simple spectroscopic optical techniqu&dhe UV-vis spectrometer
schematics are shown in Fig.3The UV-vis hasa light source (usually two lamps:

UV and the visible range). The light source is a powerful lamp that shines trough the
slit (calledthe entrance sljtthen it goes to the diffraction grating or prism. Thiea
visible light is dispersed into different wavelengths and enters the second slit called
theexit slit. From the exit slit it hits the sample which can be fessuolution toathin

film. After it hits the sample a portion of light is absorbed by the sample material. After
the absorption it reaches the detector which then tells us what energy portion was
absorbed and the intensity of the light beam. From that it calculates the intensity of
absorbedight by a sample. After the light dispersion from the prism we see a light
dispersion or a rainbow. To avoid all the colottsifg the sample we need the exit slit
which is a small hole designed to let only one wavelength to paske WWV-vis
spectrungraph there are x and y axé@he axis y stands for intensity which depends

on the photons passduardaugh the sample. Anthhe x axis represents the wavelengths

of light. To achieve different wavelenghts of light during the scan the pristinei
spectrometeslowly moves and allowdifferent wavelengtfiof light to passs through

the exit slit.

UV-Vis absorbance working principle

Sample

Light source

———— 1 Detector

Entrance slit Exit slit

Figure.3.6 showshe UV-vis chematics.The light source goeghrought the slit and then through
the prism which breaks the light into many wavekngths. Then the exislit allows one wavelength
to pass which goeshirough the sample and then to the detector.
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3.9.2 Photoluminescence Working Principle
ThePhotoluminescence spectroscopy is one of the wmidsty used spectroscopies in

optics for semiconductors and aiedy of materials including organicEheschematic

depiction of PL spectroscope is in Fig.3.7. PL consists of a light source which is
exciting the sample. The sample emmits back another photon of a lower wavelength

and hits the detector. The roltbémo noc hr omat or s here is to
are rediffraction and spherical aberrations. Monochromators basically increase the

resolution making it more precise aedsier to analyse

Photoluminescence working principle

Monochromator Sample

ghtsource

Emission Monochromator

[

Figure 3.7 depicsthe working principle of the photoluminescencespectraneter. First the light
source shineon the monochromator which then gives one wavelengtho excite the sample. After
the light hits the sample another wavelengtis emitted already by a sample. After it is emmited
by a sample it reaches the emisa monochromator and then the detector.

3.9.3 PL Sgnal from the Material
When the photon hits the target it gets absorbed by an electron. Then the electron gets

excited and goes to the higher energetical state. Howdneexcited electron does
not sty long in the excited state and jumps to the lower energetical state emmiting the
photon. The emitted photon is the photon that is absorbed by a detector in the PL

spectroscope which makt#se PL spectra.
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3.10 Nuclear Magnetic Resonance
TheProton NMR anlysis was performed in deuterated chloroform at 300MHz. NMR

is a powerful and common technique in organic chem[419¢] and physic§195].

The NMR consists of a magnet that is capable of produaimgiform magnetic field

and sources of radiofrequency. Magnets are usually superconducting and are cooled to
very low temperatures like 4K (Kelvin). To achieve this tempeealiquid helium is

used. Modern instruments are capable of producing magnetic fields of 10T (Tesla)
Fig.3.8. The NMR is for magnetic field interaction with the nuclei and nath
electrons. A nucleus has magnetic moments that interact with the apyalgpktic

field. The magnetic moment of a nucleus may differ from the applied magnetic field
and the electronic orbital angular momentum may be induced (circulation of electronic
currents) and gives a rise to a small additional magnetic field at the ré&mlaihen

the external magnetic field 'hits' the nucleifiiectsthe nuclei local magnetic field and
every nuclei has different electronic structureear it. So every nuclei hasspecific

signal response (which also depends on the environment ofcle2) nu

Nuclear magnetic resonance spectroscopy working principle

Sample

Figure 3.8 depictsa schematic diagram ofthe NMR spectrometer. The magnetsreate a large
field of up to 10T. The sample is in the magnetic field. Radio frequency is generateddfrequency
generator and the wires coil the sampleThe second cai is receiving the signal which is then
received by a receiver and analysed.
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3.11 Data Analysis
The data from the spectrometers was analyzed using Origin pro. software. And the
files fromthe AFM were analyzed using Gwyddion software. The size distobubi
the nanoparticles was made using Gwyddion first. The desired TEM or SEM image
was chosen first. Then objects were marked on the image and the data collected from

the Gwyddion. Then it was imported to Origin pro and the graphs of size distribution
were drawn.

3.11.1 RGB Light Coding
The coding of light was one of the most important parts in the-iinghiced synthesis.

The RGB light code is the automatic sequence which iredutl second for every
wavelengthRed, Green, Blue and white then repeathsequence again). To better
explain the coding we need to see the graphs depicting the constant wavelengths and
the interrupting wavelengths of light Fig.3.9.

(b)

Blue constant

461nm

Intensity [a.u]

560 660 700
(d)
/ |
: 460 nm f
3.
m©
5 517 nm
2] |
m B8
: \ \‘ 633 nm
E 5
J
2 il

Figure 3.9 showshe LED spectra during the RGB code. (a) Green constant then rising to Blue

constant (b) and then to Red constant (c) after rising to blue but then switches all the wavelehgt
and we have a white light (d).
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Fig.3.9 requires special explanation. Whie®RGB code starts we haagGreen LED
on (called constant) after that slowlyeslapped by the blue LED Fig.3.9 (a). The
overlapping is relatively slow (1sec) by increasing the intgrsf the particular
wavelength If we havea Green LED as a constant then the blue LiE&easests
intensity which overlaps witthegreen LED anét a certaintime interval we actually
have 2 wavelengths shining on the sample. Afterblue LED reaches its intensity
peakthegreen LED is off and another LED starts overlapping the blue LED. Fig.3.9
(b) theblue LED is constant (not changing) and ted LED is on the riseThe Red
LED increases in intensity and after some mosem havethe blue and red LED
shining at the same time. Whre Red LED reaches its intensity peidle blue LED

is off.

3.11.2 Reaching White LED Reak
After reaching redhe LED light is a constarand theblue LEDincreasesn intensity

Fig.3.9 (c). However, this timine blue LED will not reach its peak alone and the red
LED will not get off. At one point all the wavelengthef light switch on with their
highest intensitiesverlapping each other and we will have the white light LED Fig.3.9

(d). After a second the whoprocess will repeatself over and over again.
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Chapter 4 Study of Polymer Film Morphology Tailored by
Solvents and LED

In this chaptetheresuls of the experiments conducted with polymers will beyeseal
in detail. Polymer morphology changes induced in the polymer films using two
methodsone usingsolvent mixtures anthe otheiinvolving light.

4.1 P3HT-PCBMSolvent Effects on Nanostructura tion
This experiment was conducted using P3HT B6doBM. These two materials were
mixed and dissolved in various solvents. Alsematerials were dissolved separately
in order to better investigate the effects on the nanomorphology of every solvent. Th
solvents were nepolar such as hexane, cyclohexane, toluene, chloroform (CF) and
four polar aprotic solvents as chlorobenzene (CB), tetrahydrofuran (THF),
dimethylformamide (DMF). Foaproper investigation of the influence on the polymer
morphologya step by step designed experiment with at least one polymerigype
required Since one the most popular semiconducting polgnseP3HT asa donor
and PG7qBM as an acceptor the further experimental investigation was conducted
using only them. The light duced nanostructuration showed unexpected results and
the P3HTPG70;BM system was not enough faproper analysis. The observed effect
was also checked with another polymer PTB7 in the PRG7#BM system with the
same conditions as P3HAG70;BM. The &t of the same experiments was caroet
in order to make a comparison and draw optimal conclusions. The colour set in every
AFM analysis was chosen to best highlight the features of the polymer film and the
most important image details. Fig.4.1 AFM irsagf P3HTPG70BM in chloroform.
The Fig.4.1 will serve as a reference since it has only one solvent and was not affected
by external fields. As some works suggbstP3HT morphology depends on packing
[196] and also on temperatuf@97]. This is whythe polymer nanostructuration

experiments were conducted at room temperature.
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Figure.4.1 The AFM image of the P3HT/PC7qBM in chloroform. (a) shows volcanelike
structures with few hundr ed distributed overthasampleénr . T he
a particular manner as if they attract each ot h
family. (b) showsa3 D model of the (a). As it can be seen

top and expand a the bottom. Thegraph below isthe roughness of the film from (a) red line. The
black line in the graph corresponds taexture; the red correspads to waviness and the green to
roughness.

As it is shown in Fig.4.1 the morphology of the P3RATfoBM| oo ks fAvol cano:
and the 3D image confirms the siarity of these structures tactual volcanos.

However, the most surprisirfgatureis the distribution of the holes over the sample.

The AFM scans showed that the fvolcanoso
statement nens that there is a reason why we get nanofeatures in a particular
arrangement. The distance between the holes can either be interpreted as an
arrangement that occurs in either rows,
of two or dribution ead be related te anydf the system components i.e.

to P3HT orPG70;BM or/and due to the solvent which is chloroform in this case. As

we will see later the final morphology is influenced by all components (P3TH, PCBM

and the solvent). The neAFM scan was PCBM in chloroform alone Fig. 4.2.
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Figure. 4.2The AFM image of the PC7z0IBM in chloroform. (a) shows AFM top view. As it can be
seen the circles are not complete (most of them)
| ook butamomad dirnwyrhacre. The graph below in the rouc
The black line in the graph corresponds to texture, the red corresponds to waviness and the green
for roughness.

Fig.4.2 depictshe PG70;BM in chloroform. This micrograph coinfnsthe appearance

of fivolcanoso i s titaP@HTtHoweveh the sPuCtlrds ind&ig.412 n ot
are not exactly the same as in Fig.4.1. This is dukeB3HT as wellThe P3HT has

also an influence in morphological formations. For better utaieds g of the
influence of PCBM we need to understand the influence of solvents over the PCBM
alone. Another sample was prepared P G70;BM alone in hexane. Dissolving in
hexane was difficult and requiredn ultrasonic bath for 1A5minutes. The

morphology was more micksized rather than nanosized Fig.4.3.

58



Texture
Waviness
Roughness

005l e / L & NS P s~ G—
0.0 — = \ /=
-0.05 —|
010 —]
| T T 1 1 ] T ]
0 1 2 3 4 5 6 7 8
X(um)

Figure.4.3 The AFM images of the PCz0BM in hexane. (a)the PCB M fic | unmgpféw wi t h
micrometers in width and distributed over the sample with great distances of tens of orons. (b)

the 3D model showingno fivol canod formati ons. The bl ack 1
texture; the red correspords to waviness and the green tamughness.

The PCBM clumps were distributed over the sample but with huge inter feature
distancesof20and monei cr omet res. Additionally, the
or Atubeo shaped as in Fig.4.2 and Fig. 4
Aball so or Mnneggs o anshapedrarmd danotroantin anpweidsf e c t |
or holes. Fig.4.3 suggessa significant influence of the solvent since we do not observe
Avol canos o any mo adfferenBanlventmas @eot ovidsnffickert t h
information or proaf To prove the influence of the solvent another AFM scan was
performed usinghe PG7oBM in THF. This AFM scan shown in Fig.4.4 indicates

structures that visually loogimilar to the Fig.4.3 with some important differences.
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Figure.4.4The AFM images ofthe PCoBMi n THF. In (a) we can see roul
a particular manner usually two to three and mor e. Al so s
shows 3D model in which we can see the formationife PCBM fihi I 1 so0 that are v

and similar. The black line in the graph corresponds to texture, the red corresponds tgaviness

and the green for roughness

The main difference is the size of the structures and importantly the deposition over

the sample. Irthe case ofthe THF as a solventhe PCBM structures behave very

similar to the one used witie chloroform. Howeer, inthe case withthe THF they

do not form Avolcanoso or

coud becmpar ed t o t hdig.didvitoskems thahsToH F

ftubeso

and

ha

I™mf or ces

assemblROGBMhisleumps 0 cnoorsedong-icaorka of aln mta i b

These fcol oni eso wer e di

stributed

ov

manner. Which was later shownlte due tahe distribution changes when combined
with some other solvent and mixitige P3HT withthe PG70;BM. The scarwith the

DMF was performed and no

observed Fig.4.5.

Afcol onyo

or

er

fivol
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Figure.4.5 depictshe AFM images ofthe PCzoiBM in the DMF. (a) difficult to define the features.
However, the color was chosen foa maximum highlight of the features. (b)the 3D model shows
the roughness which is almost dotted and distributed withouwfic ol ony 0 manner over t
The black line in the graph corresponds to texture, the red corresponds to waviness and the green

for roughness.

This scan in Fig.4.5 confirms the influence a$olvent over the PCBM molecule
distribution. The AFM image in Fig.4.5 looks more like vertical needles and the scan
was performea couple of times changindpe AFM tips in order to eliminate any scan
errors. F@ now, it is too early to makeonclusions and try to link the morphology with

the solvent parameters such as dielectric constant or dipole moment. The objects in
Fig.4.5 are very small and have no udet like similarities like thosebserved in
previous scans (Fig.4.1 to Fig.4.3). In Fig.4.5tfi®3D imageshowsblue lines that

are vertical and are highest and the green lines that are diminishing. Another sample
of PCBM in chlorobenzene was prepared and characterized using the same technique
ard method (same speed spioating) Fig.4.6. This timehe film surface is different

from the previous scans and itsisnilar to the one in Fig.4.9°he PCBM do not form

|l arge clumps neither fvol-likeaformaians spread @At ub
over the whole sample. This investigation shows the influence of different selvent
over the same material which is PCBM in this case.
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Figure.4.6 The AFM image of the PCBM in Chlorobenzene. (a) has very small features but they
have a higher distribution level and are deposited uniformly without leaving empty space on the
sample. (b)the 3D image confirming the vertical PCBM distribution over the sample with
decreasing roughness as confirmed ke graph below. The black line in the graph corresponds
to texture, the red corresponds to waviness and the gre¢o roughness.

The present AFM topography of tR&€70iBM in chlorobenzene might be attributed to

the crystallization degree as was reported ugied®3HT/PCBM[198]. Also it was

reported that the morphology of the films depends on the contientfa98]. DMF

and chlorobenzene agwlar solvents and they have huge differenicedielectric

constant values. However, the morphology does not look very different which means

that the dielectric constant does not have an influence in the podtikeemorphology

formation. Another paramet such athedipole moment is 3.82 for DMF and 1.54 for
chlorobenzene. The difference betwékese constants is 2.28. On the other hand, it

is best to neglect these parameters and check the morphology using other solvents such

as cyclohexane which hagpdle moment equal to 0.0. Fig.4.7 Shows AFM image of

PCBM in cyclohexane. Cyclohexane is Aomlar solvent and has dipolar moment of

0.0. Dielectric constant is 2.02. The observed morphology in Fig.4.\®sshize

formations that also daot look likefi v@aliho s 0 or fit ube sihihlolwseor.er
This AFM micrograph (Fig. 4. 7) shows wuni f
uniform heighs Fig.4.7 (b) andagraph roughness analysis. Thesult gives hints to

what maybe the most important parametersmorphology formation.
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Figure.4.7 The AFM image of the PCzoBM dissolved in cyclohexane. (a) shows that structures
are formed uniformly over the whole sample. The red square was analyzed in detail in order to
make a more precise analysis of the morphogy. (b) the 3D model of the scan confirming
relatively high width and height uniformity. The black line in the graph corresponds to texture,
the red correspords to waviness and the green taughness.

It is clear that the greestinfluence is due to & solvent (we are using the same
concentration in all the samples 1mg/ml). On the other hand, the PCBM alone repeats
very similar morphologies alone Fig.4.2. These effects could be die tanging
solubility in different solventsAs it was demonstratétie morphological changes are
caused by botthe P3HT andhe PCBM. Howeverthe PCBM was investigated alone

and with different solvents. The solvent influence over the PCBM morphology was
demonstrated. Whilehe P3HT/PCBM in chloroform andhe PCBM alone in
chloroform film morphologies look similar PCBM alone in chlorobenzene
morphology is far from the reference Fig.4.1. This could be duthdécsolvent

parameters such #isedipole moment.
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4.2 Influence of Solvents and Solvent M ixtures on the P3HT/PCBM Morphology
For a proper investigation of the polymer morphology @aocchieve optimal results

it is necessary to usa small polymer system composed afmaximum of two
components. This is whihe P3HT/PCBM system was chosen fbe investigation.

The P3HT/PCBM isthe actual active material for the organic sadetl and it is most
studied [184 This isavaluable reason for choositige P3HT/PCBM. Fig.4.8 depicts

the AFM image ofthe PS3HT/PCBM system dissolved in cyclohexane. As compared
to Fig. 4.7where PCBM alone was in cyclohexane we can observe the similarities in

themorphology.
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Figure.4.8 The AFM image of the P3HT/PCzoBM in cyclohexane. (a) shows large and small

clumps over the sampl e. (b) wider fiolrimad i ams al s
lower in diameter. The black line in the graph corresponds to texture, the red correspas to

waviness and the green tooughness.

These observations suggest thhe PCBM is dominant in the formation of
nanomorphologies witthe P3HT. To pove the idea of the PCBM dominance we need

to use another solvent which would m&tas good as chloroform and not as bad
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Figure.4.9 AFM image ofthe PC[7gBM in toluene. (a) Top view showing very uniform dots formed
wi t hout A fbahaviodr.{bdthel3iDk eno d e | showing Avertical
uniform height. The black line in the graph corresponds to texture, the red corresponds to
waviness and the green for roughness

ashexane or cyclohexane. Toluene is the perfect candidate. g the AFM image
ofthePCBM al As can s

are distributed in groups Fig.4.1 (a) red circled. Toluene is goot@r solvent that can
dissolve botlthe P3HT andhe PCBM. The dpole moment of twene is 0.36 and the

one in toluene. w e

stic

ee t

dielectric constant is 2.38 which is close to the values of cyclohexane and hexane (2.02

and 1.9 accordingly). However, hexaneaigoor solvent for botlhhe P3HT andthe
PCBM. Fig.4.10shows theAFM micrographthe P3HT/PCBM in toluen. Fig.4.10 is
comparable to that in Fig.4.9 whettee PCBM in toluene alone. FigH0 also has
Af ami |l (Fig.4.10 (a)
circled. This result sheds light on the role the PCBM in the P3HT/EBM

eso or fii sl ands?o

morphology formation. And while some solvents do not cause the formation of

Ai slandsd (chlorobenzene or

P3HT/PCBM andhe PCBM systems.

DMF) the |

whit

uene
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Figure.4.10The AFM image of the P3HT/PC70BM in toluene.( a) shows round shap:¢
that do not contain holes and are uniformly distributed over the sample. (the 3D model of the

image. The black line in the graph corresponds to texture, the red correspda to waviness and
the green toroughness.

As demastrated inthe subsection 4.4 of the present work the nanomorphologies or
morphologies othe P3HT/PCBM andthe PCBM alone in different solvents vary.
However, we can conclude thizie PCBM itself has the main influence on the final
morphology inthe P3HT/PCBM system. Foar better understanding olie possible
control over the nanomorphologymore profound investigation is required. The next
subsection 4.6 deals witthe P3HT andthe PCBM dissolved in different solvent

mixtures.

4.3 Mixed Solvent Approach
This part deals with polymers used in previous sections (4.4 anth¢.RBHT and

the PCBM dissolved ira mixture of solvents and also varying amounts of solvents

The purpose of the present subsection is to demonstrate that morphological control can
be achieved by mixing solvents togethiarying amounts of solventfig.4.11 is the

AFM image ofthe P3HT dissolved ithe THF and mixed witthe PCBM which was

dissolved inthe DMF. As we can see the morphology is similar to that in Fig.4.4.
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Figure.4.11 The AFM image of the P3HT 0.5mg/ml of THF and PC[7qBM 1mg/ml of DMF. (a)

the #fAislandsd are stildl present . Al so the format
i mage showing vertical fiislandso. 7Jdneéroughmesp h i s t
(green).

In Fig.4.4the PCBM alone was dissolved the THF. The observed morphology

very similartothaticFi g. 4. 11 containing Agroupso of
main difference is the diameter of the structures. In Fig.4.1ditdmeeter is smaller
suggesting the influence tfe P3HT. On the other hand, it is not enough to conclude

the influence othe PCBM fromFig.4.11 without a comparison tie same system

with anincreased amount of PCBM. Fig.4.12 is the AFM imagtheP3HT/PCBM

dissolved itheTHF andtheDMF as in Fig.4.11 but witthePCBM amount increased

two times. As we can see from Fig.4.12 the morphology obtained is basically the same

as in Fig.4.11. However, the amohutibph of Ve

s different. I n Fig.4.12 the Aislandso
Aisdao. This r esul trole ofithg BGBM tinghe dormationgoh i f i ¢ a
Ai sl andso. | f this statement is true, t
decrase the amount of islands or completel"
is the AFM image ofhe P3HT/PCBM inthe THF andthe DMF but with decreased
amount ofthe PCBM t wo ti mes. The image <clearly
previous!| sl amdsnovegdimi. 4. 11 and 4. 12). T
randomly distributed nanoparticles rather than polymer formations. Fig.4.13 also

shows formations which | ook more | ike ag:
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Figure.4.12 The AFM image of the P3HT 0.5mg/ml of the THF and the PC[7qBM 2mg/ml

dissolved in DMF. ( a) hi gher amount of fii sl then3® staucturea nd o ml y

shows increase in vertical islands. The graph is the texture (black), waviness (red) and roughness
(green).
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Figure.4.13The AFM image of the P3HT 0.5mg/ml ofthe THF and the PCizgBM 0.5mg/ml of
DMF. (a) indicates c¢clumps and ruins of the Al :

nanomorphology formation (black circled). (b) the 3D showing the height distribution of the
vertical formations. The graph is the texture (black), waviness (red) and roughness (green).
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This result undoubtedly confirms the influencetlod PCBM in the formation ofhe
nanomorphology. For the final confirmation the amount of PCBM was decreased to
0.29mg/ml and the amount of P3HT was &f.5mg/ml. Fig.4.14 AFM image which
finally confirms thathePCBM pl ays a major role in thi
providing the control possibility by varying the amount of PCBM. Fig.4.14 do not
show anyobsr vabl e for mations at all. Il n fact

anydistinguishable features.
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Figure.4.14The AFM image of the P3HT 0.5mg/ml ofthe THF and the PCzoBM 0.29mg/ml of
theDMF. (a) completely ruined Mmiosl aned et mati oest
or Ahillsd. The graph is the texture (black), wa

The PS3HTPG70BM system morphology can be influenced by varying the amount of
thePG70;BM. While the amount aheP3HT does not siw significant morphological
change$G70BM wasproven to play a major role. These findings provide basic ideas
on the control of nanomorphology in P3HT70BM systems. Every solvent has a
different molar mass and parameters such as capability toveissoe or another
polymer. Every solvent makes polymer molecules to be on a different distance from
one another and also change the conformation. When the film from the polymer
solution is cast onto the surface of the silicon or mica surface the polyotecuies
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settle down in a particular manner which at the end forms the morphology. During the
film formation the polymer chains might be arranged in various ways creating complex
morphologiesThereason for different colours ievery vial is the distanceetween

the molecules which vary depending on the solvent Fig.4.15.

P3HT did not dissolve completely

Less undissolved polymer

Figure.4.15 P3HT polymer dissolved in different solvents: 1 toluene, 2 chloroform, 3
tetrahydrofuran and 4 chlorobenzene. The concentration is 1mg/ml in all 4 vials.

4.4 PTB7/ PCi70BM Light -Induced Morphology C ontrol
In this subchapter the PTB7/PCBM nanomorphologies affected by light are discussed

and analysed. The samples were exposed to blue and red LED light. Since shorter
wavelengths have higher energy (blue light) and longeeieagths lower energy (red

light) it was the most logical choice for the sample irradiatioA. mixture of
PTB7PG70BM was prepared in chloroform with concentrations 1mmol/ml under
exposure of blue (461nm) and seately red (634nm) LED lighfThe LED exmsure
timewas12 hours. Non exposed sample was prepared in order to make a comparison.
All the samples were deposited amilicon wafer via spircoating at 2500 rpm for 1
minute and characterized usitige AFM D3100 in tapping mode. The difference in
naromorphology showed tendency depending on the wavelength of the light. Fig.4.16
AFM image of PTBG70BM in thedark.
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Figure 4.16 The AFM image of the PTB7PCzqBM 1:1 in chloroform reference sample: (a)
Reference sample without the treatment of lightThe voids are randomly deposited on the surface
and the roughness is characterized on three lines and represented in (b). In the image (c) is zoomed
red square from the image (a) and analysed in detail. The insert in the right corner shows height
with specially chosen colour panel. (c) Shows roughness profile from (c).

The sample in Fig.4.16 was not exposed to any source of light and the vial was
wrappedin aluminium foil to avoiddaylight. As we can see in Fig.4.16e AFM
micrographs reveal the formati of voids or holes which range in diameter and are
randomly distributed over the sampl e. Th
For more precise evaluation Fig.4.16 was analysed in dbtaiig.4.17the AFM

image of PTB7/PCBM in chloroform (in dg with amore detailed analysis of voids

and 3D image. As it can be seen from Fig.4.17 the voids are ranging from 350 nm
(void No.9) to 1.79 Ohesfustuesresenlevolcaric) i n d
structures rather than just nanoholes. The coloutse inset in Fig.4.164) are made

to better highlight the details. The same system shaavesbvious change in void
distribution and shape when exposed to the light. Fig.4.1l&i8FM image ofthe
PTB7/PCBM exposed to the blue light for 12 hours. $inactures change the shape

to elongated distorted ellipdike formations. Alsoa few round shaped voidsere

observed. The more detailed analysis in Fig.4.19 defined the roughness and void

diameter (length).
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