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FILM FORMATION, MORPHOLOGICAL, OPTICAL AND ELECTRICAL
PERCOLATION BEHAVIORS OF PS'MWCNT AND PS/GO
NANOCOMPOSITE FILMS

SUMMARY

In this thesis work, multiwalled carbon nanotubes (MWCNTs) and graphene oxide
(GO) with various mass fractions were used as nanofillers within polystyrene (PS)
latex matrices to investigate their effects on film formation, morphological, optical and
electrical percolation behaviors of PS/MWCNT and PS/GO nanocomposites. For this
purpose, first of all, polystyrene (PS) latexes with different particle sizes were used to
investigate the effect of particle size on the film formation, morphological and
electrical properties of nanocomposite films impregnated with multi-walled carbon
nanotubes (MWCNTs) by using the photon transmission (UVV) technique and
electrical conductivity measurements. Three kinds of PS particles which have
diameters of 382 nm, 480 nm and 560 nm respectively, were synthesized via emulsion
polymerization technique. Three different sets of nanocomposite mixtures, each
containing different amounts of MWCNT in the range between 0 and 20 wt.%, were
prepared by latex technology which combines PS latex dispersion within aqueous
MWCNT solutions. PS/MWCNT nano-composite films were prepared from these
mixtures on glass substrates via drop-casting method and they all dried at 40 °C in the
heating oven. Each dried sample was then annealed at varying temperatures between
100 °C and 250 °C for 10 min. In order to monitor film formation behavior of these
nanocomposites, transmitted light intensity, I;,., was measured after each annealing
step. It was found that film formation process for the nanocomposite films containing
382 nm of PS particles observed in the presence of (0-7.5 wt.%) MWCNT content
while PSMWCNT nanocomposite films including 480 nm and 560 nm of PS latex
particles accomplished the film formation in the presence of (0-5 wt.%) MWCNT
content. Film formation was not observed above these ranges for all nanocomposite
films. Energies of voids closure and inter-diffusion were not change much with the
increase of MWCNT indicating that film formation process is not affected by
MWCNT content in the nanocomposite films. The surface conductivity, (a), of each
annealed film at 250 °C was measured and was found to increase dramatically above
a certain mass fraction of MWCNT content which corresponds to the percolation
threshold of conductivity, R.. The conductivity of nanocomposite films in all sizes
presented a typical percolation behavior and had a similar electrical percolation
threshold of R.=1.5 wt.% as the MWCNT concentration. However, the electrical
conductivity of nanocomposite films was found to increase one order of magnitude
with the increase in PS latex particle size. Furthermore, the critical exponents of 8 for
the electrical conductivity of the nanocomposites decreased from 2.64 to 1.19 with the
increase in the particle size, indicating that percolation behavior alters depending on
PS particle size. The exponents of 8 from the percolation power law both for 480 nm
and 560 nm of PS/MWCNT nanocomposite systems were found to be 2.40 and 1.19,
respectively, showing the formation of a 3-D network of randomly arranged
MWCNTs. The nanocomposites prepared with larger PS particles showed that the

xxiii



optimum results provide a good dispersion of MWCNTs in matrix and high electrical
conductivity. SEM images also showed that improved MWCNT dispersion with the
increase in particle size of polymer latex was found to be consistent with the
experimental results.

As a second stage of this thesis work, the effect of graphene oxide (GO) nanoparticles
on film formation behavior of PS/GO nanocomposite films composed of polystyrene
(PS) latex and graphene oxide at various concentrations was investigated by using
photon transmission (UVV) and scanning electron microscopy (SEM) techniques.
Water-borne PS/GO nanocomposite films were prepared by emulsion mixing of PS
latex and GO nanofillers at various weight percents. GO was firstly diluted and mixed
with PS latex dispersions at eight different GO contents in the range between 0 and
100 wt%. SEM micrographs and conductivity measurements were also taken to
evaluate the effects of GO content on the morphology and electrical properties
nanocomposite films. The results showed that the addition of GO to neat PS latex has
no influence on the film formation behavior of PS latex. The results of optical
experiments and SEM images indicated that film formation stages of PS/GO
nanocomposites are independent of weight fraction of GO, whereas its conductivity
values decreased about one order of magnitude with the increase in GO content. It was
found that the resultant PS/GO nanofilms possess very low amounts of conductivity
values such as 10"°-10"* S and their optical transmission values was found over than
90% at a typical wavelength of 500 nm.
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PS/MWCNT VE PS/GO NANOKOMPOZIT FILMLERININ FILM OLUSUM,
MORFOLOJIK, OPTIiKSEL VE ELEKTRIKSEL PERKOLASYON
DAVRANISLARI

OZET

Son yillarda 6zellikle endiistride boya, miirekkep, su bazli yapistirict ve tekstil
malzemesi olarak kullanilan polimer lateksler farkli miihendislik alanlarinda da biiyiik
avantajlar saglamaktadir. Lateksler su, oksijen ve korozyona neden olabilecek pek ¢cok
organik ¢ozilicii ortaminda dayaniklilig1 yiiksek olan ancak filmlesme sonrast mekanik
dayanimi konvansiyonel polimerlere gore daha diisiik olan malzemelerdir. Film
olusturma siirecleri pratik ve kolay oldugu icin ayni zamanda kaplama malzemesi
olarak kullanilmaktadirlar. Camsi gecis sicakliklarinin derecesine bagli olarak
yumusak veya sert lateksler olarak smiflandirilirlar. Camsi gecis sicakligi, oda
sicakligimin altinda olan lateksler kolaylikla filmlesebiliyorsa, bu tiir latekslere
yumusak lateksler denir. Eger lateksler bu degerin c¢ok iistiinde bir sicaklik degerinde
filmlesme 6zelligi gbsteriyorsa, bu tiir lateksler sert lateksler olarak adlandirilirlar.

Film olusum siirecleri ve filmlesmenin takibi kaplamanin kalitesini belirleme ve
karakterizasyonu acisindan olduk¢a 6nemlidir. Polimer latekslerde filmlesme siirecleri
kisaca 4 temel asamayla 6zetlenebilir. Lateks ile kaplanan yiizey sicaklik verildiginde
icindeki su buharlasarak kolloid yapili molekiiller bir araya toplanir. Artan sicaklikla
birlikte parcacik deformasyonu baslayarak birbirine yanasan molekiiller arasi
bosluklar kapanarak bal petegi formunu alir. Daha yiiksek sicaklik degerlerinde ise
molekiiller aras1 kaynagsma ve inter-diflizyon mekanizmalar1 baglayarak homojen film
yapilarinin ortaya ¢ikmasi saglanarak filmlesme siireci tamamlanir. Filmlesme sonucu
ortaya ¢ikan filmin transparanlhigi (optiksel gecirgenlik degeri) miihendislikte
uygulanabilirligi agisindan biiylik 6nem tasir. Ancak, elde edilen filmlerin tek basina
ylksek optiksel gecirgenlik degerlerine sahip olmalar1 her zaman katki saglamaz.

Polimerlerin daha fonksiyonel bir bi¢cimde kullanilabilmesi agisindan polimer
¢oOzeltilerinin i¢ine karistirilan katki fazlari, ortaya ¢ikan {iriiniin pek ¢ok {istiin 6zellik
kazanmasini saglar. Polimer matrislerin igerisine uygun kompozisyonda katilan katki
malzemeleri boyutlarina bagli olarak kompozit veya nanokompozit yapilarin ortaya
ctkmasina neden olur. Bu sayede polimerler tek basina sahip olamadiklar1 6zelliklere
sahip daha gii¢lii yapilara déniismektedir. Ozellikle son yillarda, karbon bazli katki
malzemeleri kompozitlerin mekaniksel dayanimini, termal ve elektriksel iletkenlik
Ozelliklerini artirmak amaciyla siklikla kullanilmaktadirlar. Bu katki malzemelerinin
polimer matrisler icerisindeki homojen dagilimlar1 pek ¢ok basit kimyasal, fiziksel
yontemle veya uyumlastiricilarin yardimiyla miimkiindiir. Bu sayede katkilama
fazinin dispersiyon kalitesine bagli olarak ortaya c¢ikan kompozit malzemelerin
ozellikleri yiikseltilebilir.

Yiiksek sicaklik degerlerinde optiksel gecirgenlik degerleri yiiksek olan polimerler g6z
Oniine alindiginda, hem transparanlik hem de elektriksel iletkenlik degerleri yiiksek
yapilar elde edilebilmektedir. Polistiren (PS) gibi sert latekslerden elde edilen filmler
yiiksek sicakliklarda transparanlasarak optiksel gecirgenlik degerleri %90’a kadar
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ulasabilmektedir. Ozellikle son yillarda, elektriksel iletkenlik 6zellikleri acisindan
yayginca kullanilan ¢ok duvarli karbon nanotiip (MWCNT) ve grafen oksit (GO) gibi
malzemeler, yiiksek sicaklik degerlerinde transparan hale doniisen polimer latekslerin
ortaminda fonksiyonel kompozit yapilarin ortaya ¢ikmasini saglamaktadir. Bu nedenle
polistiren lateks matrislerinden olusan karbon nanotiip ve grafen oksit katkili
kompozitlerin kullanilmas1 optoelektronik uygulamalarinda biiylik potansiyele
sahiptir.

Bu tez calismasinda, cesitli konsantrasyon degerlerinde (kiitle fraksiyonlarinda)
hazirlanmis olan ¢ok duvarli karbon nanotiip ve grafen oksit ¢ozeltileri polistiren
lateks matrisi i¢cinde katkilama fazi olarak kullanilmig olup, bu malzemelerden elde
edilmis olan PS/MWCNT ve PS/GO nanokompozit filmleri {izerinde film olusum
siirecleri, morfolojik Ozellikler, optiksel ve elektriksel perkolasyon davraniglar
arastirilmistir. Bu amaca yonelik olarak oncelikle farkli biiytlikliik degerlerine sahip
olan polistiren latekslerin pargacik boyutunun, ¢ok duvarli karbon nanotiip katkili
nanokompozit filmler lizerindeki davraniglari foton gegirgenlik testi, taramali elektron
mikroskobu (SEM) ve elektriksel iletkenlik 6l¢timleri referans alinarak caligilmistir.

Tez caligmasinin ilk agamasi olarak, 382 nm, 480 nm ve son olarak 560 nm biiytikliik
degerlerine sahip polistiren latex parcaciklar farkli oranlarda uyumlastirici
kullanilarak emiilsiyon polimerizasyon teknigi ile sentezlenmistir. %0 ve %20 deger
araliginda pek cok farkli kiitle fraksiyonunda hazirlanan sulu ¢ok duvarli karbon
nanotiip c¢ozeltileri, farkli boyutlarda sentezlenmis olan polistiren latekslerle
kanstirilarak hazirlanmistir.  Polistiren lateks ve ¢ok duvarli karbon nanotiip
cozeltilerinden olusan PS/MWCNT nanokompozit filmleri damlatma yontemi
kullanilarak 1sitma firini icerisinde 45 °C’de cam substratlarin iizerine esit sekilde
damlatilarak kaplanmistir. Bu sicaklik degerinde kurutulan her bir film Ornegi
100 °C’den 250 °C’ye farkli sicaklik araliklarinda 10’ar dakika tavlanmistir. Film
olusum siireclerini gozlemlemek amaciyla, hazirlanan tim numunelere foton
gecirgenlik testi uygulanarak optiksel gecirgenlik degerleri her farkli sicaklik
degerinde &l¢iilmiistiir. Olciim sirasinda, bu malzemelerden olusan nanokompozit
filmler i¢cin UV spektrometrenin dalga boyu degeri 500 nm olarak belirlenmistir.
Ciinkii 500 nm’de polistiren ve ¢ok duvarli karbon nanotiipler i¢in spesifik bir
absorpsiyon degeri yoktur.

Deney sonuclarina gore, 382 nm polistiren lateks parcaciklarindan olusan
nanokompozit filmler film olusum siirecini %0 ve %?7.5 araligindaki ¢cok duvarl
karbon nanotiip varliginda tamamlarken, 480 nm ve 560 nm lateks parcaciklarindan
olusan numuneler bu siireci yalnizca %0 ve %35 araligindaki ¢ok duvarli karbon
nanotiip ortaminda tamamlamaktadir. Film olusum siiregleri, belirtilen bu
konsantrasyon degerlerinin lizerinde ger¢eklesmeye devam etmesine karsin, kullanilan
katk1 fazinin yogunlugu nedeniyle transparanligi neredeyse %0’a diislirmistiir.
Bosluklarin kapanmasi, kaynagsma ve kolloidal lateks parcaciklarinin i¢inde yer alan
polimer zincirlerinin inter-difiizyonu sonucu hesaplanmis olan viskoz akis aktivasyon
enerjisi ve birbiriyle kaynasan polimerlerin belkemigi (backbone) hareket aktivasyon
enerjisi kullanilan ¢ok duvarl karbon nanotiiplerin kiitle fraksiyonuna bagh olarak ¢ok
bliyiik bir artis gostermemektedir. Bu durum, kullanilan giigclendirme faz miktarinin
filmlesme siirecini ¢ok fazla etkilemedigini gostermektedir. Bunun yani sira, 250
°C’de tavlanmis olan her bir nanokompozit numunenin yiizey iletkenlik degerleri
Olclilmiis olup, kritik konsantrasyon degeri (perkolasyon esik degeri) iizerinde
elektriksel iletkenlik degerlerinin hizla biiyiik oranda arttig1 gézlemlenmistir. Deney
sonucu olarak, farkli boyutlarda polistiren latekslerden olusan nanokompozit film
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setleri ayni tip perkolasyon davranis1 gostermis olup, cok duvarl karbon nanotiip i¢in
perkolasyon esigi %1.5 konsantrasyon degeri olarak belirlenmistir. Perkolasyon
esiginin polistiren parcacik boyutundan etkilenmedigi acikca anlagilmistir.

Ancak, elektriksel iletkenlik degerleri polistiren latekslerin parcacik boyutunun
artmasiyla birlikte artis gostermistir. Perkolasyon hesabina bagli olarak bulunan ve
boyutu temsil eden kritik iisler, par¢acik boyutunun artmasi ile birlikte 2.64’ten 1.19°a
kadar diigmiistiir. 480 nm ve 560 nm boyutlarindaki polistiren latekslerden olusan
nanokompozit filmler sirasiyla 2.40 ve 1.19 kritk iis degerlerine sahip olup bu degerler,
fiziksel anlamda nanokompozit yapida 3 boyutlu ¢ok duvarli karbon nanotiiplerin
olusturdugu ag yapisina karsilik gelmektedir. Daha biiylik boyutlardaki polistiren
latekslerin, ¢ok duvarli karbon nanotiiplerin varliginda daha 1yi dagilim gosterdigi ve
daha yiiksek elektriksel iletkenlik degerlerine sahip oldugu deneysel olarak
gozlemlenmistir. Kompozit yapinin i¢ine katilan ¢cok duvarli karbon nanotiiplerin
miktarina bagh olarak, perkolasyon teorisi sagilan 151k siddetine uyarlanarak optiksel
perkolasyonlar hesaplanmistir. Elektriksel perkolasyonda oldugu gibi, optiksel
perkolasyon hesabinda da optiksel perkolasyon esigi %1.5 olarak hesaplanmistir.
Bulunan kritik iisler neredeyse birbirine ¢ok yakin olup, kullanilan katki fazindan
etkilenmedigi ortaya c¢cikmistir. Hazirlanan filmlerin taramali elektron mikroskobu
(SEM) goriintiileri, deneysel sonuglari dogrulayacak nitelikte olup, lateks parcacik
boyutunun artmasinin ¢ok duvarli karbon nanotiipler i¢in daha iyi dagilim ortami
yarattigini agikca gdstermektedir. Karbon nanotlip miktarinin artisina bagli olarak,
optiksel gecirgenlik degerinde deneysel olarak gozlemlenen diisiis, SEM
fotograflarinda gbzlenen karbon nanotiip topaklanmalariyla da dogrulanmistir.

Tezin ikinci asamasi olarak, grafen oksit (GO) molekiillerinin polistiren lateks
¢Ozeltisi igerisinde kullanilarak film olusum siireclerine ve elektriksel 6zelliklerine
nasil etki ettigi arastirilmistir. Bu ¢alismada, 540 nm boyutlarinda kolloidal polistiren
lateks parcaciklar1 kullanilmis olup, farkli konsantrasyonlarda grafen oksit ¢ozeltisi
polistiren latekslerle karistirilmistir. Film olusum siirecleri ve elektriksel 6zellikleri
foton gecirgenlik testi taramal1 elektron mikroskobu (SEM) goriintiileri ve iletkenlik
ol¢iim sonuglar1 ile takip edilmistir. ilk olarak grafen oksit belli miktarda saf su
kullanilarak seyreltilmis olup, %0 ve %100 deger araliginda 8 farkli konsantrasyon
degeri belirlenerek polistiren ¢ozeltileri ile karistirilmistir. Ultrasonikasyon yontemi
uygulanarak grafen oksitlerin lateksler icerisinde dispersiyonu saglanmistir. Foton
gecirgenlik testinde 550 nm dalga boyu uygulanmis olup, bu degerde grafen oksit’in
spesifik bir absorbsiyonu bulunmamaktadir.

Deneysel olarak farkli konsantrasyon degerlerinde katilan grafen oksitlerin PS/GO
nanokompozitlerinin filmlesme siirecini gozle goriiliir bir sekilde etkilemedigi
anlasilmistir. Filmlesme siirecleri, hesaplanan viskoz akis aktivasyon enerjisi ve
belkemigi hareketi aktivasyon enerji degerleri, kullanilan katkilama fazindan
neredeyse tamamen bagimsiz olup, elektriksel iletkenlik degerlerinin diismesine neden
olmustur. Tavlanan filmlerin optiksel gegirgenlik degerleri (transparanligi) neredeyse
%90’1n iizerinde olmasina ragmen, elektriksel iletkenlik degerleri 10" ve 10 S
araliginda degismektedir.
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1. INTRODUCTION

Nanotechnology, the study and the implementation of science conducted at the
nanoscale, is one of the most promising branches of the science encompassing the
study fields ranged from physics to almost all engineering disciplines for the progress
of the latest technology [1]. Today, a broad range of the engineered structures,
semiconductor devices and synthesized materials which are widely used in
microelectronics, composite films, tissue engineering, drug delivery, biotechnology
and so forth, have been manufactured as a result of the manipulation of matter where
at least one of the dimensions is ranged between 1 and 100 nanometers [2].
Particularly, nanomaterials which possess an average grain size less than 100
nanometers [3], exhibit remarkable characteristics that directly affect physical,
chemical and even biological properties of the medium that renders them in the case
of their appropriate utilization at the nanoscale. Based on recent studies in the
literature, as nanomaterials have a greater surface area with respect to volume ratio
when it is compared to conventional forms, they show unique chemical reactivity,
better mechanical, electrical and optical properties [4]. Nanomaterials can basically
exist either in single, fused, aggregated or agglomerated forms with various shapes
such as spherical, tubular or irregular. Both physical and chemical characteristics of
nanomaterials are strongly dependent on their size, shape and morphology at the
nanoscale. Therefore, unlike bulk, micro-structured conventional materials, some
specific characteristics of nanomaterials such as electrical conductivity, mechanical
strength or even electronic structure shows prominent difference owing to high surface
energy, the spatial confinement which leads to quantum effects, reduced imperfections
and a large fraction of surface atoms [5]. The classification proposal of nanostructured
materials was firstly considered by Gleiter in 1995 [6] which then it was explained
with the further details by Skorokhod in 2000 [7] without consideration of some
special structures as nanostructured materials at different dimensions such as
fullerenes, nanotubes and so on. Afterwards, nanostructured materials were classified

by the contributions of two significant scientists, Pokropivny and Skorokhod [8], into



four essential categories on the basis of the number of dimensions which are zero-
dimensional (quantum dots, atom clusters, heterogeneous particles arrays, core-shell
quantum dots) [9], one-dimensional (nanowires, nanorods, nanotubes, nanobelts,
nanoribbons) [10], two dimensional (branched structures, nanoplates, nanosheets,
nanowalls, nanodisks) [11] and three dimensional (nanoballs, nanocoils, nanocones,
nanopillers, nanoflowers) [12] nanostructured materials, respectively. In parallel with
emerging of nanomaterials, integration of them as the reinforcing phase in the presence
of other materials leads to the big reveal of the definition entitled nanocomposites.
Nanocomposites are basically the composite materials consist of reinforcing phase and
matrix phase where at least one of the phases is of the order of a nanometer (nm) [13].
Microcomposites have some limitations like having high anisotropy based upon the
orientation of fibers and losing of optical, electrical and chemical properties in time
during the applications. Nanocomposites can thus be an alternative to get rid of these
limitations as distinct from microcomposites since they possess large amounts of
interfacial area and short distances between reinforcing fillers [14]. Nanocomposites
can be classified into three different categories based on the material used as a matrix,
which are polymer matrix nanocomposites (PNCs), ceramic matrix nanocomposites
(CMNs) and metal matrix nanocomposites (MMNSs), respectively. Particularly in the
last 20 years, PNCs and their functionality have attracted a great attention by an
important part of researchers in the world as polymers are mostly flexible, easy to
produce, easily processed and low cost materials [15,16]. Today almost all types of
polymers involving thermosets, thermoplastics and elastomers are being used in PNCs
with various reinforcing agents in such forms of particles, platelets or fibers [17].
Mechanical, thermal, electrical and optical characteristics of PNCs can be enhanced
based on interfacial interactions between nano-reinforcements and polymer matrix,
dispersion state of nanofillers and matrices, processing techniques and polymerization
methods. Besides, the effectiveness of reinforcing phase for tailoring the
characteristics of PNCs and the provision of high energy surfaces, is strongly
dependent on the proportion of surface area of filler with respect to its volume [18]. It
is also believed that conformations of polymers and dynamics of polymer chains are
strongly affected by the confinement of polymer chains and polymer-surface
interactions [19]. Thus, the dispersion state and the form of used polymers as polymer
matrices in PNCs are significant as well to obtain the resultant products. For this

reason, the appropriate use of polymer latexes in PNCs are of a great interest for



researchers rather than conventional polymer networks. Polymer latexes essentially
consist of very fine polymer particles in the form of colloids which are well-dispersed
in a carrier medium. Nowadays, polymer latexes have been utilized in many different
branches of the industry as water-based adhesives, inks, paints, textiles but most
importantly coating materials in films [20,21]. In essence, polymer latex films in dried
forms do not have strong mechanical properties, however, they are great resistive in
the presence of organic solvents, water, oxygen and other abrasive materials [22].
Latexes used as film coatings can be made up of soft or hard polymer particles. Soft
latex polymer particles have a glass transition temperature (T;) below room
temperature while hard polymer particles have high-T, [23]. Latex films generally
refer to the films consisting of aqueous dispersions of soft polymer particles (low-Ty).
Film formation process of soft and hard polymer latexes shows a prominent difference.
For low-T; latexes, the forces which accompany the evaporation of water are well-
enough to deform the particles into void-free, optically transparent film. Differently,
for latex films from hard polymer particles, the particles remain un-deformed and
discrete in the drying process. In such films, the evaporation of solvent during
annealing process results in firstly void closure, then healing and inter-diffusion of
chains across particle-particle boundaries [24]. After film formation process,
transparency of the resultant micro or thin films containing polymers or polymer
latexes is a great characteristic to be considered both for industrial and scientific
applications such like optoelectronics. However, polymers and polymer latexes do not
solely sufficient to ensure multifunctional characteristics and to be utilized in high
demand applications. In this case, the addition of inorganic or organic nano-fillers into
polymer latexes for the purpose of enhancement in electrical, mechanical or even
optical properties is the best way of making polymer latexes versatile materials.
Especially, carbon-based nano-fillers have garnered a considerable attention by
polymer science community rather than the use of conventional inorganic fillers in
polymer matrices. A number of reviews and experimental outcomes in the literature
indicate that carbon nanotubes (CNT) and graphene oxide (GO) are widely used as
carbon-based nano-fillers in PNCs to provide the improvement considering
mechanical, thermal, electrical conductivity, flame retardancy properties [25]. On the
other hand, the state of dispersion and proper exfoliation of these nano-fillers within

the polymer matrix to enhance the quality of PNCs are still controversial issues for



researchers based on the viscosity of the medium, polymerization techniques and types
of polymer matrices. It is obvious that CNTs and GO display an efficient compatibility
with organic polymers [26-28]. Therefore, application of latex technology is a great
approach for such organic polymers like polystyrene (PS) to incorporate CNTs and
GOs within PNCs. PS latexes can be easily produced via emulsion polymerization
technique which results in very fine PS particles dispersed in a solvent where CNTs
and GO fill the voids between particles. Homogeneous dispersion of CNTs and GOs
which have high electrical conductivity within insulating PS latexes leads to three-
dimensional (3-D) conductivity network which is described by percolation theory [29].
At a critical value of the mass fraction of CNT or GO which corresponds to percolation
threshold, electrical conductivity dramatically increases with very high orders of
magnitude. In general, electrical conductivities of CNTs and GOs are considerably
high at very low percolation thresholds, indicating that their utilization as nano-fillers
is very convenient for applications in the presence of polymer latexes. At this point,
the foremost advantage of PS latexes is to obtain optically transparent nano-composite
films containing low mass fractions of CNTs and GOs above their T;. As a
consequence, PS/CNT and PS/GO nano-composites including very low amounts of
CNT and GO within PS latex dispersions are a great deal of interest to produce highly
conductive and optically transparent films for broad range applications. However, film
formation mechanisms, percolation behaviors, dispersion of conductive fillers in
polymer matrices are playing a significant role to tailor the quality of resultant films
on the surface of substrates. In this thesis work, film formation phenomena considering
voids closure and inter-diffusion processes, optical and electrical percolation
behaviors and electrical conductivity properties of PS/MWCNT and PS/GO nano-
composite films were studied. In nanocomposite films, multi-walled carbon nanotubes
(MWCNTs) and graphene oxide (GO) were used as nano-filler in PS latexes as their
utilization can lead to enhancement in electrical conductivity and optical transparency.
For PS/MWCNT nanocomposite films, polystyrene (PS) latexes with different particle
sets which are 382 nm, 480 nm and 560 nm, respectively were used while 540 nm of
PS latexes were used in PS/GO nanocomposites. Photon transmission (UVV)
technique, scanning electron micrographs (SEM) and electrical conductivity

measurements were considered for their characterization.



2. BASIC DEFINITIONS

2.1 Polymer

Polymers, also known as macromolecules, are basically a large group of molecules
which are composed of repeating structural units called monomers generally linked to
each other by covalent bonds. Repeating units are mostly consisting of carbon and
hydrogen atoms, however, in some cases, they can also contain such kind of molecules
or atoms like oxygen, nitrogen, phosphorous, silicon and so forth. Specifically, some
polymers include only carbon and hydrogen atoms which refer to organic polymers.
Organic polymers, such as polyethylene, polybutylene, polystyrene, are essentially
made of carbon atoms which are bonded together to form long chains called the
backbone of the polymer. One or more atoms can easily connect to the carbon atoms
in the backbone to form side groups on polymer structure. The polymers that have a
silicon or phosphorous backbone rather than having long carbon chains, can be
considered as inorganic polymers. Polymers can be synthesized to obtain desired
feature and functions to be used in a set of applications by considering many diverse

polymerization techniques.
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Figure 2.1 : Formation of polyethylene from ethylene monomers via polymerization
process.

Condensation polymerization, chain growth polymerization and emulsion
polymerization are intensively applied as chemical techniques to ensure the formation
polymeric chains with different molecular weights between the monomers. After
polymerization process, the average molecular weight of the resultant polymer can be

calculated by the following formula:



M,, = Y w;M; (2.1)

where M, is the average molecular weight, w; is weight fraction of chains with
molecular weight M;, and M; is molecular weight of chains. The number of monomers
in the monomer chain is called the degree of polymerization and it is denoted by "n".
Mass of polymer, M,, can be calculated by the multiplication of the degree of

polymerization, n, and mass of monomer, M,, as follows:
M, = nM, (2.2)

Determination of the exact value of polymer mass is one of the challenging issues.
Thus, the statistical distribution of the length of formed polymer chains during the

polymerization process is considered.

The length of polymer chain can be defined through average molecule mass in terms
of numbers and distribution of average molecular mass by means of weight. If there is
N; of the chains with molecular mass, M;, average molecule mass in terms of numbers
can be calculated by the following formula:

_ XN M;

M, = SN (2.3)

and the average molecule mass by means of weight can be calculated as follows:

X WiM;

My, =—— 2.4
where W, = N;M;. Based on polymerization or any chemical reaction, polymers can
form a larger group of molecules called macromolecules. Macromolecules can consist
of the same or different molecules. Polymers of the same kind of molecules are called
homopolymer while polymers of different type of molecules are called copolymer.

Polymers can also be classified into three categories on the basis of their conformations

which are linear polymers, branched polymers and cross-linked polymers respectively.

Flexible and long chained polymers can be randomly oriented and entangled in
molecular level and the movement of polymer molecule initiates above or near glass
transition temperature (7). Disordered entanglements and random orientation result
in amorphous structured polymers which are more transparent, easy to melt and soften

at high temperatures. As distinct from amorphous polymers such as polystyrene, some



polymers are highly oriented side by side and their parallel chains pack very tightly to

form crystalline structures depending on the degree of crystallinity.

HHHHMHMHMHHHH

Lo

(a) ~C—C—C—C—C—C—C—C—C—C—
I R S S S B
HHHHHHHHHH

Linear Polymer

CH:s CH:
CIH: C{{:
(b) cu- cu;-% —CHi— <::- CH:—CH;

CH:s CH:
CTI‘: Branched Polymer
CH:
cit:

CH: CH:

I I
CH;— C —CH:— C —CHs

| |
(c) CH: CH:
| |
CH:— C—CH;— C — CHs:
| |
CH: CH:s Cross-linked

I Polymer
CH:

Figure 2.2 : A schematic illustration of (a) linear polymers, (b) branched polymers
and (c) cross-linked polymers.

The crystalline morphology and the degree of crystallinity of a polymer can be tailored
based on cooling and melting conditions. At this point, polymers can be divided into
two essential categories on the basis of their reproducibility by re-heating process
which are thermoplastics and thermosets. Thermoplastic polymers like polyethylene,
are also be branched or linear structured polymers, can be molded and remolded into
different forms when the heat is given. Besides, thermoset polymers such as resin can
not melt once formed and reprocessed by reheating process since it leads to irreversible
chemical reaction. In this thesis work, amorphous polystyrene particles used in the
form of the polymer latex. Therefore, further information about polymer latexes was

given in the following headline.



2.2. Polymer Latex

Polymer latexes which are widely used in paints, inks, coatings and drug delivery, are
basically made of very fine polymer particles in the form of colloids uniformly
dispersed within a solvent medium. All type of latex particles keeps their solid state

below glass transition temperature (T). Latex particles composed of two parts: main

polymer and different kind of polymer employed as a shell to encapsulate the main
polymer from the outside [30,31]. Aqueous latexes have polymer particles which are
well-dispersed in water while non-aqueous latexes are not uniformly dispersed in
water. For the homogeneous composition of polymer particles in non-aqueous latexes,
the quality of the solvent should be greater than the polymer used as a shell. In this
solvent, the main polymer particles get away from each other as the occurrence of the

steric barriers arising from the polymer chains on the shell.

Figure 2.3 : SEM image and chemical formula of polystyrene (PS) latex particles.

The second way to obtain the uniform dispersion of polymer particles within latex is
to use an appropriate surfactant depending on the solvent medium and the type of shell-
polymer. When an organic solvent including latex particles is dropped onto a flat
surface if transparent and continuous films are obtained after the evaporation of a
solvent, such latexes are called as soft latexes. Minimum film formation temperature
(MFFT) for soft latexes is generally at or below room temperature. If there is no

deformation after evaporation of a solvent, such latexes are defined as hard latexes. T,



of hard latexes is well above room temperature. In this thesis work, polystyrene (PS)
particles which are synthesized via emulsion polymerization technique were used as

hard polymer latex in nanocomposite films.

2.3 Polymer Nanocomposites (PNCs)

Composites are a new emerging class of materials which consist of two or more
constituent compounds having different chemical and physical characteristics. The
composition of multiple compounds such as polymers in the presence of reinforcing
phase results in the structures with advanced functions. Particularly in last two
decades, the utilization of polymer composites is considerably increased for the
manufacturing of industrial and daily products such as sporting stuff, automobiles,
aerospace materials and so on since polymers are light weight and corrosion-resistant

materials.

Nanofiller

Polymer

Polymer latex particle

(b)

Figure 2.4 : A schematic representation of (a) conventional polymer matrix
nanocomposites and (b) polymer latex matrix nanocomposites.

However, more important than that, the transition of reinforcing fillers from micro
form to nano form gives rise to change in characteristics of the resultant structures.
Such materials are called as nanocomposites. Polymer nanocomposites (PNCs) are
essentially composed of a polymer matrix and well-dispersed or embedded nanofillers
within polymer matrices where at least one dimension is must be in the range between

1 nm 50 nm. Nanofillers which are aimed to be used as reinforcing phase can be in the
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form of platelets, fibers and spheroids. In polymer nanocomposites, surface area to
volume ratio increases as the size of reinforcing particles gets smaller. Higher surface
area of polymer leads to ease in interactions of particles within the composition as
well. Therefore, such properties like strength, heat resistance and electrical
conductivity of nanocomposites remarkably increase depending on particle size of the
used fillers. In the Figure 2.4, the simple cartoon representation of nanocomposites is

shown.
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3. THEORETICAL CONSIDERATIONS

3.1 Film Formation Phenomena

3.1.1 Void closure

Latex deformation and void closure between polymer particles can be induced due to
shearing stress generated by the surface tension of polymer refer to polymer-air interfacial
tension. The void closure kinetics can detect the time for film formation in latex and
the optical transparency [32]. To relate the shrinkage of the spherical void of radius,
to the viscosity of surrounding medium, an 7 expression can be derived and can be given
as follows [33]:

dr 1

T=- % (m) (3.1)
where y is surface energy, t is time and p(r) is the relative density. It should be noted
that surface energy leads to a decrease in size of void and the term of p(r) varies
depending on the micro structural characteristics of the material, such as the number of

voids, packing and the initial particle size.

Equation 3.1 is similar to one, which is used to examine the time dependence of the
minimum film formation temperature during film formation process in latex [34]. If
the viscosity is assumed to be constant in time, the integration of Equation 3.1 gives the
following relation

r

t=—— | p(r)dr (3.2)

To

where 1, is the initial void radius at time t = 0. A decrease in void size (r) leads to an
increase in mean free path, < [ >, of a photon that results in an increment in transmitted
light intensity, I;,-. This phenomena can be described by Frenkel’s neck formation model
by considering identical contacting polymer spheres under the effect of surface tension.
At this point, Frenkel’s model declares that the displaced volume is redistributed in a

uniform fashion and remaining surfaces keep their original shapes with a larger radii
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which which allows the formation of larger mean free path, < [ >, of a photon. Frenkel’s

neck formation process is given in figure:

() G

R > R,

r<r,

(a) (b)

Figure 3.1 : Geometrical representation of Frenkel’s neck model: (a) before and (b)
after neck growth. R, R and r, are the particle and void radii before and
after neck growth.

The dependence of the viscosity of polymer melt on temperature is influenced by coping
with the forces of macromolecular interaction which let the segments of polymer chains

jump over from one equilibration position to another one.

This process takes a place at temperatures where free volume becomes large enough and
is linked with the overcoming of the potential barrier. The theory of Frenkel-Eyring reveals

the relation which is given below for the temperature dependence of viscosity [35-37].
n = (Noh/V)exp(AG/KkT) (3.3)

where N, is Avagadro's number, h is Planck’s constant, V is molar volume and k is
Boltzmann constant. It is known very well from statistical physics that AG = AH — TAS,

then Equation 3.3 can be written in the form of:
n = Aexp(AH/kT) (3.4)

where AH is the activation energy of viscous flow which refers to the amount of heat that
has to be given to one mole of material to create the act of a jump during viscous flow. AS
is the entropy of activation of viscous flow. A denotes a constant for the related
parameters that independent of the temperature. If the Equations 3.2 and 3.4 are

combined, the following useful equation can be expressed as follows:
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r

t= —%exp (%) fp(r)dr (3.5)

To
In order to quantify the results found above, Equation 3.5 can be employed by considering
the interparticle voids are in equal size and number of voids keeps constant during the
film formation process (i.e. p(r)ar~3), then integration of Equation 3.5 gives a new
relation as follows:

2AC AH 1 1
t=——exp (ﬁ) (r_z_ro_2> (3:6)

where, C is a constant related to relative density p(7).

3.1.2 Healing and inter-diffusion

The increase in I;,- above T}, temperature was explained in the section of void closure,
through the increment in the transparency of latex film owing to the vanishing of the
deformed particle-particle interfaces. Since the annealing temperature is increased
above healing temperature, T},, some part of the polymer chains may cross the junction
surface and particle boundaries begin to disappear, as a result I, increases on account

of the shorter optical and long mean free paths of a photon [38-42].

In order to quantify these results, the Prager-Tirrell (PT) model [43] can be employed
to explain the chain crossing density. These authors used de Gennes’s “reptation”
model for the reveal of configurational relaxation at the polymer-polymer junction in
which each polymer chain is assumed to be confined to a tube where executes a random
back and forth motion. A homopolymer chain with N freely jointed segments of length
L was considered by PT, which moves back and forth by one segment with a frequency

V.

The chain displaces down the tube in time in support of a number of segments, m.
Here, is called the "diffusion coefficient" of m in one dimensional motion. The
probability of the net displacement with m during time t in the range of n — A ton —
(A + dA) segments was calculated by PT. A Gaussian probability density was
obtained for small times and large N. The total "crossing density" a(t) (chains per unit
area) at junction surface then was calculated from the contributions of o; (t) as a result
of the chains still retain some portion of their initial tubes, plus a remainder, o, (t).

The o, (t) contribution comes from the chains which have relaxed at least once.
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Figure 3.2 : A schematic representation of inter-diffusion during film formation
process.

In terms of reduced time T = 2vt/N? the total crossing density can be written in the
form of:

o(1)
(o)

= 2n~1/2

T

/2 42 Z(—l)” [11/2 exp (— kz) — n_%erfc(k/rl/z)” (3.7)
k=0

For small T values, the summation term of the equation found above is very small and

can be neglected, which then results in

o(7)
(o)

This result was also predicted by de Gennes on the basis of scaling arguments [44].

= 2~ 1/2¢1/2 3.8
(3.8)

At this point, it must be mentioned that the dependence on time, t in Equation 3.8 goes

as t1/# at early times of the healing.

3.2 Percolation Theory

The basis of the percolation theory is to determine how a given set of sites, regularly
or randomly positioned in some space, is interconnected [45]. At some critical
probability, called the ‘‘percolation threshold (p.)’’, a connected network of sites is
formed that spans the sample, causing the system to percolate. In 1957, Broadbent and

Hammersley [46], introduced the term ‘‘percolation theory’’ and used a geometrical
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and statistical approach to solve the problem of fluid flow through a static medium.
Initial work focused on the determination of the percolation thresholds in simple two-
and three-dimensional geometries. Two types of percolation were considered: site
percolation, where sites in a lattice are either filled or empty, or bond percolation,
where all the sites in a lattice are occupied but are either connected or not [47].
Extensive simulations and theoretical work have shown that the percolation

probability, P,,(p) vanishes as a power-law near p,:

P,(p) = (p — )P (3.9)

For all volume fractions p > p,, the probability of finding a spanning cluster extending
from one side of the system to the other side is 1. The largest cluster spans the lattice
connecting the left and right edges to the bottom edge, which is called ‘‘percolating
cluster’’. Whereas for all volume fractions p < p,, the probability of finding such an

infinite clusters is 0. Percolation states in a lattice considering p,. is shown in the figure.

oo
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P> P,

Figure 3.3 : A schematic representation of percolation in a square lattice. The small
spots in a lattice represent the monomers.

Percolation theory has been employed to describe the electrical behavior of conducting
and nonconducting circumstances of nanocomposite mixtures by considering the
threshold mass fractions (percolation threshold, p.) of the nanofillers. The abrupt
transition from insulator to conductor is well clarified by percolation theory. The
electrical conductivity of a composite is strongly dependent on the volume and/or mass
fraction of the conductive phase. At low filler concentrations, the conductivity remains
very close to the conductivity of the pure, electrically insulating polymer matrix since
the fillers are dispersed individually or in small clusters in the matrix. A critical filler

loading must be incorporated to transfer the composite from the insulator state into the

15



conductive state At this critical concentration, which is known as the percolation
threshold, the electrical conductivity of the composite suddenly increases by several
orders of magnitude. Often, at the percolation threshold, the filler forms a continuous
network inside the polymer matrix, and increasing in the filler loading further usually
has little effect on the composite electrical conductivity. Finally, the conductivity
levels off at a certain value, the maximum conductivity of the composite. The
conductivity, o of a percolative system is generally described as a function of mass

fraction, R by the scaling law in the vicinity of the percolation threshold (R,):
o=o0,(R—R,)P (3.10)

where o is composite conductivity (in Siemens), g, is the self-conductivity of
MWCNTs film and is equal to 1. R present weight fraction of MWCNTs and R,
presents percolation threshold of conductivity. This equation is valid at concentrations
above the percolation threshold (R > R.). In this equation, the critical exponent [
reflects dimensionality of the system and universality class of the problem [44]. For
spherical particles in an insulating matrix, the theoretical random percolation value 3

is around 1.3 for a two-dimensional system and close to 2.0 for the three-dimensional

system [45-48].
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4. UV/VISIBLE SPECTROMETER

Photon transmission experiments and the optical analysis of prepared nanocomposite
films containing polystyrene (PS) latex and nanofillers were performed by using UV-
Visible spectrophotometer from Varian with a model number of Carry 100 bio UV-
Visible (UVV). The transmitted light intensity, I;,-, of each film sample was measured
at 550 nm where polystyrene, carbon nanotubes and graphene oxide do not have any
specific absorption at this wavelength. Glass substrates which are truncated in the
dimensions of 0.8x2.5 cm” were used as a standard for all UVV experiments. The
experimental setup of the spectrophotometer that we used is given in figure to better

understand how mechanism operates.

MONOCHROMATOR SPECIMEN

Figure 4.1 : Experimental Setup of Cary-100 UV Spectrophotometer.

The instrument has the slots of two quartz cuvettes in the measuring chamber where
one of the slots is for reference while the other one refers to the specimen aimed to be
measured. The light beam, has an intensity of I,, of 1 cm height and 1 mm width
reaches the photo-diodes through passing over the reference and the specimen. The

intensity of light passing through the specimen, I,., can be followed up as a function
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of wavelength and the collected data is simultaneously transferred to the computer
which is attached to the spectrophotometer. The working interval of UV
spectrophotometer that we used in our experiments is in the range between 190 nm
and 1100 nm. Deuterium and halogen lamps are used as a light source in UV-
spectrophotometer. Deuterium lamp is mostly used for the measurements in UV region
in the range between 190 nm and 326 nm while halogen lamp is employed both for the
measurements of visible and supraregional spectrum in the range between 326 nm and
1100 nm. Monochromator has a holographic concave grid of 1053 line/mm. The plane
mirror, P1, can easily move with the help of a mechanical arm. When P1 is in the
internal position, the light which comes from deuterium lamp (DL) is blocked and the
light arise from the halogen lamp (HL) is reflected on a toroidal mirror, T2. The
process of the source change at a specified wavelength occurs synchronously with the
monochromator depending on the position of the P1 mirror. Monochromator
constantly rotates around itself until the source change is over. The light beam which
emerges from the source lamp focuses on the entry slot (ES1) by passing through the
filter of FW while being reflected by T2 and it passes through ES1 to reach the
monochromator. The light beam which focuses on the exit slot (ES2) reaches the
spherical mirror, S3, by passing through the exit slot with the aid of monochromator.
The light beam reflected from S3 is reflected on the beam splitter (BS). The BS reflects
50% of the light beam onto the planar mirror, P5 and the remaining 50% reaches the
planar mirror, P4. The mirror P4 focuses the beam of light onto the sample which then
it focuses on the specimen photodiode detector with the help of a simple convex lens.
The mirror P5 focuses the light beam onto the reference cuvette and then the light
beam is focused on the reference photodiode detector by the use of simple convex lens.
The specimen which is aimed to be measured can contain more than one component
such materials like nanocomposites. If a specific information about certain
components of materials is needed, back correction process should be done by placing
undesired material in the reference for the detection of their effect on the measurement.
Since latex films cover the surface of glass substrates in the experiments, the light is
not only affected by the film, however, also by the glass substrates. This means that
the effect of glass should also be considered along with the change in the film. In this
study, the baseline correction was conducted just before the measurements for working
wavelength range in order to eliminate the errors. For this reason, the effect of glass

on measurements was removed by considering the empty glass substrate as a reference.
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5. EXPERIMENTAL PROCESS

5.1 Materials

5.1.1 Synthesis of polystyrene (PS) latexes

Polystyrene is one of the well-known and widely-used industrial polymers, particularly
in the plastics industry. It is composed of branched styrene monomers as a result of a
free radical vinyl polymerization process. In general, polystyrene is a thermoplastic
class polymer in the solid form at the room temperature. However, they can be melted
at higher temperatures while being processed by injection or extrusion processes.
Polystyrene in a melted form can be solidified again with the cooling process. The
density of polystyrene is about 1.05 g/ml in optimum conditions. Polystyrene is a
versatile plastic that can be used either in the form of foams or rigid structures. They
are mostly quite tough, fragile and bright. It is a cost-effective polymer with a

relatively low melting point.
r
L \"%"\;—5\?, { .1
Polymerization - J\r‘v

Styrene Polystyrene
(monomer) (polymer)

Figure 5.1 : Production of polystyrene from styrene monomers via polymerization
process.

In this study, three types of polystyrene (PS) latex which have different diameters with
same molecular weight were used to examine the effect of latex particle size on the
film formation and electrical properties of PS/MWCNT nano-composites. PS latexes
were synthesized by emulsion polymerization technique [49]. For each type of PS
latex, the polymerization was performed batch-wisely using a thermostated reactor

which is equipped with a condenser, thermocouple, mechanical stirring paddle and
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nitrogen inlet. 50 ml of water, 3 g of styrene monomer (99% pure from Janssen) and
the 0.014 g of fluorescent 1-Pyrenylmethyl methacrylate (PolyFluor® 394) were first
mixed in the polymerization reactor where the temperature was kept constant at 70 °C.
The water soluble radical initiator potassium persulfate (KPS) (1.6, 2 and 3% wt/wt,
over styrene) dissolved in small amount of water (about 2 ml) was then introduced in
order to induce styrene polymerization. As a surfactant, sodium dodecyl sulfate (SDS)
at different concentrations (0.12, 0 and 0 % wt/vol) was added in the polymerization
recipe to change the particle size keeping all other experimental conditions the same.
The polymerization was conducted under 400 rpm agitation for 12 h under nitrogen
atmosphere at 70 °C. The particle size was measured using Malven Instrument
NanoZS based on light scattering measurement. Figure 5.2(a-c) presents SEM images
of spherical PS particles with average particle sizes of 382 nm, 480 nm and 560 nm,

respectively.

Figure 5.2 : SEM images of PS latexes with average particle sizes of (a) 382 nm, (b)
480 nm, (c) 560 nm and (d) MWCNTs used in this study.

The weight-average molecular weights (M,,) of individual PS chains (M,,) were
measured by gel permeation chromatography (GPC) and found to be 98x10° g/mol in

average. Glass transition temperature (T,) of the PS latexes were determined using

differential scanning calorimeter (DSC) and found to be around 105 °C. Table 5.1
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provides some characteristics of the three parent latex dispersions used in preparation

of the nanocomposite films.

Table 5.1 : Properties of the PS latexes.

PS latex size ~ Mw (10’ g/mol) T, (°C) SDS (wt/vol%) kPS (wt%)
(nm)
382 99.3 105 0.12 1.6
480 97.2 105 - 2.0
560 96.6 105 - 3.0

5.1.2 Multiwalled carbon nanotube (MWCNT) solutions

Multiwalled carbon nanotubes (MWCNTs) can be given as one of the foremost
examples for the fabrication of electrically conductive nanocomposites. The rate of
scientific studies in the field of nanoscience has dramatically increased as a result of
remarkable properties of MWCNTs just after their discovery by Iijima [50]. Carbon
nanotubes (CNTs) are essentially considered as the rolled graphene layers composed
of numerous sp>-hybridized carbon atoms in the form of cylindrical shape. Based on
the number of nested rolled graphene sheets, CNTs can exist either as a singlewalled
carbon nanotube (SWCNT) or multiwalled carbon nanotube (MWCNT). The
electronic characteristics of SWCNTs are quite different when it is compared to
MWCNTs. The significant characteristic of chirality which is directly associated with
aregular arrangement of carbon atoms in a single wall endows either metallic or semi-
metallic behavior to the MWCNTs. Furthermore, the CNTs with more than one single
wall act as zero-gap metals, which indicates the importance of CNTs for the utilization
as conductive nanofillers for future electronic applications [51]. Up to date, a number
of research papers regarding electrical resistivity and electrical properties of
multiwalled nanotubes (MWNTs) and singlewalled nanotube (SWNT) ropes have
been reported [52]. One of the experimental research was done by Gojny indicates that
the utilization of MWCNTs has a significant potential for the enhancement of electrical
conductivity since MWCNTs have a greater dispersibility rather than SWCNTs [53].
Electrical conductivities of composite materials including CNTs as nanofillers are
typically changing in the range between 10~ and 102 S/m above the critical mass
fraction of nanofiller which refers to percolation threshold [54]. The increment in
volume fraction of MWCNTSs can increase the electrical conductivity values of
nanocomposite materials. According to previous studies in the literature, the overall

resistance quantities of CNT-based composites and SWNT bundle networks are
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prominently influenced by the contact resistances [55]. Since CNTs are under a strong
effect of van der Waals forces, and possess a large surface area and a large aspect ratio,
they are generally insoluble in various solvent medium and in the presence polymers.
This circumstance can be the reason of formation of either aggregates or bundles which
are tightly bound to each other [56,57]. Therefore, the difficulty in the dispersion of
CNTs within polymer matrices as much as a need for higher inclusion of CNTs to
promote percolative network formation is one can impede the development of CNT-
based nanocomposites. However, the usage of surfactants and utilization of some
special techniques such as ultrasonication can be the solution to cope with these

difficulties.

Figure 5.3 : A schematic representation of multiwalled carbon nanotubes
(MWCNTs).

The MWCNTs used in this thesis work were purchased from Cheap Tubes Inc. (VT,
USA), which were synthesized by split plasma technique. MWCNTs (length: 1-12
pum, outer diameter (OD): 13—18 nm, the density is approximately 2.1 g/em’, and purity
is higher than 99 wt%) were used as supplied in black powder form without further
purification. The MWCNTs are plasma purified and exfoliated, thus they can easily
disperse in water. However, they still require the appropriate use of a surfactant and
polyvinyl pyrolidone (PVP) is a good stabilizing agent for dispersions of carbon
nanotubes, enabling preparation of nanocomposites from the dispersions of MWCNTSs
in PS solutions. A stock solution of MWCNTs (10 g/L) was prepared according to the
manufacturer regulations as follows: nanotubes were dispersed in deionized (DI) water

with the aid of PVP in the proportions of 10 parts of MWCNTs, 1-2 parts of PVP,

22



2.000 parts of DI water stirring for 3 h. Figures 5.2(d) and 5.3 [58] shows the SEM
image of MWCNTs [59].

5.1.3 Graphene oxide (GO) solutions

Graphene and graphene-based materials have attracted an immense attention in the
past several years due to their remarkable characteristics [60-63]. One of the most
promising methods for large-scale production of graphene is strongly dependent on
either the chemical or thermal reduction of graphene oxide (GO) which can cause
undesired effects on the environment. As it is known that graphene sheets have a strong
agglomeration tendency which considerably limits its application. Among numerous
graphene-based materials, graphene oxide (GO) has great advantages as it is cost-
effective, has an extraordinary structure, and is convenient for fabrication. Therefore,

it has a great potential to be used as a reinforcing phase in composite materials.

Graphene Graphene Oxide
Figure 5.4 : A schematic representation of graphene and graphene oxide.

Graphene oxide (GO), is a single-atomic layered material composed of carbon, oxygen
and hydrogen atoms, can be obtained by the treatment of graphite with powerful
oxidizers [64]. In other words, GO can be defined as an oxidized form of graphene.
The production of GO is easier than graphene layers. Their deposition as a coating
material on substrates is fit especially for the fabrication of transparent conductive
films since GO has a large surface area. The efficiency of oxidation process is strongly
dependent on the carbon-oxygen ratio of GO. They are easily dispersed in the presence
of water, organic solvents and such polymer matrices since GO has oxygen

functionalities. The presence of oxygen groups is playing a significant role on the
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dispersibility of GO within solvents. When the oxygen groups are removed, the
reduced form of GO, called reduced graphene oxide, is more difficult for well-
dispersion which results in the creation of aggregates. However, GO can be mixed with
various polymers and other substances for the enhancement of properties of composite
materials such as tensile strength, elasticity, electrical conductivity and so forth. GO
flakes, in a solid state, attach from one to each other in order to form both thin and
stable flat structures which can be folded and stretched. Thus, such GO structures can
also be fit for applications such as hydrogen storage, ion conductors and nano-filtration

membranes.

(@) (b)

Figure 5.5 : Graphene oxide solutions (a) before and (b) after dilution process.

Commercial graphene oxide (GO), used throughout this study, were purchased from
Sigma-Aldrich (Saint Louis, USA; 15-20 sheets; 4-10% edge-oxidized; dispersion in
H,0; sheet dimension variable; C:O ratio of the GO, as determined by EDX analysis,
is close to one) as stable aqueous dispersions with a concentration of 1 mg/mL. GO
dispersions were directly used without further purification. The original dark brown-
colored GO suspension (see Figure 5.5(a)) was re-dispersed in distilled water to obtain
aqueous GO suspension at a concentration of 0.5 mg/ml by a gentle sonication process.
The resulting GO solution was then stirred for additional 2 h at the room temperature.
Figure 5.5 shows the photograph of GO dispersion before and after dilution. The photo
in Figure 5.5(b) shows that GO was readily exfoliated in water and neither
sedimentation nor aggregation was noticed. The clear (or transparent) GO dispersion
in Figure 5.5(b) clearly indicates the successful exfoliation driven by sonication

combined with stirring.
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5.2 Preparation of Nanocomposite Films

5.2.1 Preparation of PS/MWCNT nanocomposite films

For each type of PS particle, a 10 g/L stock solution of PS latex in water was prepared.
The dispersion of MWCNTs in water was mixed with the solution of PS yielding the
required ratio, R, of MWCNTs in PS latex by using the following relation

MMWCNT
MMWCNT + MPS

R (Wt%) = x100 (5.1)

where Mpg and My cnr represent the weight of PS and MWCNTs in the mixture,
respectively. Depending on the desired MWCNT concentration in the final
nanocomposite mixture in the range from 0 wt% to 20 wt%, each dispersion of PS
latex with different diameter were combined with the aqueous MWCNT-PVP solution
under mechanical stirring, separately. The mechanical stirring was carried out at least
for 1 h at the room temperature. The resulting composites were deposited as wet
coating by placing the same number of drops on glass plates with similar surface areas
which are about 0.8x2.5 cm?” and allowing the water to evaporate at 45 °C in the oven.
After drying process, the prepared samples were separately annealed above the glass

transition temperature (Ty) of PS for 10 min at temperatures in the range from 100 to

250 °C. The temperature was maintained within 2 °C during annealing. After each
annealing step, films were removed from the oven and cooled down to the room

temperature.

5.2.1 Preparation of PS/GO nanocomposite films

A homogeneous aqueous suspension of PS latex with a concentration of 0.5 mg/mL
was firstly obtained under mechanical stirring. Then, prepared GO suspension above
with a concentration of 0.5 mg/mL was mixed with PS latex suspension under
magnetic stirring to obtain PS/GO suspensions with a ratio of GO to PS ranging from
0 to 100 wt%. These mixtures were then further sonicated for 2 h at room temperature
for at least 3h to produce homogeneous mixtures. Glass slides with the dimensions of
0.8x2.5 cm” were used as substrates. The glass surface was firstly cleaned by the
acetone and then cleaned sequentially with deionized water and finally dried in an
oven. PS/GO solutions were drop-cast on the glass substrates and left to dry overnight

at room temperature. We prepared a series of powder PS/GO composite films with
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varying GO content from 0 wt% (PS only) to 100 wt%. In order to study the film-
formation behavior of PS/GO composites, the produced films were separately

annealed above T, of PS, 105 °C for 10 min. at temperatures ranging from 100 °C to
250 °C. The samples were then cooled down to room temperature. The temperature

was maintained within £2 °C during annealing.

5.3 Measurements

5.3.1 Photon transmission measurements

Carry 100 bio UV—visible (UVV) spectrometer from Varian was used to take photon
transmission measurements in our experiments. The transmittance values of the
prepared PS/MWCNT nanocomposite films were detected at 550 nm while PS/GO
nanocomposites were detected at 500 nm where the spectra of the nanocomposite are
almost flat, i.e., polystyrene, multiwalled carbon nanotubes and graphene oxide have
no specific absorption at this wavelength. A glass substrate was used as a standard for

all UVV experiments.

Nanofiller (Reinforcing phase)

IO I(r
—_— (| ——

/

PS Particles (Matrix phase)

Figure 5.6 : A schematic illustration of glass substrate position.

5.3.2 Scanning electron microscope (SEM) measurements

Scanning electron micrographs (SEM) of the PS/MWCNT nanocomposite films were
taken at 10-20 kV in a JEOL 6335F microscope. Micrographs of PS/GO

nanocomposite films were taken at 10-20 kV by using scanning electron microscope
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with a model of EVO LS 10 from Zeiss. For this purpose, a thin film of gold (10 nm)
was sputtered onto the surface of the prepared samples by the help of a Hummer-600
sputtering system to assist image the PS/MWCNT and PS/GO nanocomposite films

against the glass background.

5.3.3 Electrical conductivity measurements

The electrical conductivity of all PS/MWCNT and PS/GO nanocomposite films was
measured by a two-probe method through using a Keithley Model 6517a Electrometer
with an ultrahigh resistance meter. For the surface resistance measurements, the
samples were coated onto thin rectangular glass slabs with typical dimensions of

2.5x2.5 cm”.

The electrical contact was made by using a silver paste. Electrical resistivities of the
nanocomposite films were measured by alternating polarity technique with

electrometer and a test fixture.

Guard
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Figure 5.7 : Experimental setup of Keithley Model 6517a Electrometer with an
ultrahigh resistance meter.

The nanocomposite films were placed in the text fixture, which have disk shaped
electrodes, then their surface resistivities, R (£2), were measured for 15 s under 100 V

alternating potential.

All the resistivity values of the nanocomposite films were determined for four

different orientations and measurements were repeated many times to lower the error
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percentage. The surface resistivity was converted into surface conductivity by using
the following relationship o= 1/R; where o is the electrical conductivity.

Experimental setup [65] is given in Figure 5.7.
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6. RESULTS AND DISCUSSION

6.1 PSMWCNT Nanocomposite Films

6.1.1 Film formation process of PS'MWCNT nanocomposite films

Transmitted light intensities, I;,., versus annealing temperatures are plotted in Figures
6.1 - 6.3 for the films including 0, 1.0, 1.5, 3.5, 7.5 and 10 wt% of MWCNT content
of the nanocomposites which are made up of 382 nm, 480 nm and 560 nm of PS

particles, respectively.
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Figure 6.1 : Plots of transmitted photon intensities, I;,-, vs. annealing temperatures
depending on MWCNT content in the films for the nanocomposite
system made from 382 nm latex particle. The numbers on each figure
show the MWCNT content in the film. Ty is the minimum film
formation temperature.
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Upon annealing, the transmitted light intensity, I;,., started to increase above a certain
onset temperature, called the minimum film-formation temperature T,, for the film
samples in the range between 0 wt% and 7.5 wt% of MWCNT for 382 nm of PS latex
and in the range between 0 wt% and 5 wt% of MWCNT for 480 nm and 560 nm of PS
latex. The increase in I, with annealing can be explained by the evaluation of the

transparency of the films and surface smoothing upon annealing.
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Figure 6.2 : Plots of transmitted photon intensities, I;,-, vs. annealing temperatures
depending on MWCNT content in the films for the nanocomposite
system made from 480 nm latex particle.

Most probably, the increase in I;,- above T, up to healing temperature (T},) (see Figures
6.4 — 6.6) corresponds to the void closure process [66] i.e., the polystyrene starts to
flow upon annealing and voids between particles can be filled. On the other hand, the
increase in I, above T, corresponds to the interdiffusion process. However, above
this range, I, is almost zero and does not change with annealing, which indicates that
light transmission is completely blocked by the dispersion of the MWCNTSs in the
nanocomposite films. On the other hand, I;, decreases with increasing MWCNT
content in the films at all annealing temperatures, predicting that less transparency

occurs in the films which have the high percent of MWCNTs due to the light scattering.
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The maximum values of (I;,.),, for all film series in Figures 6.1 — 6.3 confirm this
picture i.e., as the MWCNT content is increased, (I;,-),, decreases continuously to its
minimum value of 0% around 10 wt% of MWCNT for the composite system made

from 382 nm PS latex and 7.5 wt% of MWCNT for 480 nm and 560 nm of PS latexes.
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Figure 6.3 : Plots of transmitted photon intensities, I;,-, vs. annealing temperatures
depending on MWCNT content in the films for the nanocomposite
system made from 560 nm latex particle.

Minimum film formation (T;) and healing (T)) temperatures are important
characteristics related to the film-formation properties of latexes. The T, and T}, values
were measured for all nanocomposite film series and reported in Table 6.1. T, is often
used to indicate the lowest possible temperature for particle deformation which is
sufficient to decrease interstitial void diameters to sizes well below the wavelength of
light [67]. Below this critical temperature, the dry latex is opaque and powdery.
However, at and/or above this temperature, a latex cast film becomes continuous and
clear film [68]. Therefore, T, has been considered in this study as the temperature
above where the I, starts to increase. The healing temperature (T},) is the minimum
temperature in which the latex film becomes continuous and free of voids. The healing

point indicates the onset of the particle—particle adhesion [68]. Here, T}, is defined as
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the intersection of of two broken lines from the logaritmic plot of I, curves versus

temperature (see Figures 6.4 — 6.6).

Table 6.1 : T, (°C) and T}, (°C) temperatures for three PS/MWCNT nanocomposite
film systems.

MWCNT PS latex (382 nm) PS latex (480 nm) PS latex (560 nm)
Conent  "T,(°C) T, (°C)  To(°C)  To(Q)  To(°C) T, (°C)
(wt%)
0.0 110 130 110 150 110 120
0.5 110 140 110 130 110 140
0.75 110 130 110 140 110 140
1.0 110 130 110 140 110 140
1.5 110 130 110 140 110 140
2.5 110 140 110 130 110 150
3.5 110 140 110 130 110 130
5.0 110 130 110 130 110 170
7.5 120 130 - - - -
0 MO%
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Figure 6.4 : The In(I,,.) vs. T~1 plots of the data in Figure 6.1. The slope of the
straight lines produces AH and AE activation energies, which are
listed in Table 6.2.

From Table 6.1, it is seen that T, and T}, do not change so much within each film set
indicating that film formation of PS latexes are not affected with MWCNT content in

the films. In addition, as shown in Table 6.1, the T, values do not change with particle
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size of PS latexes. However, T, values are shifted to higher temperatures with the
increase in PS latex particle size where 130 °C - 140 °C for 382 nm, 130 °C - 150 °C
for 480 nm and 120 °C - 170 °C for 560 nm of PS latex.

In (ltr/Itr-m)
-

In(Itljltr-m)
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18 20 2.2 24 26 28 138 2,0 22 24 26 28

4 o & f s
T x10° (K ) T 'x10° (K )

Figure 6.5 : The In(I;,.) vs. T~1 plots of the data in Figure 6.2. The slope of the
straight lines produces AH and AE activation energies, which are
listed in Table 6.2.

This result points out that film formation by PS latex polymers is strongly influenced
by the latex size and shifted to higher temperature region with increasing of particle
size. In order to quantify the behavior of I, curves below Tj, presented in figures 6.4
and 6.6, the model of void closure can be implemented, where decrease in void size
(r) leads to the increase in the ratio of I;,/(I; )., and vice versa. If the assumption is
made that the ratio of I, / (I, ), is inversely proportional to the 6™ power of void radius,

r then Equation 3.6 can be written as:

1/3

= oy (82) )

where 7,72 is omitted from the relation as it is quite small when it is compared to 72

values after a void closure process is initiated.
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The Equation 6.1 found above can be solved for I;,- /(I ), in the form of:

3AH

1 (1) = S(exp (- =) (62)
kT

where S(t) = (yt/2AC)3, and I, /(I;; ),. For a given time, the logarithmic form of

Equation 6.2 can be written as follows:

3AH> 63)

In(I, (7)) = In(S()) — (kB—T
The increase in I, intensity below and above the T}, point (see Figures 6.4 — 6.6) can
be explained by the void closure and interdiffusion processes, respectively [69].
Equation 6.3 can now be used to produce viscous flow activation energies, AH. In(I,.)
versus T ™1 plots and their fits to Equation 6.3 are presented in the Figures 6.4 — 6.6

(right hand side of the curves) from which AH activation energies were obtained.

0 Siaane LIS %
—_ <
: |
E 2
= Th Th
E

1o 15

2

32 4\ e /y\
3 Tn
=< 4 Th
=

64

o]
11 35
1.8 20 22 24 2.6 2818 20 2:2 24 26 2.8
%102 ) 710% )

Figure 6.6 : The In(I,,.) vs. T~1 plots of the data in Figure 6.3. The slope of the
straight lines produces AH and AE activation energies, which are

listed in Table 6.2.

The measured void closure, AH activation energies are listed in Table 6.2. It is seen

that energy values do not change much with increasing of MWCNT content for each
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nanocomposite film system, i.e. the amount of heat which was required by one mole
of polymeric material to accomplish a jump during viscous flow do not change by
varying the MWCNT content. From here, it is understood that energy need for viscous

flow for PS particles is not affected by the MWCNT content.

Since MWCNTs subside in PS matrix as bundles, they do not affect the void closure
process. The average values of AH were calculated as 10 kcal/mol, 18 kcal/mol and
19 kcal/mol for the nanocomposite films made from 382 nm, 480 nm and 560 nm of
PS particles, respectively.

Table 6.2 : Experimentally produced void closure (AH) and interdiffusion (AE)
activation energies.

MWCNT  PS latex (382 nm) PS latex (480 nm) PS latex (560 nm)
Content AH AE AH AE AH AE
(wt%) kecal.mol!  kcal.mol’ kecal.mol! kecal.mol! kecal.mol' kcal.mol”
0.00 14.8 4.40 14.1 4.2 20.0 3.20
0.50 5.10 3.40 22.1 4.6 18.6 3.20
0.75 14.6 5.90 13.4 6.7 17.9 7.20
1.00 19.6 4.50 16.8 8.2 18.3 7.50
1.50 21.5 8.80 17.7 2.6 21.4 4.50
2.50 11.8 5.20 21.1 33 19.8 4.80
3.50 17.4 6.00 20.5 33 20.5 10.8
5.00 21.2 10.6 18.7 0.4 15.3 10.8
7.50 26.0 7.30 - - - -
Av. 16.88 6.23 18.05 4.16 18.98 6.5

From these values, it is seen that AH values increase with increasing PS latex size.

This implies that the viscous flow process is mostly affected by the PS particle size.

The PS particles with smaller diameters have larger surface area or surface free energy.
As their total surface energy is much less than that of small PS particles, larger PS

particles require higher energy to complete the viscous flow process.

For the comparison of our results with the crossing density of the PT model, the
temperature dependence of a(7)/a(o) can be modeled by taking Arrhenius relation

into consideration for the linear diffusion coefficient as follows:

AE,

v = vy exp (— F) (6.4)

where AE, is defined as the activation energy for backbone motion of polymers
depending on the temperature interval. By the combination of Equation 3.8 and 6.4, a

useful relation can be expressed as
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o(@) ﬂ) (6.5)

(o) ~ o xP (_ 2kT
where A, = (8v,t/mN?)'/? is a coefficient which is independent of temperature. The
increase in I;,- above T}, is already related to the vanishing of particle-particle interfaces
1.e. since annealing temperature is increased, much more chains are getting relaxed
across the junction surface which results in the increase in crossing density. Now, it
can be considered that I, is proportional to the crossing density o(t) in Equation 6.5

and then the phenomenological equation can be given as follows

I (T) AE
I (o) Aexp (— m) (6.6)

Logarithmic plots of I, vs. T~ are presented in the Figures 6.4 — 6.6 (left hand side

of the curves) for various MWCNT content. The activation energies, AE are produced
by least squares fitting the data to equation 16 and are listed in Table 6.2, where it is
seen that AE values do not change much with increasing MWCNT for 382 nm and 480
nm particle sizes indicating that MWCNT content does not affect the backbone motion

of the polymer chains across the junction surfaces in these films.

The calculated activation energies were found roughly independent of MWCNT
content in the film, since the film formation occurred on top surface of composites
during annealing. However, the AE value of 560 nm particles increases with
increasing MWCNT indicating that much energy is required to accomplish the
interdiffusion process across the junction surface at high MWCNT content for this
composite system. When the MWCNT content is increased, some PS particles in this
composite system are wrapped by MWCNTs (see Figure 6.11) and the average number

of contacts between PS particles is prevented in some part of the film.

As a result, in the case of increasing MWCNT content, the interpenetration of PS
chains requires higher energy to accomplish their motion due to the physical
restrictions by MWCNT particles for 560 nm latex system. This result is in consistent

with the behavior of T;, with increasing PS size.

Furthermore, the average values of AE were calculated as 6.2 kcal/mol, 4.2 kcal/mol
and 6.5 kcal/mol for composites prepared from 382 nm, 480 nm and 560 nm PS

particles, respectively. This indicates that AE values are not affected by particle size.
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6.1.2 Film morphology of PS/MWCNT nanocomposite Films

In order to gain more information about the organization of MWCNTs in the PS matrix
for three nanocomposite systems during annealing, the SEM and FE-SEM images of
the PS/MWCNT nanocomposites containing 0, 2.5 and 10 wt% of MWCNT content
annealed at 100 °C and 250 °C compared in the Figures 6.7 — 6.10 and in the Figures
6.11 — 6.13, respectively.

Figure 6.7 : SEM images of 382 nm nanocomposite system for (a) 0, (b) 2.5 and (¢)
10 wt% MWCNT content films annealed at 100 °C for 10 min.

Figure 6.8 : FE-SEM images of 382 nm nanocomposite system taken in higher
magnification (x100 000) for (a) 2.5 and (b) 10 wt% MWCNT
content films annealed at 100 °C for 10 min. MWCNT bundles are
clearly seen in these films.

After annealing the composite films at 100 °C (see Figures 6.7 — 6.10), no deformation
in PS particles is observed and PS particles keep their original spherical shapes for all
nanocomposite films. However, in nanocomposite system which is made up of 382 nm
of PS particles (see Figure 6.8), for 2.5 and 10 wt% of MWCNT content some
depressions are seen in these films. In order to understand these depressions, the higher
magnification images of these films were taken and given in Figure 6.8. From these

images, it is understood that these depressions are due to the MWCNT bundles which
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are subsided in PS powder films. When the latex/ MWCNT mixture was coated on the
substrate and was dried, the MWCNTSs would subside to the bottom layer during the

evaporation of water due to their high density for this nanocomposite system.

..

Figure 6.9 : FE-SEM images of 480 nm nanocomposite system for (a) 0, (b) 2.5 and
(c) 10 wt% MWCNT content films annealed at 100 °C for 10 min.

However, almost no such depressions are seen for the nanocomposites prepared from
480 nm and 560 nm of PS particles in the Figures 6.9 and 6.10. It is observed that some
PS particles in these PSMWCNT nanocomposite powder films were wrapped by
MWCNTs or were connected by MWCNT bundles. These regions are indicated by the
white arrows and illustrated in enlarged image (insets of Figures). It is also seen that
some nanotubes are stretched out across the PS particles. Compared to the other
morphological states which are shown in the Figure 6.7(b-c), the PS/MWCNT

nanocomposites in Figures 6.9(b-c) and 6.10(b-c) show relatively better dispersion.

Figure 6.10 : FE-SEM images of 560 nm nanocomposite system for (a) 0, (b) 2.5
and (c) 10 wt% MWCNT content films annealed at 100 °C for 10
min.

Thus, it is believed from these morphological image that the distribution of MWCNTSs
in PS matrix is maintained more uniformly by increasing PS particle size. After

annealing treatment at 250 °C (see Figures 6.11 — 6.13), SEM and FE-SEM images
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show that complete particle coalescence has been achieved in all nanocomposite

systems.

Figure 6.11 : SEM images of 382 nm nanocomposite system for (a) 0, (b) 2.5 and (c)
10 wt% MWCNT content films annealed at 250 °C for 10 min.

Figure 6.12 : SEM images of 480 nm nanocomposite system for (a) 0, (b) 2.5 and (c)
10 wt% MWCNT content films annealed at 250 °C for 10 min.

Figure 6.13 : SEM images of 560 nm nanocomposite system for (a) 0, (b) 2.5 and (c)
10 wt% MWCNT content films annealed at 250 °C for 10 min.

It is seen that all memory of the original particles is lost and a continuous latex film
formed due to the interdiffusion of polymer chains. SEM and FE-SEM images of pure
PS (0 wt% of MWCNT) film surfaces in the Figures 6.11(a), 6.12(a) and 6.13(a) appear
relatively smooth and flat, revealing that a continuous and homogenous film is

formed.The Figures 6.11(b), 6.12(b) and 6.13(b) show SEM and FE-SEM images of
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the surfaces of PS/MWCNT nanocomposite films for three different nanocomposite
systems with 2.5 wt% of MWCNT content. Here the bright areas represent conductive
MWCNT bundles in the insulating PS polymer matrix. These small and large
MWCNT bundles are seen to disperse in the PS network with very few contacts
between each other in the films. Some of them just lay close to each other without
contacting each other. However, the size and the number of contacts between the
MWCNT bundles increased with increasing of MWCNT content (Figures 6.11(c) and
6.13(c)) forming a continuous conductive network in the polymer matrix. Here, due to
annealing at 250 °C, PS particles deformed and they became a continuous phase in the
top layer and played an essential role in the connection of conductive MWCNTSs
bundles in the bottom layer. As a result, a conductive network was constructed after
the film-forming process. In addition, these bundles also cause strong light scattering
resulting in low I;,- values which confirm the optical transmission results given in the
Figures 6.1 — 6.3. The morphology of the surface of the nanocomposite films with 10
wt% of MWCNT content made up of 480 nm and 560 nm PS Show less surface
regularity compared to 382 nm PS latex system. These films seen flatter in shape
indicating that tightly entangled MWCNT bundles changed into the loosely entangled
clusters in these films. In other words, in these two nanocomposites systems, the
cluster like morphology is seen slightly to change into the uniform morphology of the
nanocomposites. Namely, some of the MWCNTs are individually dispersed in PS

polymer matrix (see insets of Figures 6.9 and 6.10).

6.1.3 Electrical conductivity and electrical percolation behavior of PS'MWCNT
nanocomposite films

Figure 6.14 shows the effect of MWCNT concentration on the electrical conductivity
(o) of three PS/MWCNT composite film systems as a function of MWCNT content
annealed at 250 °C. The surface conductivity properties of the films were measured
at room temperature by using a two probe technique. As the MWCNT content was in
the range of (0-1.5) wt%, a substantially low surface conductivity was obtained (107°-
10'*S for 382 nm system, 10"°-10""% for 480 nm system and 107°-10™"" S for 560 nm
system), typical of dielectric materials, because of insufficient connection of the
conductive network. All nanocomposite system exhibit a significant conductivity
enhancement at R.=1.5 wt%, indicating the formation of a percolating MWCNT

network. The electrical conductivity of composites abruptly increases by many orders
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of magnitude when the filler content, R exceeds the threshold concentration, R.. The
conductivity of pure PS films is in the order of 10"°-10"* S, and for an MWCNT
concentration of 2.5 wt% conductivity of 1.1x10™° S for 382 nm, 1.9x10™® S for 480
nm and 3.9x10°® S for 560 nm can be achieved. Following the initial formation of the
conductive network, adding more MWCNTs results in a further increase in the

conductivity.
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Figure 6.14 : Conductivities, o, and their best fitted curves of PS/MWCNTSs
nanocomposites for different PS particle sizes as a function of
MWCNT content, R (wt%).

When the content of MWCNT was 20 wt%, the conductivity reached 10 S for 382
nm and 480 nm, 10™*S for 560 nm particle systems, respectively. This shows that the
incorporation of MWCNT increased the conductivity by 9-10 orders of magnitude,
from 10"°-107 S for the pure PS polymers to 10°-10™ S at 20 wt% MWCNTs. As a
result of introducing more MWCNTs into the system, above 1.5 wt%, significant

alterations to the structure occurred.

Owing to the large bundle diameter and higher MWCNT content, disorder in the latex
structure is induced as shown in the Figures 6.11 — 6.13. Here, it is seen that the
increase of PS latex size enhanced the electrical conductivity and increased the
conductivity one order of magnitude from 107 S (for 382 nm and 480 nm latex
systems) to 10* S (for 560 nm latex system). In order to calculate the percolation

threshold, Equation 3.10 was transformed into the logarithmic form:
log(o) = log(ay) + Blog|R — R.| (6.7)

Then to produce an estimated value for R., and the critical exponent, § we fitted the
log(o)-log|R — R.| data in Figure 6.15 for R > R, to Equation 6.7. Here, due to the

limitation on getting more data in critical region, we used the continuous function fitted
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best to the experimental points in Figure 6.14. The value of § has been determined
from the slope of the linear relation of log(o)-log|R — R,| plot of the best fitted curve
in Figure 6.15.
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Figure 6.15 : log—log plot of the best fitted curve of o vs (|R — R.|) for PSMWCNT
nanocomposites.

Lines correspond to the least square fitting of the experimental data with R.=0.015
(1.5 wt%). The slopes of these lines give .=2.64; 2.40 and 1.19 for 382 nm, 480 nm
and 560 nm composites, respectively. The percolation thresholds (R.), critical

exponents () and quality of fit (R?) for three composite systems are summarized in
Table 6.3. It is clearly observed that all PS/MWCNT systems have the similar
percolation threshold, (R.=1.5 wt%), but different critical exponent () values.

Table 6.3 : Percolation thresholds (R,), critical exponents () and quality of fit (R?)
for PSMWCNT composite systems.

PS size (nm) R, (wt%) B R?
382 1.5 2.64 0.99
480 1.5 2.40 0.98
560 1.5 1.19 0.98

Here, it should be noted that § decreases with increasing PS size. The electrical
conductivity of the composite systems made from 480 nm and 560 nm particles was
higher than that of the composites made of 382 nm particles at all MWCNT contents.
In comparison with the 382 nm composite system, it is speculated in the
nanocomposite systems of 480 nm and 560 nm that a large network structure
connected by nanotube-nanotube links could be formed more densely because the
specific surface area of larger PS particles is small (see Figure 6.10). Since the

electrical conductivity is affected by the dispersion and distribution state of MWCNTs,
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it is speculated that a network structure formed by well dispersed but poorly distributed
MWCNTs within an insulating matrix might give higher electrical conductivity. The
SEM images indicate the penetration of carbon nanotubes into the PS phase more
uniformly through loosely entangled MWCNT bundles (clusters). This results in a
decrease in [ values and is the order of increase in electrical conductivity of
composites with increasing PS particle size. In this work, the value of  obtained for
560 nm composite systems as 1.19 which is close to the theoretically predicted value
of f=1.3, which is evidence of a three-dimensional conductive network of MWCNT
into the polymer matrix. However, two critical exponents obtained for 382 nm and 480
nm composite system (f=2.64 and 2.40) exceeds the theoretically predicted value
[=2.0. This effect can be explained by non-statistical ordered distribution of
conductive phase in the polymer matrix since the theoretical value of =2 is provided
by the random (statistical) distribution of conductive particles in the non-conductive

medium [70].

However, the critical exponents obtained in this study are consistent with the
exponents in other studies reported in the literature. It was reported that composites
filled with fibers typically have a critical exponent value higher than 2 because of the
higher aspect ratio of fibers compared to spheres. For example, in VGCNF/polymer
composites, a critical exponent value of 3 was reported for several composites for
different types of VGCNFs [71,47]. Similarly, f values in the range of 3 were also
reported for SWNT/polymer composites [72,73].

Kim et al. [74] related critical exponent of 2.4 for MWCNT/ PMMA composites.
Bauhofer and Kovacs [53] have indicated critical exponent values obtained from
experiments for 3-D percolating systems between 1.3 and 4. The range of
experimentally determined critical exponent values obtained by different situations

indicates that the B3 is not universal.

6.1.4 Optical percolation behavior of PS/MWCNT nanocomposite films

The transmitted light intensity (/;,-) versus MWCNT content is given in Figure 6.16 (I)
for three composite film series. Experimental results presented in Figure 6.16 (I) show
that I, decreases with the increase of the MWCNT content. Additionally, as the
MWCNT content is increased, I;,- decreases continuously to its minimum value (0 %)

around 10 wt% of MWCNT for three film series. This indicates that there is almost no
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light transmission from the films in all three nanocomposite systems above that of

MWCNT content. Here, the addition of MWCNT into PS matrix create a two-phase

heterogeneous structure (i. e. the existence of different refractive mediums), which

causes light scattering from the composite film surface.
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Figure 6.

17 : SEM images of nanocomposite films prepared with 10 wt% of
MWCNT content before annealing for (a) 382 nm, (b) 480 nm and
(c) 560 nm film series. MWCNT bundles are clearly seen in (a).
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Figure 6.18 : SEM images of nanocomposite films prepared with 10 wt% of
MWCNT content annealed at 250 °C for 10 min for (a) 382 nm,
(b) 480 nm and (c) 560 nm film series. MWCNT bundles are
clearly seen.

This result is also consistent with the microstructural analysis given in Figures 6.17
and 6.18, respectively. The obtained optical transmission data can be treated by the
percolation theory assuming that R is identical to lattice occupation probability, P,
then percolation threshold value, p. will be equivalent to R.. We can assume that the
percolation probability, P, (p) is proportional to scattered light intensity I, = 1 — I,
and then one can arrange the percolation equation (Equation 3.9) for the optical data

as follows:
Isc(R) &~ (R - Rc)ﬁo (68)

Equation 6.8 describes the percolation model for MWCNT distribution in PS lattice
where R, is the critical percolation threshold for MWCNT. Equation 6.8 also describes
the percolation model for the distribution of MWNTs in PS lattice where R, was

produced in Figure 6.16 (II) from the intersection of two broken straight lines.
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Figure 6.19 : [, vs. concentration of 382 nm, 480 nm and 560 nm of PS/MWCNT
nanocomposite films.
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Figure 6.20 : Optical percolations of 382 nm, 480 nm and 560 nm of PS/MWCNT
nanocomposite films.

The scattered light intensity, I;. versus MWNTs content and its best fit for all three
composite systems, are plotted in Figure 6.19, where it is seen that I, has increased to
larger values for all film samples above 1.5 wt % of MWCNTs content. This behavior
of scattering light intensity can be explained by percolating MWCNTs particles in PS
lattice. In order to define the R, value, log(/,.) versus log(R) was plotted in Figure
6.20. Here, R, was produced from the intersection of two broken straight lines in these

figures and found as R.=1.5 wt% for all film series.

When R approaches R, the largest cluster of MWCNTs appears by connecting the left
and right edges to the bottom edge of the MWCNTs. The logarithmic form of Equation
6.8 is fitted to the data in Figure 6.20, where the slopes of the straight lines produced

the critical exponents, f3,, above R.=0.015 which are given in Table 6.4.

Table 6.4 : Percolation thresholds (R,), critical exponents (f5,) and quality of fit for
PS/MWCNT composite systems obtained from optical data.

PS size (nm) R, (wt%) Bo R?

382 1.5 0.21 £+ 0.096 0.98
480 1.5 0.17 £ 0.056 0.98
560 1.5 0.20 + 0.097 0.98
Av. 1.5 0.19 + 0.083 0.98

As it is seen from Table 6.4, both R, and 8, values do not change with PS latex size
showing that optical percolation is not affected at all with the increase in PS latex size.
However, the produced (average) critical exponent of §,= 0.19 , above R.=0.015 for
this study is not so far from the bond-percolation theory. In a simple cubic lattice 5 is

found to be 0.25 for the bond percolation model [75].
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6.2 PS/GO Nanocomposite Films

6.2.1 Film formation process of PS/GO nanocomposite films

Figure 6.21 shows transmitted light intensities (/) versus annealing temperatures for
pure PS and PS/GO films for various GO content, respectively. Upon annealing, the
transmitted light intensity, I, started to increase above a certain onset temperature,
called the minimum film-formation temperature T,, and then reaches a plateau for all
film samples. However, for pure PS film (0 wt% of GO), I, first increases between
100 °C and 130 °C then decreases up to 170 °C. I, increases again with further

annealing above this temperature.
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Figure 6.21 : Plots of transmitted photon intensities, I;,-, vs. annealing temperatures
depending on GO content in PS/GO nanocomposite films.

However, I, for GO content in films increases consistently with increasing annealing
temperature. For all film samples, the increase in I;,- above T, can be explained by the
evaluation of the transparency of the PS films upon annealing. Before annealing, since
the film contains many voids (i.e., the high number of polymer—air boundaries) most

of the light is scattered at the air—polymer interface yielding low I;, values. Annealing
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the films first causes the closure of voids due to the viscous flow of PS polymer and
then healing of the particle—particle boundaries [76,77]. Therefore, I, increases with
annealing temperature as shown in Figure 6.21. Furthermore, annealing at higher
temperature causes healing and interdiffusion processes, [76,77], respectively,
resulting in a more transparent film. On the other hand, the increase in I, above T,
presumably corresponds to the void closure process up to the T}, point (see Figure 6.22)
where the healing process takes place. The increase in I, above T}, can be understood
by interdiffusion processes between polymer chains [76,77]. Here, the decrease in I,
for pure PS film in Figure 6.21 in the temperature range of 130 °C - 170°C can be
explained with the light scattering from the PS aggregations in this film. Due to the
negative sulfate groups on the surface of PS latexes, repulsive Coulombic interaction
(steric-repulsion) between PS particles occurs during the void closure process at a

certain distance.
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Figure 6.22 : In(I,,) vs. T~ plots of I, data in the Figure 6.21. The slope of the
straight lines produces AH and AE activation energies, which are
listed in Table 6.5.

This repulsive interaction becomes more pronounced as the particles come closer

together during viscous flow which results in PS aggregation. We suggest that the
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decrease in I, above 130 °C for pure PS film is mostly associated with scattering of
the light from these aggregations. Then, annealing the films at higher temperatures
above 170 °C leads the PS particles to overcome this repulsion and voids are
completely closed resulting in increased I;,.. At the end of the void-closure process,
the particle—particle interfaces are disappeared due to the interdiffusion of polymer
chains across the particle-particle interfaces. Then, during interdiffusion, the film
becomes more transparent and I;,- increases again at annealing temperatures above 170
°C. On the other hand, the steady increase in I, values of GO content films can be
explained by the amphiphilic properties of GO. Since GO involves both hydrophobic
(graphenic) areas and numerous hydrophilic (oxygen) functional groups, this makes
the GO platelets able to readily absorb surface active molecules on their surface [78].
Most probably, PS particles are attracted by GO platelets due to the Coulombic
interaction between the hydrophobic part on the PS particle and the hydrophobic areas
in GO, vice versa. Therefore this prevents the repulsion between PS particles. The
increase in I;,- above T}, originates due to the void closure process, and so Equation 6.3
was applied to I, for the temperatures between T}, and T, for all film samples. Figure
6.22 represents the In(I,) versus T~1 plots for films from which AH activation
energies (right hand side) were obtained. The measured AH activation energies are
listed in Table 6.5. It is seen that AH values do not change much by increasing the GO
content showing that the amount of heat that was required by one mole of polymeric
material to accomplish a jump during viscous flow almost does not change by varying
the GO content in the nanocomposite films. The activation energy of backbone
motion, AE, is produced by least-squares fitting the data in Figure 6.22 (the left hand
side) to Equation 6.6, and these are listed in Table 6.5.

Table 6.5 : AE, AH, T, and T}, values of PS/GO nanocomposite films containing
different concentrations dried at the room temperature.

GO Content AE AH Ty Ty,

(Wt%) kJ.mol kJ.mol! (°C) (°C)
0.0 1.95 21.80 100 130
3.0 1.08 18.03 110 130
5.0 6.94 15.50 100 130
10.0 2.10 19.01 100 130
20.0 1.08 24.41 110 140
30.0 422 9.35 100 140
50.0 2.96 17.69 100 130
70.0 3.27 5.91 110 180
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The AE values seem almost not to change with increasing GO content, showing that
the interdiffusion process is not affected by GO content. In conclusion, the void closure
and backbone activation energies for the composite films were found to be similar to
the pure latex film. In other words, the presence of GO in the PS latex does not affect

the void closure and backbone motion activities.

The behavior of Ty and T also support our findings related to both AH and AE
energies. T, 1s often used to indicate the lowest possible temperature for particle
deformation sufficient to decrease interstitial void diameters to sizes well below the
wavelength of light [71]. Below this critical temperature, the dry latex is opaque and
powdery. However, above this temperature, a latex cast film becomes continuous and
clear film [79]. Therefore, T, has been considered in this study as the temperature
above which the [, starts to increase. T}, is the healing temperature and indicates the

onset of the particle-particle adhesion [79].

Here, T}, is defined as the intersection of two linear regions in Figure 6.22. Both
temperatures were determined from the transmittance curves in Figures 6.21 and 6.22
and listed in Table 6.5. As seen from the table, T and T}, temperatures for all film
samples does not change as much with increasing the GO content. This result shows
that PS latexes in composite films undergo complete film-formation process

independent of GO content.

6.2.2 Film morphology of PS/GO nanocomposite films

In order to support the experimental findings, SEM was used to examine the
morphologies of PS/GO composite films. Figure 6.23 shows SEM images of the pure
PS film annealed at various temperatures. With annealing at 100 °C (Figure 6.23(a))
no deformation in PS particles is observed and a lot of voids are present in the film.
After annealing at 130 °C (Figure 6.23(b)), due to the viscous flow voids are
disappeared which results increased I, in Figure 6.21. At 170 °C (the low
magnification image in Figure 6.23(c)), where I, decreased, almost complete void
closure is reached but undeformed large spherical PS particles are clearly seen which
lead the light scattering. Finally, after annealing the pure PS film at 250 °C, all particles
underwent complete film formation and continuous smooth film forms resulting in a

transparent film.
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Figure 6.23 : Scanning electron micrographs (SEM) of pure PS latex film annealed
at (a) 100, (b) 130, (¢) 170, and (d) 250 °C for 10 min.

Figure 6.24 : Scanning electron micrographs (SEM) of PS/GO nanocomposite films
with (a) 10, (b) 30 and (c) 70 wt% of GO content annealed at 100 °C
for 10 min.

Figure 6.25 : Scanning electron micrographs (SEM) of PS/GO nanocomposite films
with (a) 10, (b) 30 and (c) 70 wt% of GO content annealed at 130 °C
for 10 min.
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Figure 6.26 : Scanning electron micrographs (SEM) of PS/GO nanocomposite films
with (a) 10, (b) 30 and (c) 70 wt% of GO content annealed at 170 °C
for 10 min.

Figures 6.24 — 6.27 show SEM images of the PS/GO composite films with 10, 30 and
70 wt% GO content annealed at 100, 130, 170 and 250 °C for 10 min, respectively. At
100°C (see Figure 6.24), composite films show random arrays of PS particles and
significant porosity. On the other hand, GO platelets are visible on the surface of the
10 and 30 wt% GO content films. As it is seen in Figures 6.24(a) and 6.24(b), they

appear as isolated submicrometer sticks or sheets dispersed within the PS latex matrix.

From these images, it is obvious that the GO sheets are well dispersed all over the film
and show no obvious aggregates. However, for 70 wt% of GO content, a large GO
block surrounded by PS particles are seen on the surface of the film (see Figure
6.25(c)). This is because during the drying process of the film, the GO tend to
aggregate (layer by layer stacking) into rather thick GO flakes. Due to the poor
compatibility of the GO and the polymer matrix [80], as the GO content increased to
70 wt% GO, GO sheets are beginning to restack due to the high aspect ratio and strong

interparticle interaction [81].

Figure 6.27 : Scanning electron micrographs (SEM) of PS/GO nanocomposite films
with (a) 10, (b) 30 and (c) 70 wt% of GO content annealed at 250 °C
for 10 min.
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In addition, PS particles are seen attached to the surface of GO block due to the
Coulombic attraction between GO and PS particles. Here, at this stage of film
formation, the morphology of composites are seen strongly influenced by increasing

the GO content in the film.

Upon annealing the films at 130 °C (see Figure 6.25), the polymeric particles packed
closely on the GO sheets forming a compact structure. This could be responsible for
the increased I;,- in Figure 6.21 for GO content films. As seen in Figure 6.26, after
annealing at 170 °C, all the nanocomposite films exhibit relatively homogeneous and
smooth surfaces. It is possible to distinguish that the GO sheets in 10 and 30 wt% GO

content films are completely covered with PS polymer.

On the other hand, despite the smooth surfaces of the films, GO particles and/or large
GO sheets are still visible on the surface of the films. At 250 °C (see Figure 6.27),
film surfaces become flatter and more continuous, which is similar to that observed
for neat PS latex. This indicates that the complete film formation of PS particles took
place and GO sheets are completely embedded into PS polymer phase. However, a
large GO sheet partially embedded in PS phase still appears on the surface of 70 wt%
GO content film.

6.2.3 Electrical conductivity of PS/GO nanocomposite films

Figure 6.28(a) shows electrical conductivity (o) of PS/GO composite films as a
function of GO content annealed at 250 °C. Interestingly, the conductivity decreases
slightly with increasing GO content. It is seen that the addition of the GO nanofiller in
the polymer film decreases the conductivity about one order of magnitude from 107"
Sto 10'S in comparison with the pure polymer. This decrease may be due to the
surface morphology of PS/GO and the incorporation of rather large electrically non-

conducting GO flakes into the film with increasing GO content.

It is well known that GO is the oxidation product of graphene and has many oxygen-
containing functional groups which could introduce defects to graphene [82].
However, it has been demonstrated that the electrical conductivity of GO could be
significantly recovered by chemical reduction [82,88], restoring a graphitic network

of sp” bonds.
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Figure 6.28 : (a) Electrical properties and (b) optical transmission, (1), of PS/GO
composite films annealed at 250 °C as a function of GO content.

It has been shown that when GO is heated above 200 °C, deoxygenation occurs in GO
as result of the thermal reduction. But in our case annealing the films at 250 °C seems
not to produce any significant change in the electrical conductivity of PS/GO
composite films. The nanocomposite films exhibit dielectric behavior with quite low
conductivity values, in the order of 10" -10"'*S. Finally, in order to see the change in
the optical transparency of the films with GO content, the transmitted light intensity
of the composite films annealed at 250 °C was plotted in Figure 6.28(b). Film
transparency is almost not affected by increasing GO content from 0 to 100 wt%. The
transparency of the films is quite high and almost about 90%. This shows that it is
possible to prepare highly transparent dielectric materials with a simple and cheap

method used in this study.
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7. CONCLUSION

The PS/MWCNT nanocomposites were prepared via latex technology and the effects
PS particle size and MWCNT content on film formation and electrical properties of
these composites were investigated. Three different PS particles with different
diameters (382 nm, 480 nm and 560 nm) were synthesized by emulsion
polymerization. Films were prepared by the drop-casting method at room temperature

and annealing them at temperatures above glass transition temperature, T, of PS

between 100 °C and 250 °C for 10 min. The nanocomposites made with 382 nm
particle underwent complete film formation in the (0-7.5) wt% of MWCNT range
whereas nanocomposites made with 480 nm and 560 nm particle sizes accomplished
the film formation process in the presence of (0-5) wt% of MWCNT. For MWCNT
concentration above these ranges film formation of PS latexes was not monitored due
to the light scattering from MWCNT bundles in the films. A similar percolation
threshold, R. (which is 1.5 wt% of MWCNT) was found for all nanocomposite film
systems, whereas critical exponent decreased as the particle size of PS increased.
However, the electrical conductivity increased one order of magnitude as the latex
particle size was increased from 382 nm to 560 nm. The nanocomposite prepared by
large particles showed higher electrical conductivity as the MWCNT content
increased. It is speculated that large PS particles are more effective at all MWCNT
content because sparsely linked but densely connected electrical pathway could be
built. SEM images showed characteristic differences between the microstructure of
the three composite systems as the MWCNT concentration is increased. From these
images it was seen that 382 nm latex system coaleses and envelops the MWCNT
bundles very well at higher MWCNT concentrations reducing the porosity that
accompanies complete coalescence. However, nanocomposites made with 480 nm and
560 nm latexes fail to completely coalesces at higher MWCNT concentrations which
create microvoids. MWCNTs do not appear to significantly interact with the latex-
based matrix, which contributes to stronger networks and higher -electrical

conductivity. The latex mixing was also method was used to prepare PS/GO
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nanocomposites, and the effect of the GO content on the the film formation process
was studied by wusing photon transmission technique. The morphology of
nanocomposites was also studied by considering SEM, and the electrical properties of
the films were measured by two probe technique. Nanocomposite films were prepared
by mixing of PS latex particles and GO solution with various weight ratio. These films
were then annealed at elevated temperatures in the range of 100 °C - 250 °C to study
film the formation process. From the optical transmission and SEM results, it was
observed that classical latex film formation occurred for all GO content films. Both
AH and AE activation energy values obtained from optical data were found not to
change with increasing GO content in the films indicating that GO has no influence on
the film formation process of PS/GO composites which is also confirmed by the SEM
images. Although its high transparency (90%), no change in the electrical conductivity
of PS/GO composite films was observed and they exhibited dielectric behavior. In
conclusion, our approach which was aimed in this study is to develop a cheap, simple
and an effective method for the preparation of high performance dielectric
nanocomposites which can be used in diverse application fields of dielectric materials.
Based on the results of this study, as a future work, we shall study the effect the
oxidation degree of GO sheets on both film formation and electrical properties (for the
conductivity enhancement) and on thermal stability of polymer/GO nanocomposite
films. For this purpose, the chemically reduced GO will be prepared from commercial
GO aqueous dispersions at different C:O ratios of GO. In order to prevent the drop in
solubility of reduced GO in water, surfactants or water-soluble polymers will also be
used for the stabilization of GO. Much more experiments will be conducted to optimize
the experimental parameters such as oxidation degree, the ratio of GO to the stabilizer

and/or polymer latex, annealing temperature and so forth.
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