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RESUME

La forte demande en énergie duda croissance continues da population, au développement
LQGXVWULHO UDSLGH j OfpSXLVHPHQW GHV UHVVRXUFHV FR
OTHQYLURQQHPHQW QPpFHVVLWH GH WUR XerHdtten@ahtVleQR XY H
développement de dispositifs rent et efficaces afin de produire des énergies bon marché,
UHQRXYHODEOHYV HW SURSUHV HVW XQ VXMHW LQWpUHVVDQ\
LQGXVWULHOOH HW GH OD UHFKHUFKH DFDGpPLTXH /fpQHL
renoXYHODEOH OD SOXV GLVSRQLEOH HW TXL SHXW rWUH FRQ
cellules solaires. Parntés différents types de cellules solaires, les cellules solaires a pigments
SKRWRVHQVLEOHYV '6 &énsEizéed Odfad UDIilsbnt des\iMatériels a bas codt,

RQW XQ JUDQG SRWHQWLHO SRXU SURGXLUH GH OfpOHFWULF

/1R E MdteFevttalvail est de développer une photoélectrode flexible pour DSSC via un
SURFpGp UHQWDEOH GH PLVH HQ IR Réhati@mnen) be88seODsqUH |
nanocomposites de polypropyléne isotactique (iPP) et de dioxyde de titang ¢ditdenant
MXVTXT] YROXPLTXH 2 ORt[2t¢ YioduKHpar(Psiduks2passages en
extrusionbiYLV j OfpWDW IR QuarXité ¢ iddrtielis GeHi@ Be la présence de PP
PRGLILp SDU GH OYDQK\GULGH $033 HQ WDQW TXH FRPSE
nanocomposites a été étudié. Pour une quantité inférieure a 5 % volumique des nanoparticules, la
dispersion deFHV GHUQLqUHV GDQV OH QDQRFRPSRVLWH HVW DEF
Cependant, pour une quantité supérieure a 5 % volumique des nanoparticules, le nombre et la
taille des agrégats de TiCa la fois dans les nanocomposites compatibilisés ainsi queles
non FRPSDWLELOLVpV RQW DXJPHQWpP MXVTXYj. Divédnblys® GUH X
micromécanique des nanocomposites a montré que la résistance interfaciale entre la matrice
polymérique et les particules de Bi€tait plus grande dane systéme compatibilisé que dans le

systeme nostompatibilisé.

Puisque la conductivité électrique des nanocomposites iPP/@8D une propriété
LPSRUWDQWH H[LJpH SRXU OTXWLOLVDWLRQ GDQV OD SKRWHF
et la condutivité électriqgue des nanocomposites IPPALT&3Eté étudiée dans la partie suivante de
cette recherche. Des mesures en courant continu (DC) de la conductivité électrique ont montré

gue les échantillons nezompatibilisés avaient un seuil de percolatiorctéigue inférieur aux
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échantillons compatibilisés. De plus, les propriétés rhéologiques des nanocomposites ont conclu a
un seuil de percolation rhéologique plus faible pour les systémesongpatibilisés, ce qui est

en accordance avec les propriétés ébpaoes. Quantitativement, les seuils de percolation
rhéologique (57 % en volume) des nanocomposites compatibilisés ou non étaient irférgur

seuils de percolation électrique (5,5 % en volume). Il a été montré que le seuil de percolation
élevé desnanocomposites compatibilisés a été obtenu grace a une meilleure dispersion des
nanoparticules de T&Den comparaison avec les systémes-cmmpatibilisés. Cependant, en

raison de la séparation des phases padigiéed OL33 HW GH O7$0 h&ridve dieH OD YL
la matrice polymérique dans le cas des hanocomposites compatibilisés contenant au minimum 7,5
% en volume de Tig) les agrégats de Titaient plus denses dans ces systémes que dans les
nanocomposites necompatibilisés. Des mesures rhéatpges nodinéaires ont aussi été
HITHFWXpHV DILQ G1YpWX&hahbcommsikes BiddRa08Vdl 2dEISUE deHle @

seuil de percolation. Des analyses échelonnées de tests de balayage en déformation ont montré
une dimension fractale plus grangour les systemes compatibilisés que pour ceux non

compatibilisés, en concordance avec les observations morphologiques.

Apres avoir détermiiles caractéristiques morphologiques, électriques et rhéologiques des
nanocomposites a base de iPP et;TpGur dfférentes compositions, des films nanocomposites
basés sur les échantillons se situantdessus du seuil de percolation ont été préparés par
extrusion de film. lls ont été uniaxialement étirés pour préparer des films nanocomposites poreux.
Les effets deOD FRPSRVLWLRQ HW GHV GLIIpUHQWY SDUDPqQWUHV (
WHPSpUDWXUH GYfpWLUDJH OH WDX[ GIH[WHQVLRQ HW OH U
les propriétés des films étirés ont été étudiés. Les observations ascope électronique a
balayage (MEB) ont montré que les pores été formés a cause du décollement interfacial entre le
PP et les particules de TiCLa porosité et la taille des pores augmentent lorsque la température
GIfpWLUDJH GLPLQXH BN WRUNIKXKBDXOHF HOQWFHRUW VXUIDFH GHV
SRURVLWp IRXUQLVVDQW XQH VXUIDFH SOXV JUDQGH SRXU O

Finalement, la fonctionnalité des films nanocomposites poreux comme électrodes pour
DSSC a été examinékes films ont été sensibilisés avec un colorant inorganique (N719) et
utilisés comme photoélectrode dans une structure sandwich DSSC. Les propriétés photo
électrochimiques des cellules ont été analysées par photoctension {-V) et par
spectroscopie § LPSpGDQFH pOHFWURFKLPLTXH 6gifcuit {H) QIKRWR FR X |
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que la tension en circuit ouvert’Ndc DXJPHQWHQW DYHF OH UDSSRUW
nanocomposites. Lésc et la Voc du DSSC des films nanocomposites étirés a 200 % étaient

respectivement autour de70 A/cm? et de 126 mV et, le taux de remplissage (FF) du systéeme
autour de 32 %.



ABSTRACT

High demand for energy due to continuous growth of population, rapid industrial development,
depletion of conventional sources of energy, and their environmentaltsnpamessitate finding

new sources of energy. Meanwhile, developing -effgictive and efficient devices to produce
cheap, renewable, and clean energies is an interesting topic which has attracted great attention
from both industrial and academic researsh&olar energy is ora the most available sourse

of renewable energies thedin beconverted to electricity by solar cell. Among different types of
solar cells, DieSensitized Solar Cell (DSSGW)hich consists of low cost materialsas a great
potental to producecost effectivesolarelectricity:.

The objective of this work is to develapflexible photoelectrode for DSSC via a cost
effective polymer processing method at relatively low temperatures. Nanocomposites of isotactic
polypropylene(iPP) andtitanium dioxide (TiQ) containing up to 15 vol% (45.5 wt%) of TiO
were prepared by mulpass melt twirscrew extrusion process. Effect of Bi@anoparticle
content and presence of anhydride modified PP (AMPP), as a compatibilizer, on microstructure
of the nanocomposites were investigated. Adding AMPP improved dispersion of the
nanoparticles at volume contstess than 5 vol%. However, number and size of. Bggregates
in both compatibilized and uncompatibilized nanocomposites containing timamé vol% of
TiO2 increased enough to result in an interconnected network of. AOmicromechanical
analysis on the nanocomposites showed that interfacial strength between polymer matrix and
TiO2 nanoparticles in the compatibilized nanocomposites were stronger ith the

uncompatibilized nanocomposites.

Since electrical conductivity of the iPP/Tianocomposites is an important property
required for thephotceelectrode application, correlation between microstructure and electrical
conductivity of the iPP/Ti@narocomposites were studied in ththerpart of this research. DC
electrical conductivity measuremenshowed lower electrical percolation threshold for the
uncompatibilized samples compared to the compatibilized ones. In additional, rheological
properties 6 the nanocomposites resulted in lower rheological percolation threshold for the
uncompatibilized system. It was in a qualitative agreement with the results of electrical
properties. Quantitatively, rheological percolation thresholds7 (5v0l%) of both

uncompatibilized and compatibilized nanocomposites were lower than the electrical percolation



thresholds (53.5 vol%). It was shown thathe higher percolation threshold in the
compatibilized nanocompositegsas due totheir better dispersion of the TiGharoparticles
compared to the uncompatibilized ones. HowevEQ. aggregates in the compatibilized
nanocomposites with TiO content above 7.5 vol%were denser than those in the
uncompatibilized nanocompositds wasdue to partial phase separation of iPE &MPP and
lower viscosity of the polymematrices of the nanocompositesNonlinear rheological
measurements were alperformedto investigate microstructure of the nanocomposites below
and over their percolation thresholds. Scaling analysis of straiepstests resulted in larger

fractal dimension for the compatibilized samples confirming the morphological observations.

After identifying morphological, electrical, and rheological characteristics of the iPP/TiO
nanocomposites with different compositiongnocomposite films based on the samples above
the percolation threshold were prepared by film extrusion. They were uniaxially stretched to
prepareporous nanocomposite films. Effects of composition and diffes@mttchingprocess
parameters such as diag temperature, extension rate, and stretching ratio on the final
microstructure and properties of the stretched films were studied. SEM observation showed that
the pores were formed due to interfacial debonding between PP andPbi@sity and average
pore size increased by decreasing drawing temperature and increasing stretching ratio. Pore
surface area increased with porogiroviding larger area for adsorption of a photosensitive dye.

Finally, functionality of the porous nanocomposite films as pHetdrodes for DSS@as
examined. Thdilms were sensitized with an inorganic dye (N719) and used as a photoelectrode
in a sandwicHike DSSC. Photeelectrochemical properties of the cells were analyzed by
photocurrentvoltage (-V) and electrochemical ingolance spectroscopy (EIS). Both short circuit
photocurrent s and open circuit voltageVgs) increased with stretching ratio of the
nanocomposite filmsJsc and Voc of the DSSC based on 200 % stretched nanocomposite films
ZHUH DURXQ &and 12&mvRespectively and, fill factdR) of the system was around
32 %.
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INTRODUCTION

Consuming fossil fuslas the conventional sources of energy has resulted in difin@nbacks
such as environmental pollutions and depletion of the resooesequently, in order to reach

a sustainable development, it is necessary to use renesvedsties. Solar energy is one the most
interesting type of the renewable energies that islwigeilable all over the worldDeveloping
efficient and coseffective solar cells is one of the most important topics in solar technology.
Meanwhile,making light andflexible solar cells is minterestingway to increase applications of

solar cells on dirent surfaces of buildings and vehicles.

Among different typeof solar cells, diesensitized solar cell (DSS@ich iscompogd of
cheap materialkas a great potentifdr being manufacturedn large scaleHowever, there is a
high-temperature (>450 9Gsintering process in making photoelectrode of DSSC fitanium
dioxide (TiO2). In order to make flexible DSSCs, it is neededital a method to makehe

photoelectrodat asuitabletemperaturgéhat does not damage the plastic substrates.

The main obgctive of this Ph.D. dissertation is to develop a novel methoanéking
flexible photoelectrode oDSSC To achievethis objective, an approach based on making
nanocomposites via polymer melt processing method vsas. ®ne of the most important
microstiucture characteristics of the nanocomposites is presence of an interconnected network of
TiO2 nanoparticleghrough the blenaf polymer andTiO2. Moreover, porosity of the film is

another importantequiremenbdf the photoelectrode @SSC.

In the first @rt of thisproject, polymer nanocompositbased on polypropylene (PP) and
TiO2 with different concentration were prepared arevolution of their microstructure and
properties were studied. Effect of adding anhydnumlified PP (AMPP), as a macromoleaul
compatibilizer, on dispersion and electrical properties of the nanocomposites was investigated. In
the other part of the work, rheology was utilized as a tool to study the microstructure of the
nanocompositesand, attempts were made to compare elettjeacolation threshold with
rheological percolation threshold. Poronanocomposite film were prepared by stretching
nanocomposite film and, effect of different process conditions on microstructure of the porous
film were examined.At the last part, futnality of the porous anocomposite filmsas
photoelectrodes of DSS&asanalyzed.



Accordingly,this Ph.D. thesisonsistf the following sections:

Chapter 1: A literature review which summarize main points about photovoltaic
properties, different typ®f solar cell and, specially, DSSCk. also presents a
summary about thermoplastic nanocomposites contaifiif@ particles and

developing porous film by stretching filled polymer films.
Chapter 2: is on organization of the articles.

Chapter 3, 4, 5, and6: are presenting main findings thfis projectin the format of

four journal articles.
Chapter 7:is on general conclusions and recommendations

Appendix 1: Microstructure and Mechanical Properties of iPPATIO



CHAPTER 1 LITERATURE REVIEW

1.1 Introduction to Photovoltaic and Solar Cell Technology

Importance of energy in the life of human being is completely obvious. Extraordinary
consumption of conventional sources of energy, such as coal, oil and natural gas, has led to
depletion of the fossil energy sources and alseirenmental pollutions. Large demands of
energy, limitation in the sourceand environmental considerations forak the stakeholders
(companies, government, etto)find renewable and clean alternatiy&s2]. Figurel-1 depicts a
perspective of the growth in using renewable energies in next 25 years in campeaith other

kinds of energiesTable 1.1 reports that electricity generation from solar sources has the highest
average annual percent change in the next 25 years compared to the othef tgpesvable

electricity.

The sun povides a continuous energy current around 1.¥%%0 (1.5x13% kwWh/year)
which is four order of magnitude larger than the current annual global energy consumpgtton (10

kWh/year)[3]. Therefore, different aspects of energy production from sun light has attracted
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Figurel-1: World energy consumption by fuel type, 198040 (quadribillion)4]



Table 1.1: World net renewable electricity generation by energy source,-2040 (billion
kilowatthours)[4]

Average annual
percent change,

2010 2015 2020 2025 2030 2035 2040 2010-2040
Hydroelectric 3402 3,805 4452 4,762 5177 5,692 6,232 2.0
Wind 342 767 1,136 1,383 1,544 1,694 1,839 58
Geothermal 66 112 133 146 171 195 220 4.1
Solar 34 157 240 288 327 394 452 9.1
Other 332 427 549 643 729 800 §58 3.2
Total World 4,175 5,267 6,509 7,222 7,948 8,775 9,601 2.8

greatattention of scientific and governmental research cesrsOne of the most important
sectors of this research area is focused on producing electricity frofigsienergy using solar
cells. Solar cells omphotovoltaic (PV)cells are devices which convert sunlight to electricity by

means of photoelectric effel@].

1.1.1 General Structure of Solar cells

Mostly, solar cells are made from semiconductor materials. In a crystal structure of an atom,
different energy levels of electrons form a continuous energy bEme.energy difference
between the lower bandalence and upper band;onduction is calledband gap Eg, which is an
important parameter in a semiconductor. Semiconductor materials have a band gap bet@een 0.5
eV [2]. There are organic and inorganic semiconductors, e.g. Silicon (Si) and Germanium (Ge)

are two widely used inorganic semiconduc{dis

The energy of a photon is

hc _
E hO — hZz 11
Q o (11

wherehandh DUH 30DQFNTV FRQVW DM W2B)Q ¢, '&dhd) Rrd-fRQENYD Q W
speed, angular frequency and wavelength of the light, respectively. Average energy of solar

photons is about 1.35 €Y].

Whena photon of the light is absorbed by a photosensitive (semiconductor) material, its

energy overcomes the band gagrgy, excites an electron from the highest occupied molecular



orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) and forms an eleotien

pair which is calledexciton [7]. This system usually consists of an electron donor
(semiconductor) material and an electron acceptor (semiconductorjandike former exports

its electron to another semiconductor component, gains positive charges (therefore it is-called p
type layer) and works as a hole carrier, while the later one works as electron carrier and has
negative charge {type)|[8].

Conversiorof light into electricity carbe summarized in the following stej&3:

I. Photon absorption,

II. Exciton formation,
lll.  Exciton diffusion to the interface,
IV. Charge separation,

V. Charge transport to the electrodes.
Limitationsand losses in each one of these steps result in reduction of cell performance.

In a general view, the basstructure and common parts of the solar cells can be explained
by four main parts: two metallic electrodes and a layer composed of the photosensitive material
(consist of two main sulayers) enclosed between the electroddisof these parts are supped
by a substrate, usually glass or plastics {9garel1-2). Practically, based on components of the
active layer and its fabrication method, thicknesthetayers varies andome other (subdayers

are added to the system.

1.1.2 Different Types of Solar Cells

There are different methods of classification ofhé photovoltaic cells based on their

semiconductor materials, morphology and fabrication technique.

1.1.2.1Silicon-based Solar Cells

The most produced semicondueharsed solar cells are made from crystalline silicoisi)c

(Eg=1.1 eV). The initial models areltesupporting films with a typical thickness around 20D
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Figurel-2: General view of a (heterojunction) solar cell

P [2]. Because there is just one type of semductor material (Silicon with p and n doping),

they are homojunction solar ce]f.

1.1.2.2Thin Film Solar Cells

Reducing consumption of the expensive materials and developing an-efferigyt way led to
development of thin fih solar cells. For example, low temperature deposition of silicon from
SiHs gas results in a thin film silicon solar cell that has a great potential to capture a large market
of PV cells. These thin films are usually supported by a cheap substrate sylaksasteel or
plastic. It is also possible to use differairtuctures of silicon (e.g. amorphous, microcrystalline
and single crystal) with different band gaps by thin film technology to make a wide range of light
absorption2]. The thickness range of such a film layer varies from a few nanometers to tens of

micrometers.

1.1.2.3Heterojunction Solar Cells

Thin film technology makes it @sible to use different semiconductors, with different band gap
energies, in the form of thin layer structuj@s 9]. Photovoltaic devices based on cadmium

sulfide (CdS), copper indium diselenide (Culp®e CIS) and cadmium telluride (CdTe) are



leading candidates for large scale production of solar cells at low[1€s In these cells, the
junction is formed by contacting two different semiconducisfs

1.1.2.40rganic Solar Cells

Due topresencef highly polD U L | Ddy€erhsonjugated polymers which have cadarbon
doublebound in their molecular structure backbone, are electrically activeFigeee 1-3).
+\EULGL]DWLRQ RI -VEKHR KW EE WO AV D D G YHEWdibRQegiDdll HhE ODFH |
spectral[7]. Hence, mAVHULDOV ZKLFK KDYH GHORFDOL]J]HG & HOHFWU
sunlight photons, create photogenerated charge carriers and transport the cbangeslly

organic semiconductors have wide band gap (~1.42&W), 8]

1.1.2.5Dye-sensitized solar cell (DSSC)

Dye-Sensitized Solar Cell (DSSC, DSC or DYSC) is a new class of solar cells which was first
introduced by Michael Gratzel et al. in 19@1]. DSSC is composed of a dgensitized

A E,

ho

{&Q PPV Cg,

Q\
o

(a) (b)

Figure1-3: lllustration of the photoinduced charge transfer with (b) a sketch of the energy level.
After excitation in PPV polymens an organic semicondoct the electron is transferred to
fullerene Ceo) [8]



nanoporous Ti©@ electrode on a transparent conductive oxide (TCO) electrode, a platinum
counter electrode placed on the top of thezl@@ctrode and an electrolyte containirits1redox
couple filling the pore of the electroi®]. Its low cost materials and manufacturing process, and
mechanical robustness are attractive, but its low efficiency (about ¥184)l ia problem which

IS a concernin relation to price-performance ratig12]. Separation of the function of light
absorption from charge carrier transport is the main differenE&SCs from the conventional

solar cell devicefl1].

1.1.2.5.1 Operationalprinciples

The principal operation of DSSC is schematically present&igure1-4. The mesoporous oxide

layer composed of nanometsized particles of anatase BiQor alternative wide band gap
semiconductor oxide such as ZnO) is at the heart of the system. It is a high surface area
electricaly conductive network covered by a pbsensitive chemical compound (dye).
Photoexcitation of the monolayer of photosensitive dye (attached on the surface ¢tdyBi)

leads to the injection of an electron into the conduction band of the oxide. Subsequently, the dye

Figurel1-4: Schematic drawing of principal operation of DSRG]



goes back to its original state by electron donation from the electrolyte. The electrolyte, which is
usually an organic solvent containing redox system (e.g. iodide/triiodit®)(lis regenerated
by the reduction ofsl at the counter elemide and passing the electrons through the load,

completes the circufiL4].

1.1.2.5.2 Fabrication

Preparation of the Ti©mesoporous layer and fabrication of the whole cell involve the following
stepg2, 15, 16]

Preparation of conductive transparesibstrate (e.g. fluorinated tin oxide (FTO) SO

coated glass),

Paste processing (applying the colloidal paste of the ma@doparticles and a binder using
processes such as doctor blading or screen printing)

Drying and firing; the deposited layer is €di in air and then is fired (sintereat)around
450°C to burn the organic binder, pore formation and to connect thep@itcle to each
other and the support as well

Sensitizing; typically by soaking the porous Bi@yer in a solution of a photosengéi
dye for several hours followed by rinsing

Applying a Ptsputtered conducting glass as the counter electrode, sealing and filling the
cell with an electrolyte

SchematicallyFigure1-5 shows a typical structure of a dgensitzed solar cell (DSSC).

1.1.2.5.3 Morphology

Figure 1-6 shows microscopic images of the Bi@yer of a DSSC. Usually, it has a thickness

around 5 P 7KH SRURVLW-B5R4 watDthel avetaye pore size around 15 aurea

densiy of 1-4 mg/cnt, and surface area of 50°gt [2, 14]. Roughness factor, definedthg ratio

between the real and the projected surfacéMoKH ILOPV RI WKH VXUIDFH RI WKH
thick TiO2 film was estimated about 10007].
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Figure1-5: Schematic construction of a BS[15, 17]

1.1.2.5.4 Important Components of DSSCs

1.1.2.5.4.1 Titanium Dioxide TiO,)

Titanium dioxide (titanium oxide, titania) is a wide band gap~E2 eV) semiconductor.
Because of its high refractive index (~ 2553[18]), UV absorption, low cosand availabiliy,

it is widely used as a white pigment in paint and plastic industries; @ three forms of
crystalline structures; rutile, anatase and brookite. Thermodynamically, rutile is the most stable

Figure 1-6: (a) Threedimensional surface image and (b) cresstional SEM image of a TiO2
film coated on a conducting glags9], (c) scanning electron micrograph of the surface of a

mesg@orous anatase film prepared from a hydrothermally processeddlidid [20]
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one and, compared to anatakkéhas a smaller band gap energy and larger refractive (iidex
3.0 eV and RI=2.73)[17]. Due to its surface chemistry and higher conduetiand edge energy,
anatase has been widely dse DSSC421].

1.1.2.5.4.2 SensitizingDyes

Generally two main types of sensitizers are used for DSSCs; inorganic {bzstadl) and organic

(metal free). A series of metal complex dyes based on Ruthenium polypyridyl (Ru) are currently
highly efficient (1£11.3%)[22]. Figure 1-7 demonstrates the molecular structure of a group of
these dyes. As can be seen, they have a roetaér (ruthenium: Ru) which is responsible for

light absorption and charge production. It injects the charge to organic ligand. Then the electrons
are tansferred to the semiconductor by hydroxyl groupgure 1-7). Stability, light absorption

range and charge transfer rate are the most important characteristics that should be considered
[2]. Ru is a rare and expensive metal. Hence, the need of cheap and available dyes enhcourage
developingess costly, butelatively less efficient organic dyes-886) [2, 22]. Organic coumarin

and indoline are examples of this group of dj23]. Error! Reference source not found.

depicts other examples. Quantum sized (Quantum dot) particles such as PbS, Cd&Saame Ag

also used as photosensitif24].

HOOC
Ny &5
| N I >
\Pu/
A s \N§
\ I s | N Csg
N
7 HOOC ‘
Ru\ Z
/| Joon

Backward
transfer

Figurel-7: Schematic mechanism and molecular structure of Ruthebased dyefL3]
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Figure1-8: Molecular structure of coumarin derivative dyes and their absorption spdeshim

Up to here, some basic principles of solar cell technology and a brief introduction about
DSSCs were presented. In the next section, works done on DSSCs based on flexible substrates
and endeavors done toward mass produaifoRV cellswill be reviewed. It id0 be mentioned
that the sintering operation of the TGi@yer at hightemperatures is the main part of the cell

fabrication process that is addressed in the next section.

1.1.2.5.5 Electrodeson Plastic Substrates fobSSC

Lower weight, inceased flexibility, higher impact resistance, lower cost, possibility of the roll
to-roll process are some of the advantages of using plastic substrates instead of the glass ones
DSSC However, the main concern is the step of sTilm deposition whichincludes an
annealing process at high temperature (46) that is responsible for removing the organic
binder and forming an electrically connected network of Tp@rticles. Because of thermal
degradation of plastic substrates, mostly Poly(ethytereghthalate) (PET) coated with indium
doped tin oxide (ITGPET), the thermal treatment is limited to 150[26].

Picha et al. [27] prepared the Ti® electrodesfrom surfactanfree TiQ: colloidal
suspensions sintered at 100 °C. They compared their performances with regular electrodes.
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Figure1-9 compares cross sectional morphology and incident photon to current efficiency (IPCE)

of the prepared electrodes. Relatively close photoaction spectrums of the different cells were
attributed to compensation of efficiency loss of the -temperature iatered cell by higher

degree of dye absorption due to its larger internal surfidegfeldt and coworker§28-30]
developed a new method to prepare an interconnected network phdinOparticles on plastic
substrées using static and dynamic mechanical compression. They deposH2sl Zvt
suspensions of nanoparticles in ethanol on the conductive PET substrates and applied a pressure
around 1000 kg/chusing a static press and a roller mill. Because of relativiglyen applied
pressure, the samples prepared by static pressure had better performance. The mentioned
researchers claimed cell efficiency around 5.2 % at 0.1 sun.

Kim et al. [31, 32] used laser sintering as a teicjue to eliminate organic additives at
lower temperatures. Although they obtained better results compatesitbered samples, they
were far from the cells prepared via the standard metfigdre 1-10 compares the characteristic
photocurrent densityoltage (-V) curves of the cells prepared via the standard method and the
laser sintering. In another wo[R6], UV treatment was applied as an assistant for removing the

organic additives in low temperatures.

IPCE

400 500 600 700 800
Wavelength (nm)

Figure1-9: Cross sectional SEM pictures of Bi€ampes sintered at (A) 100 (B) 450 °C and (C)
FRPSDULVRQ RI ,3&( Rl VLQWHUHG[TW f& z DQG f& 7
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Figure1-10: I-V characteristics for dysensitized solar cells fabricated with a lasetered TiQ
(- “-), a nonlasersintered TiQ electrode (control cell)- -), and a higitemperaturesintered
TiO2 electrode (standard celP’¢) [32]

Drew et al.[33-35] reported a interesting work on usinthe electrospinning process to
develop a porous structure from a mixture containing a polymer (PAN), a solvent (DMF);an azo
dye (congo red) and Tihanoparticles (Degusa P23hey measured the photocurrent response
of the sohr cells based on these electrospun electrotidsle 1.2 summarizes the composition
and properties of the satep based on polyacryloni. Noteworthy, efficiency or efficiency
rangeof the cellswas not discussed.he intensity of UV absorption spectrum was used as a
criterion to obtain the concentrati@f the absorbed dy€igure 1-11 compares the photocurrent
response of a cell based on electrospun electrode with one based on a spin coated film electrode.
It is noticeable that the measured current of the cells are in tge cdmanoampere. A current
294.43 nA per mol was measured for electrospun electrode while, it was 118.49 nA per mol for
spin coated one. The authors did not report any significant effect for the presencezof TiO
nanoparticlesin another work, they usede® butdid notreportany morphological (porosity)
details[35].

Recently, concept of polymemorganic composite was utilized ttabricate flexible
phaoelectrode of DSS(36, 37] In one approach, Ti¥ZlPMMA composite pastevasprepared
by solution blendingand sintered at 150 °€@llowed by mechanical compressi¢d6]. Figure

1-12 shows crossectional SEM images of the TAMBMMA composite film with different
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Table 1.2: Dye content and photocurrents from electrospun cells corrected for light scattering
[34]

Surface Dye Current per mol
Sample Wt% Wt% Wt% Absorbance Conc. Photo-current of Dye
Number PAN CR TiO, at498nm  (mol/cm?) (nA /em?) (nA/mol)
| 10 3 0 0.0574 0.0143 0.60 41.92
2 10 3 0 0.1566 0.0391 0.75 19.20
3 10 3 0 0.2705 0.0675 1.20 17.79
4 10 3 0 0.1347 0.0034 2.00 595.40
5 10 3 0 0.1177 0.0030 0.62 211.23
6 10 3 0 0.6015 0.0150 5.30 353.33
7 10 3 1 0.0453 0.0113 0.35 30.98
8 10 3 1 0.0827 0.0206 0.70 33.94
9 10 3 1 0.0952 0.0237 1.06 44.65
10 10 3 1 0.1008 0.0251 0.86 34.21
11 10 3 1 0.2201 0.0055 4.05 737.87
12 10 3 1 0.2895 0.0072 2.36 326.89
13 5 5 0 0.0026 0.0006 1.63 2506.25
14 5 5 0 0.0578 0.0144 7.34 509.23

PMMA contentsAlthough adding PMMA improved flexibility of thphotoelectrode, it resulted

in reducing poresize and electric contact between nanoparticles. It was shown that short circuit
current (s and efficiency of the cells decreased with PMMA concentration. However, open
circuit voltage Voc) increased with PMMA content and fill factor (FF) remained amgfedIn

i -
R

Photocurrent

oty mww §
(a) . "«E:/wwﬂv\l\-l fn»

Figure1-11: (a) Photocurrent response for sample 3, representative of all electro spun cells, (b)

photocurrent response for a representative of allspéated cell$34]
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Figure 1-12 SEM imagesfrom crosssectionof TiO2/PMMA compasite film with different
PMMA concentratios; (a) Owt%, (b) 1wt% and (c) 5n§%, where the scale bar denotes a length
of 100nm [36]

another approach, composite photoelectrode based on PVDF nanofibevd3(repared by a
sprayassiseéd electrospinning methodFigure 1-13a) [37]. Due to its structure, the
photoelectrode preparefdlom this method had outstanding bending stability. In addition, its

efficiency was comparable to the conventional DSSC.

1.2 Conductive Porous Polymer Film

In the previous sections, some basic points about the photovoltaic technology and a review on
differert kinds of solar cells were presented. Then, an interesting area of research regarding the
development of cheap and efficient solar cells based on flexible plastic substrates was introduced.
On the way of cosgffective production of electricity from sol&nergy, reducing production
costsis as important as improving the efficiencies of the devices.

SinceDSSCsare composed of relatively inexpensive materihiey have a great potential
for large scale production on flexible substrates. But it dependbheotlevelopment of a low
temperature process for Ti@eposition. The Ti@thin layer is a porous conductive network
composed of interconnected Bi@anoparticles. This kind of structure provides a large surface
area for deposition of the dye compound &sdcpores are filled with a liquid electrolyt&€able
1.3 summarizes the typical morphological features and properties ofghoelectrode in the

conventionamethod of preparatioj2, 14].
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Figure 1-13. (a) Sprayassistedelectrospinning system. SEM images of @gspun PVDF
nanofibers, (c) aprepared PVDF/TiO2 composite film, and (d) cross section of a compressed

PVDF/TiO2 composite filmthat is, of the fibereinforced composite structure

Accordingly, in the present project, we are focusingledevelopment of an electrically
conductive porous polymer film via melt processing to be used instead of puee TiO

photoelectrodes. Eliminating the higgmperature prass, flexibility of the film and cost

Tablel1.3: Important typical features of a Ti@hotoelectrode of a DSS@, 14]

Feature Value
Thickness 5 P
Porosity 50-65 %
Average Pore Size 15 nm
Specific Surface Area (BET) 50 nt.g*t

Electrical Resistivity 10'2 ohm.cm




18

effective mass production of the solar cells are some of the advantages of this process. In fact, we
are investigatinghe possibility of making a percolated structure of Ti@anoparticles in a
thermoplastic porous matrwith morphological and electrical properties neathosepresented

in Table 1.3. Some similar works done on replacing porous conductive films with polymer

nanocomposites structures will be reviewed.

1.2.1 Stretching Filled Composites

Yakisir et al. [38] made attempts to develop a continuous process for producing highly
conductive microporous films to be used in different partfuef cells. They compounded
polypropylene (PP) with different combinations of carbon black (CB) and graphite (GR) as two
conductive fillers. Using a twin screw extruder, highly loaded blends containing up to 60 wt% of
the fillers were prepared. Althoughetp used a higimelt flow rateresin (MAR=100 dg.min'),

due to poor wetting of high surface filler by the polymer melt, it was not possible to incorporate

more than 35 wt% of filler in a continuous mixing process.

Practically, obtaining a balance betweengessability of the compound and conductivity
of the final product is a main challenge in such investigatimtauseprocessability limits the
final level of electrical conductivity. Rheological properties of the compounds were studied to
find a suitableprocessable formulation for a film extrusion procdsgure 1-14 shows the
apparent viscosity of the PP/CB/GR blends, with different concentrations, as a function of the
imposed shear rate. Obviously, viscosity of the blenteames upon increasing the filler content

and shows a powdaw behavior.

In a postextrusion stretching process, the prepared films were stretched upOt@Bat
room temperature to create microvoids. As it can be seen in TEM imadgeguoé 1-15, the
filler and polymer matrix were debondatitheir interface. Then, a second stretching step at 160
°C was responsible for enlargement of the pofdgure 1-16 demonstrates the proposed
mechanism of the microporous gtture formation during the twstage stretching procedso

significant reduction in electrical conductivityas observedue to stretching.
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Figure 1-14: Apparent viscosity as a function of shear rateB®/CB/GR blends at 230°C (a)
CB/GR 70/30 wt%, (b) CB/GR 50/50 and 70/30 w8]

1.2.2 Dispersed Phase Extraction

The previous researchers applied a polymer blending concept to achieve their goal in creating
micropores in a conductive composite fij@®]. They used blends of PP and PS, two immiscible
polymers, as the polymer matriXhe PS phaseas extractedafter melt blending tgreparea

porous structurerigure1-17 represents the changes ofplane and througblane film

1300 x 1030 perls

Figure1-15: TEM of films made from 50 w# PP/25 wi% CB/25 wt% GR blend. (a) before
stretching and (b) after stretclyif88]
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Conductve Particles Porosity (white areas)

(@) (b) (€)

Figure 1-16. Schematic representation of microcracks upon stretching. (a) PP/CB/GR

morphology before stretching; (b) initiation of microcraks upon stretching at room temperature;

(c) growth of microcracks upon stretching at elevated tempera@ire f B8]

resistivity with CB/GR phase caentration and their correspondirmend viscosities. The
difference between these quantities was attributeatiemtation of asymmetric filler along the
extrusion axis. A little change in resistivity of the samples after the extraction of PS dispersed

phase is a good evident of proper filler incorporation into the PP matrix phase.

[
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oo e oy Jry ® In-Plane Resistivity
| | &  Shear Viscosity
@A  Through-Plane Resistivity | |

_.
=3
4

—-
o
1

-
»

108

iy
[N}

3
5005, T=230°C..

Shear Viscosity (Pa.s)

shear rate

Film resistivity before PS-1 extraction (Ohm-cm)
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(60740 CB/GR) weight concentration in the blend (wt%)

Figure 1-17: In-plane and througplane film resistivities and their corresponding blend
viscosities (at a shear rate of 500 and T=230 °C) as a function of CB/GR phase concentration
[40]
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Figure1-18 shows results of BET measuremetisresize distribution characterization by
BET and mercury intrusion techniques revealed existence of potedgifferent sizesn the
prepared composites blend®eyrail et al.[39, 41]continued the same approach with-PAand
PET as the matrix phase and utilized the compiibg effect of organocly to obtain a finer

droplet size of the PS dispersed phase.

1.3 Alternative Approach for the Porous Electrode of DSSCs

Accordng to what is required for development of porous layer of, THODSSCs, we neethe
presence of pores around the network of >Tparticles. Therefore, creating pores by stretching
the filled polymer film isa possiblemethodamongthe discussedapproache in the previous
sections, because it yields the creation of pores at the pefileeinterface. Hence, the next
section reviewsstudies performean producing porous films via stretching of filled polymer

composites.

70 6,0
—&— BET

Porous film BET surface area (mzlg)
Porous film resistivity (Ohm.cm)

T T T T T T T T T
24 26 28 30 32 34 36 38 40 42 44
PS-1 weight concentration (wt%)

Figure 1-18 Resistivity and BET surface area of porous uncompressed films as a function of

initial PS concentratiof¥0]



22

1.4 Filled Membranes

One of the welknown methods of producing porous flexible thitmB/sheets is based on
stretching polymeric composite sheets containing rigid fillers. This kind of microporous films is

made of a thermoplastic that is filled (40 %wt) with organic or inorganic fillefg2].

1.4.1 Pore Formation

Figure1-19 shows a diagram of typical formulation and process steps of producing microporous
polypropylene sheets containing Cagiiler. The biaxial stretching of polymer composite sheets
containing a fine dispersion of the filler causes to detachment ofwibephases from the
interface, due to stress concentration, and results in pore formation in the polymer sheet/film.
Structural characteristics of the three dimensional network of interconnected pores, which is

schematically depicted irigure1-20, is responsible for permeability of the filrf#3]. In the

PP powder 39 parts
CaCO;filler 59 parts

Additives such as
plasticizer and antioxidant 2 parts

Mixed and then extruded at 230°C.

[Petiet]

Extruded at 230°C.

Base sheet
Stretched at 90°C in machine direction
(MD; stretching ratio, x2.8).

Stretched at 120°C in transverse direction
(TD; stretching ratio, x1.8).

LMii:roporous PP she_etJ

Figure 1-19: Schematic diagram of formulation and processing of microporous polypropylene

sheets containing CaG(43]
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Figure 1-20: (a) Schematic structure of microporous shd&j, (b) schematic mechanism of

micropore formatiorj44]

step of machine direction (MD) stretching, initial voids are formed at thiphmey of filler
particles. Then, these initial voids are widened by stretching in transverse diregliqfiglre

1-20b). The SEM micrographs of surface and cross section of a filled porous sheet are illustrated
in Figure1-21. Whereaghe biaxial stretching yields to the circular/elliptical voids on the surface

of the films, a layered structure of polymer matrix formed in parallel to the extension plane.

1.4.2 Effect of Particle Size

The final propertie®f the porous films are affected by material properties (e.g. characteristics of
polymer matrix, filler nature, filler particle size etc.) and process conditions (such as mixing
conditions, extension rate and temperat4®) 44, 45] Nago et al[43] studied the effect of
CaCQ particle size on the structure of biakjastretched microporous PP shedisey reported

that using smaller particles leads to higher porosity and effective porosity. In addition, samples
containingthe smaller particles had lower tortuosities and smaller equivalent pore Rige (
1-22b). It is to be mentionethat porosity is defined as ratio of the void volume to volume of the
porous sample, while effective porosit/the density, or distribution per space unit, of the open
pores that extend from wall to wall of the fi[#2]. At a constant filler concentration, the smaller

the particle size, the higher the number of fiparticles Therefore, the number afrstch
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Figure 1-21: SEM micrograph of PP sheets containing CaCO P D VXUIDFH
stretching in MD, (b) cross section after stretching in MBJ, (c) surface after biaxial stretching

and (d) cross section after biaxial stretcHuhgj

induced pores and their interconnectivity incredsg.

1.4.3 Effect of Filler Type and Filler Concentration

Mizutani and coworkers reviewed the effects of different parameters on the properties of
microporous polypropylene sheg44]. They prepared RBased composites containing different
compositions of various inorganic fillers (CagGBiO, and diatomaceous SiP Figure 1-23a
represents the effect of filler type and filler concentration on maximum porelsizg. (As can

be seen, higher concentrations of filler result in relatively la@gs. The difference among
these dependenciésr the different fillers was attouted to the particle shape as wadl affinity

of filler surface with the polymer matrix. One of the interesting points that shouttehgoned

is the effect of small particle aggregation on the structure of the gagese 1-23b elucidates

that aggregation of the smallest CafQgarticles leads to a broad particle sdistribution and

consequently broad distribution of pore size of the membranes.

DI
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In order to overcome the aggregation of small particles aneatthrto a fine dispersion of
the filler in the polymer matrix, Mizutani and Nago prepared composites of PRISii® a sol
gel reaction of tetraethoxysilane (TES) in molten PP using an ext{ddér Table 1.4
summarizeshe structural properties of the obtained porous films. The ash content was used as a
measure of Si@content. As can be seen, the obtained pore sizes were in the range of few

nanometers.

1.4.4 Effect of Stretching Ratio

Nago and Mizutani, in another wofKk8], studied the structure, permeability amdéchanical

properties of microporous sheets containing polymethylsilsesquioxane particles. They also
investigated the effects of transverse direction (TD) stretching on structure and properties of PP
sheets containing CaG@16, 49] Effect of extracting the CaCG(articles by HCI treatment was

also studied.7KH WHUP 3VWUHWFKLQ Jotal 2hvgh Rfter AetchidgHdividgdiley DV

the original length before stretchingigure 1-24 indicates that porosity{ and maximum pore

size Dmay increase with stretch ratio because of pores wideriiggre 1-25 shows the effects of

stretching ratio on the effective porosit ), tortusity ¢), and the equivalent pore siz®)(of

SRURXV VKHHWY FRQWDLQLQJ SDUWLFOHV ZLWK P DYHL
factor slightly decreases with dirhing ratio,its valuesare pretty large. On the other hand, small

valuesof effective porosity imply complicated structure of fibrous texture of the polymer matrix.

Table1.4: Effect of the ash content dhe structure of microporous PP film

Ash Pore Specific
Sample Content Stretching Porosity Size Surface Area K
No. (%) Ratio (%) (pm) (mzlg) (em?/s)
1 2.2 3.5 8.4 0.01 114 0.010
2 2.6 5 13.3 0.02 161 0.016
3 2.8 3 15.0 0.02 177 0.052
4 3.4 4 19.1 0.02 189 0.083

Stretching ratios were the same both in the machine and in the transverse directions at 150°C. Film thickness, 6—9 ym.
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1.4.5 Other Parameters

Stretchingtemperature is another important gees parameter. Extension at elevated
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temperatues does not result ian efficient pore structures. Typically, the optimum stretching
temperature is betweeny @nd Vicat softening temperature. Deformation rate and film thickness
also affect permeability propertig$5]. In addition, rheological properties of the polymer matrix

should provide an acceptable level of processability atrdaate stability as wel#2].

1.5 Melt-Blended Thermoplastic/Titanium Dioxide Nanocomposites

According to the previous sections and the aim to develop a composite structure contaiping TiO
nanoparticles, a review on the works focused on-bietiding of thermoplastic polymers and

TiO2 are presented in this section.

Table 1.5 summarizes some of the recent works about polymes/Tit@ro- and
nanocomposites prepared via melt processing. As can be seen, among the different thermoplastic
resins which have been used for different applications, polyolefins are widely used.
Polypropylene is the mosittilized one. In the case of nanocomposites, it is difficult to find highly
concentrated blends. However, some of most important aspects of this kind of filled polymer

systems will be reviewed in the following sections.



Tablel1.5: Summary of the recent works on mpibcessed polymer/TiOnicro- and nanecomposites
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Max.
No. | Polymer MW, MFR or IV APS Filler Process Compatibilizer Ref.
Loading
1 PBT 0.7 dL/g 1.5 wt% Torque Rheometer | Titanate couling agent| [50]
_ 42.3 nm
2 PP 4 dg/min 3 wt% TSE [51]
130 nm
. Extruder/Compressiol
3 iPP Mw=184.7 kg mot <200 nm 40 wt% _ [52]
molding
4 iPP 60 g/10 min 5 wt.% Internal Mixer Wax/PPgMA [53]
) 300 nm
5 | PET/PP | (0.8 dl.gY)/(2 g.10 mint) 4 vol % TSE PPgMA [54]
15 nm
6 HDPE 6.5 g/10 min 30 nm 1 vol% Internal Mixer Surface modification | [55]
7 PET 0.6 dl/g 50 nm 3 wit% TSE Suface grafting [56]
Internal
8 | PMMA Mw=93000 g mot 21 nm 20 wt% Mixer/compression [57]

molding

! Average particlesize

2Twin screw extruder
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Internal
9 EVOH 13wt % mixer/compression [58]
molding
10 iPP 4 ¢.(10 minY} 30 wt.% TSE Surface modification | [59]
11 PP 21 nm 5wt % TSE Surface modification | [60]
12 PET 63.6r5.2 gul0 mirt 21 nm 3 wt % Injection .Molding/ [61]
ExtrusionIM
Internal
13 | EVOH 9 nm Mixer/Compression [62]
Molding
" op 10 g/20 min Micro <44 Bn 4.5 % Vol TSE (Masterbatch (63]
Nano a5 method)
5,15 nm
15 PS Needle 1040, 5 wt% TSE Surface modification | [64]
15 and 14 nm
Special equipment fo
16 LDPE 17.8 g/10 min 220 nm 70 wt % high-concentration [65]

masterbatches
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1.5.1 DispersionMechanisms of Titanium Dioxide in Polymer Melts

Factorssuch asnterparticle forces (e.g. Van der Waals), the difference between specific surface
energy of inorganic particles and pwleric matrix would result in agglomeration of the fillers
[64]. The cegree of filler dispersion/agglomeration has significant effects on mechanical,
electrical and optical properties of the composites. The hydrodynamic force applied by the flow
field and cohesive force within particle agglomerates are two main competitive parameters in a

dispersive mixing66].

There are two maimechanisms for agglomeeabreakup under hydrodynamic forces
during the compounding processupture and erosiorf66]. In the former mechanism, the
agglomerates are split to small fragmedii® to high shear rates or paeicefectswhile in the
latter the radius of agglomerate gradually decreases. Processing conditionseoisasfvthe
agglomerates, agglomerateedium interactions and medium penetration are the most important
parameters affecting the agglomerate breakufiltration of the fluid into structural pores of
agglomerates and a good degree of wetting reduce the cohesive strength of the agglomerates and
also helps to transfer the shear stress of the flow field to the particle agglomerates which lead to a
beter dispersion level66, 67] Figure 1-26 depictsthe effect of agglomerate porosity on the
erosion mechanism schematically. As can be seen, better wetting in the more porous particles
reaults intheformation of larger eroded fragments. Equation 4 relates the change of particle size

(agglomerate radiu®) to the affecting parameters and describes the kinetics of the erosion

procesg67]
R R k_“i,\,a P (1.2)
R W

N, W, 2 and J are erosion rate constant, work of adhesion between the fillefltaddthe

cohesive strength of the agglomerate, the fluid viscosity, and the shear rattivesp

1.5.2 Processing Conditions

Wacharawichanant et gdb1] studiedthe effects of mixing conditions on mechanical properties
of PP/TiG nanocomposites. They prepared the nanocomposite samples at different screw speeds
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Figure1-26: Structural models for higland lowporosity TiQ agglomeratef66]
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in atwin screw extruder and different numbers of mixing cycles as well. As can be d&garim

1-27, the nanocomposites preparat lower screw speed (50 rpm) have better mechanical

properties. The more improved mechanical properties of samples prepared at the lower mixing

speedwas attributed to the better dispersion of nanoparticle dudomger residence time.

However, the effect of thermmechanical degradation, which is possible at higher screw speeds,

was not considered in that studye second cycle of melt mixing of PP/Bi@anocomposites in

the twin screw extruder improsiethe mechaical properties due to a better dispersion of

nanoparticles.
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Figure 1-27: Mechanical properties of PP/Ti@130 nm) at various concentration and different
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Chandra et a[64], in a systematic study, investigated the optical, mechanical and morphological
properties of PS based nanocomposites containing 5 wt% of differeptn@i@particles and
several kinds of surfactantsSigure 1-28 shows different screw configurations used to prepare the
PS/TiG nanocomposites. The high shear configuration, equipped with kneading blocks in its
metering section and without the reverse flight element, resulted in the best degree of dispersion
ard the smallest agglomerate size. It is noticeable that there was a mixture of large and small
agglomerates in the nanocomposites. However, the majority of filler domains prepared by the
high shear configuration were smaller than 100 nmKsp&re 1-29).

Mina et al.[52] investigated the effect of processing ditions and TiQ concentration on
performance of iPP based miezomposites. They blended iPP with up to 40 wt% of,TiKD.2
P GLDPHWHU XVLQJ PHOW H[WUXVLRQ PROGLQJ (0 SURFI
compression molding.Figure 1-30 illustrates the changes of microhardness with >TiO
concentration. Evidently, the microhardneBy 6f the EM sampless lower thanfor the ECM

ones, especially in the case of the most concentrated sarplesvas attributed to a good
adhesion between filler and polymer matrix.

A
7

L
/,/

LA
4

RRRRRR ‘C:\\C:QSZJ
N N AN N -

{c) High shear configuration
with a reverse flight
elemant

XY 77 [l

FF RF CK FK BK PK

Figure1-28: Screw configurabn used during melt compounding (FF= forward feed, RF= reverse

flight, CK= cross kneader, FK= forward kneader, BK= back kneader, PK= paddle kréddler)
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Figure 1-29: Polystyrene/anatase 15 nm BEi@rocessed using the high shear configuration

without the reverse flight element taken at different locatjéAk

1.5.3 Compatibilizers and Surface Treatments

Surface hydrophilicity of unmodified Ti&rauss its poor compatibility with plastics and rubbers
and high extent of agglomeration. Therefore, surface modification andioaddf a
compatibilizer component have important effects on dispersion ofii®@polymer matrix50].

250

1 [BEM
] [mecm

200

150

Microhardness, H (MPa)

Filler Content (wt%)

Figure 1-30: Change of microhardness at various concentrations of filler for both EM and ECM
sampleg52]
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Figure1-31 shows effect of adding a titanate coupling agentTiO2 dispersion in PBT. It yields

a better degree of filler dispersion and its enhanuecdleating effect on crystallizatigb0]. In

fact, the surface modification decreases the surface energy of the modified particles, increases the
space steric effect, and consequently improves the dispg&p®4] Chandra et al[64] also

studied the effect of different surfactants on morphological and mechanical properties ohPS/TiO
nanocompositesTable 1.6 shows the effect of using different kinds of surfactants (10 wt%
relative to the nanopatrticles). It can be concluded that the sikw8Q (a copolymer of silicone,

ethylene oxide, and propylene oxide) results in the best dispersion state.

Another alvantage of using surface treatment is reducing the photocatalytic effect of the
TiO2 nanoparticles. Absorption of UV by Tiauseghe formation of electroshole pair and,
consequently, an extremely reacti@H radical at the surface of the particlesshhcan degrade
the polymer. Using surfactants and surface treatments protects the polymer matrix from

degradation by creating a layer betweenzla@d polymef64].

Ou et al[68] studied the compatibilizing effect of maleated polypropylened®fAH) on

Figure 1-31: SEM micrographs of PBT/Ti©containing; (a) pristine and (b) the titante surface
modified particleg50]

3 Isopropyl tri(dactyl phosphate) titantes8104013PsTi
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Tablel.6: Effect of surfactants on anatase 15 nmzla@glomerate sizg4]

Agglomerates
Surfactants sizes (um)
None 8-14
Silwet L-7280 0.05-2
Disperbyk 111 5-12
Solsperse 2—-1000 <0.20 and 3-5
Silquest A-137 0.1-12
Ken-React Lica 38 1-12

mechanical properties of injection molded polypropylene/polyanmédfenctionaizedTiO>
nanocompositeS.hey added up to 7 phr of Ti@anoparticles in the blend of PP/PA6. Using PP
g-MAH, as a compatibilizer, had a synergistic effect on the mechanical properties of the
nanocomposite blends containing Tunctionalizel TiO.. This effect was attributed tahe
improvement of Ti@ dispersion in PP phase as well as PA phase after compatibitizA
reaction betweethe carboxyl group of PA6 and NCO groups of treated Tivas proposed as

the main cause of the better gkssion and preferential location of Li@anoparticles irthe PA
dispersed phase. On the other hand, another reaction between PA6, PRgRRMelps
dispersing TiQ@ nanoparticles in the PP continuous ph&sgure1-32 demorstrates the proposed

chemicalreactions

The dfect of adding nanaize TiQ on morphology and properties of PET/PP binary blends
wasinvestigated by Li et a[54, 69, 70] They prepared PET/PP blends containirapn@ 4 vol%
of TiO2 nanoparticle (15 nm). Because the surface of the nanoparticles was coated by a
polyalcohol, interaction between hydroxyl groups of Z&d carboxyl groups of PET and polar
nature of TiQ resulted in preferentially presence of the namiglas inthe PET dispersed phase
[71]. Since maleic anhydride grafted polypropylene-{FPR®A) can also eact with hydroxyl
groups of the Ti@nanoparticle, it coats the nanoparticles and prevents their migration from PP
matrix to the PET dropldfg0]. Figure 1-33 illustrates the possible chemical reactions. TEM
micrographs of compatibilized and uncompatibilized blends are shokigune1-34.

4 Toluene2,4-diisocyanate
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y—nco + NH, oA j—NHCONHJ\N\ COOH
B
NCO + HOOC.nnnnans  —3 NHCOOCOWAANH,

TiO,-NCO PA6 TiO,-g-PAG

L=
u.rvv{\cHz—ﬁu'}/aJv + CH;—C o + NH, wannnnns

PP PP-g-MAH PAG6 or TiO»-g-PAG6

CHg CH;, o

J\A:{l CHy— g«]vr\lnlmon — S

CHy
o

PP-g-PA6 or PP-g-PA6-g-TiO,

Figure 1-32: Possible chemical reaotis between PP, RRMAH, PA6 and TD#unctionalized
TiO2 nanoparticle$68]

PET Tio, PET Ty
" \COOH + HO-.. _n. = ‘--.___.f"'\cooh_,'
(a)

PP

Figure1-33: Possible chemical reactions between (a) PET and coatechai@particles, (b) RP
g-MA and coated Ti@nanoparticle$70]
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Figure 1-34: TEM images of PET(dispersed)/PP(continuous)20%wt) nanocomposites; (a)
without PR g-MAH, with (b) 3 %wt and (c) 6 %wt RB-MAH [70]

1.5.4 Concentrated nanocomposites

Lachachi et al[57] prepared relatively concentrated nanocomposites (more th&bswitOof
nanoparticles) based on PMMA. They mixed the thermoplastic matrix with up to 20 wt%-of TiO
nanoparticles, with 21 nm median particle size, in an internal miigure 1-35 shows SEM
micrographs of the namtomposites with different concentrations and a mamposite
containing 15 wt% of Ti@ micronsize particles. Obviously, a continuous network of the

nanoparticles is formed in the samples containing more than%®hnaneTiO-.

Figure 1-35 also shows the effect of particle size on the morphology of the composites. In
other words, while adding 15 %wt of nanoparticles results in a percolated structure ®frfiller
the polymer matrix, themicro-composite, with the same concentration, has a dispersed

morphology of particle agglomerates.

Dangtungee and Supaph@b9] prepared nanocomposites of iPP/Tith different
concentrations (30 wt%) using a twin screw extruder. They studieeleffects of composition
and surface characteristics of rutile Fi@anopaticles (50 nm, average particle size) on melt
rheology and extrudate swell of the composites. Increasing the filler contentdedrger wall
shear stress in the whole range of shearsrais can be seen inFigure 1-36, the samples
containing stearic acid coated particles had the lowest extent of shear stress. Althalggathe
viscosity increases with filler concentration, there is no significant increment wisttasity of

samples containing stearic acid coated partigeto 10 wt% of the filler. Lackf morphological
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Figure 1-35. SEM images of PMMATiIO2 nanecomposites and PMMA/Ti®(15 %wt) micre
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studies does natllow drawing a conclusion abotfite effect of the suace coatings on filler
dispersion anthe cause of the changes in the rheological behaviors of the composites.
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Figure1-36: Shear viscosity as a function of real shear rate of the neat iPP melt and the iPP melt
that had been filled with various contents of (a) uncoated, (b)-&@td, and (c) stearmated
TiO2 nanopatrticles (i.e., CYU20CYU202, and CYU203, respective[{Q]
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1.5.5 Rheologyof Polymer/TiO2 Micro - and Nano-Composite

The pesence of a network of filler particles that occupies a large volume fraction of the polymer
matrix is responsible for the solitke behavior of highly filled polymer based composites, even

in their melt statd63]. On the other hand, interaction of two filler particles will be imporifant
their separation distance becomes small enough in comparison with their sizes. TioamaHl|
distanceD of randomly distributed monodisperse spherical particles with radRusgn be

estimated by

a )
D i/is 2,R (1.3
3/ Y,

where Eis the volume fraction of the particlgg3]. From Equation(1.3), it could be concluded

thatD has the same order of magnituddRandhasa linear relation with the parteradius.

Acierno et al[63] investigated the effect of partickéze on linear viscoelastic behavior of
PRTiO2 composites containing 4.5 %vol of mierand nanesize TiQ. The rheological and
morphological studies revealed microstructural evolution iRTER nanocomposites due to

thermal annealing, which was not ebged in the case of micmmpositesFigure1-37
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Figure 1-37: Stress relaxation moduli of PP45Micro (diamond), PP45Nano before (triangle) and

after (circles) a twahours thermal annealing, and neat polymer (solid [B&)



41

compares stress relaxation behaviors of th&' R micro and nanocomposites. As candeen,

there is an obvious plateau @(t) of the nanocomposite samples annealed at 190°C for two
hours. Contrarily, annealing has no significant effect on the relaxation spectrum of the
microcomposites. This rheological response was related to the imnnoétarge particle clusters
during the annealing tim&igure 1-38 compares the morphmjies of the nanocomposites before

and after annealing.

Lei and coworkers[65] studied timedependant dynamic rheological behavior of
concentrated (70 %wt) masterbatches of a micrsize TiQ pigment in a polyethylene matrix
[65]. Figure 1-39 showsthe changes of the dynamic viscosity with time for a PE sample
containing 70 %wt of the TigXiller. There are two time regions for the dynamiccesties and
WD Q/ RI \WstérbatcBes viscosity reduction region followed by a viscgsitcreasawith
time. The reductionn viscosity was attributed to thin sheet formation and the slippage effect.
Migration of TiG; particles to the area with lower shear rate in outer edge of the rheometer was
responsible for the viscosity increase in sleeond time region. Formation of a hard shell around
the sample with higher concentration was proved by TGA anahigigre 1-40 showsthe effect
of TiO2 concentration on the tirgependant behavior of the composites. Accordingly, it could be
concluded that 30 %wt of the filler is a critical concentration for the time dependency of the
compoundsFor TiO2 content greater tha80 %wt,a sudden increase umscosityis observed

Figure 1-38: TEM images of the PP/TiO2 nanocomposite before (a) and after (b) the annealing
[63]
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Wu et al.[72] studiedthe effect of particle dispersion on rheologi properties of PP filled
with micronsize CaCQ@ Figure 1-41 showsthe variation ofthe rheological properties of the
composites. As can be seen, at concentrations larger than 25 %wt, rheological properties increase
significartly with time, which it was attributed tthe buildup of a network due to the interaction
between calcium carbonate particles. Interestingly, the loading at arouB8 %@wt was
considered as a critical concentration at which the viscoelastic propertitbe €taCQPP
systems were governed by particle interactions. Breakup of the agglomerates or -their re
alignment may resulh adecrease aherheological properties ahore concentrated composites
with time. For instance, the destruction of the filletwwrks controls the rheology of 50 %wt
filled composite and results ia viscosity reduction at long times. The contribution of each

phenomenon depends on different parameters such as temperature, concentration and surface

properties of filler.
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Figure 1-41: Variations of rheological properties of PP/CaCficrocomposite with time
measured at 20C (0.01 Hz)[72]

1.6 Electrical Properties of TiO2 Filled Composites

According to our interest ithe development of an electrically conductive ?ifdled composite,
the effect of adding titanium dioxide fillers on electrical properties of the polymer based

composites has been investigated.
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Figure 1-42 reports the variation of bulk electrical resistivity {ohm.m) of iPP-based
composites with different Ti©contents and at different temperatufB2]. Evidently, adding
TiO2 decreases electrical resistivifyor concentrations lower than 10 wt%, the improvement of
electrical conductivity is sharper than that higher concentradins. It could be attributed the
formation of filler particle agglomeration at higher concentrations which provides a pathway for
charge carriers. On the other hand, at elevated temperatures, the reduction rate of electrical
resistivity decreases. Stahihg effect of TiQ suppresses thermal generation of charge carriers
in the composites andeads to the smaller effect of temperature on conductivity of the

composites, compared to the neat polymer.

1.7 Stretching the nanocomposites

Li et al. [69] also showed that drawing the nanocomposites of PET/PPIEads to void creation
around the nanoparticleBigure 1-43 schematically depicts mechanism of void formation due to
nanoparticle debonding from PET phaSmgure 1-44 showsthe enlargement of those voids after

drawing.
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Figure 1-42 Variation of electrical resistivity with filler content at different temperatures: (a) 25
°C, (b) 50 °C, (c) 75 °C and (d) 100 t&2]
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Figure 1-43. Schematic representation of (a) slightly drawn PET/PR/&ai@ (b) PET/PP/Ti©

drawn strand69]

Figure 1-44: SEM images of drawn strands and slightly drawn extrudates: (a) PET/PP/2T300
drawn atrand, (b) PET/PP/C/2T300 slightly drawn extrudate, (c) PET/PP/C/2T300 drawn strand,
(d) PET/PP/2T15 drawn strand, (e) PET/PP/2T15 drstnand at low magnificatiofe9]
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1.8 Problem Identification and Originality of the Work

As it was summarized in th@receding sections of literature reviengducingthe costs of mass
production of solar cells is orad the main approaches to find relialdesteffectiverenewable
energy sourcedAlthough simplicity and inexpensive materials of DSSCs have made them very
interesting, the high temperature treatmehthe TiG layer bringsa limitation in their cost
effectiveness and making light and durable flexible DSSCs based on plastic sub&tertfsre,
developing a novel process to prodube photoelectrode atlatively low temperatugeis
necessaryin this PhD thesisit is aimed to develop a porous composite film structure containing
TiO2 nanoparticles which can be used as the photoelectrode of DSSC. To the best of our
knowledge, it is the first work on usimgplymer melt processing methods to prodackexible
polymer composite layeat relatively low temperatures that makes it possible to use plastic
substratesin the first stage, it is important to investigate electrical properties of the polymer
composie containing Ti@ becauseit is necessary to have &O2 network to collect the
photogenerated chargeRelation among composition, morphology and electrical properties of
the blend of the thermoplastic polymer and Fi@noparticle is on®f the most inteesting
subject that has not been well studibtbreover,processability of the compound is a critical
factor in polymer melt processing. Accordingly, it is essential to investtgateslationamong
morphology, rheology, and electrical properties witheamphasis on percolation of the BiO
phase in the thermoplastic matriAs it was reviewed, stretching is an efficient route in
generatingpores in filled polymer films. However, the relation between stretching process
conditions and final properties of ghporous films should be extensively studied for the
composite films containing Ti©O Hnally, the fnctionality of such composite film as
photoelectrodefor DSSCshould be examined.

1.9 Objectives

Themaintarget of the present research is to develop almogthod to manufacture flexible solar
cells from commodity polymers using common melt processes. Among the different types of

photovoltaic cells, dysensitized solar cells (DSSC) were identified with a significant potential



a7

to be produced via polymer mgdrocessing techniques. Therefotiee main objective in this
PhD project is

37R SUHSDUH D FRQGXFWLYH SR U RXahouompd3ite ihxapplichbldR®P D SRC
SKRWRVHQVLWLYH OD\HU RI '66&"

In order to achieve this goal, different specifigaalives are proposed:

| : To prepare/control the required morphology of polymer nanocompaisitaugh mek
compounding of the polymer matrix and Bi@anoparticles to obtain percolated
conductive structure of Ti¥&In a nano/mesoporous polymer medium,

Il : To develop a mesoporous thin film through stretching of nanocomposite film under
controlled conditions,

Il To sensitize the flexible porous film with a photosensitive dye and to characterize the
degree of sensitization

IV: To assemble and characterize a complelexidle cell

using the prepared
photosensitive polymer nanocomposite film
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CHAPTER 2 ORGANIZATION OF ARTI CLES AND THESIS
STRUCTURE

In the chapters 3 to 6 of this thesis, main achievements of the work are presented in the format of
four scientific journalpapers Each paperricludes a concise introduction, experimental, and

comprehensive results and discussion related to the findings of each part of the research work.

Chapter 3 VWXGLHVY WKH S30RUSKRORJ\ DQG 3URSHUWLHV
Nanocomposites Morphology and thermal / mechanical propert@sthe compatibilized and
uncompatibilizechanocomposites based igotactic polypropylenelPP) containing avide range
of TiO2 nanoparticles were investigatethe dfect of composition anénhydridemodifid PP
(AMPP addtion (as a compatibilizer) ormicrostructure and dispersionof TiO> were
investigated. A micromechanical analysias utilized to assess the interfacial strength between
polymer and TiQ phases. The article was published in Joernal of Polymer Bgineering and
Sciencd73].

Chapter 4discussesibout:5HODWLRQVKLS EHWZHHQ 5KHRORJLFDO D!
D 3RO\PHU 1DQRFRPSRVLWH ZLW KIn6th¥ papdr ReceKdet\oRTIG:, QFO XV L
nanoparticls (as the semiconductive inclusions) on electrical and rheological properties of the
nanoomposites \asinvestigatedPercolation threshoklof the nanocompositesere determined
based orthe variation of their electrical and rheological properiigth TiO-> content. Thepaper

has been accepted for publicatiorRheologica Act§74].

Chapter 5is a paper on® 0 L F touRtWre and Properties of Porous Nanocomposite Films:
(ITHFWV Rl &RPSRVLWLRQ DQBe &L FoHdifléredtDpdrBnretelsf Hhd V -
stretching process dhe microstructure and properties of the nanocomposite films were studied
in detail. Poosity and surface area of the pores developed in the films due to stretching at
different temperatuse extension rat and draw ratiswere two ofthe main characteristicthat

were investigated. The paper was submitted tddlenal of Polymer Internainal.

Chapter 6 LV SDUWLFXODUO\ GHYRWHG WR 3HYHORSPHQW R
Based Flexible Photoelectrode for BegHQVLWL]J]HG 6RODU &HOOV™ 7KH IXQF\
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nanocomposite film in generating electricity from lights examined ithis work. This chapter

IS under preparation as an article loe Journal ofNanoscience and Nanotechnology

A general discussion covering and connecting the different fisdimgthe preceding
chapters is presented in ChapteA7the end, a brief congsion about the achievements of this

PhD research project and some recommendations for future studgpgesre

It should bementioned alsahat Appendk 1 presentshe results of a study on isothermal
and nonisothermal crystallization of iPP/TgOnanocanposites which is a side work in

continwation ofthe findingsof Paper 1 (Chapter 3).
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CHAPTER 3 ARTICLE 1: MORPHOLOGY AND PROPERTIES OF
HIGHLY FILLED IPP/TI O2 NANOCOMPOSITES

Ahmad Zohrevand, Abdellah Ajji*

Center for Research on High Performance Polymer andp@Gsite Systems (CREPEC),

Department of Chemical Engineering, Ecole Polytechnique du Montreal, Montreal, QC, Canada
Frej Mighri

Center for Research on High Performance Polymer and Composite Systems (CREPEC),

Department of Chemical Engineering, Laval UnivtigrQuebec, QC, Canada
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Abstract

Nanocomposites based on isotactic polypropylene (iPP) and titanium dioxid$ K&i@particle
containing 115 vol% (4.6 to 45.5 wt%) of the nanoparticle were prepared by the melt blending
process. The effect of an anhytsimodified polypropylene as a compatibilizer on dispersion of
TiO2 nanoparticles was assessed using SEM. TGA and DSC analysis were performed in order to
study the thermal properties of the nanocomposites. Crystalline structures of iPP in the presence
of TiO2 were analyzed by XRD. Mechanical properties of the nanoparticles were measured and a
micromechanical analysis was applied to quantify interface interaction between the polymer and
particle. SEM results revealed improvement of JTi@article dispersion Y adding the
compatibilizer. It was shown that the thermal stability and crystalline structure of the
nanocomposite are significantly affected by the state of particle dispersionndn©particles

were shown to be strongnucleating agents for iPP, especially at concentrations less than 5
vol%. Presence of the-structure crystals reduced the elastic modulus and vyield strength of the
nanocomposites. Micromechanical analysis showed enhanced interaction between organic and
inorganic phases of the nanocomposites.
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3.1 Introduction

In the last few years, most industrial and academic research focused on -pacHese
properties relationship of polymer nanocomposites containing inorganic nanosized
reinforcementg1-5]. Dependingon their concentration, aspect ratio and state of dispersion into
the polymeric matrix, nanoparticles provide large interfacial area with the matrix leading to
outstanding properties of the corresponding nanocomp@&iés Since there is a good balance
between process parameters and final properties of isotactic polypropylene (iPP), the latter has
attracted considerable attention as a thermoplastic matrix for the development of nanocomposites
via melt blending proced®, 6]. Polypropylenebased nanocoposites containing different types

of inorganic nanopatrticles, such as nanoclay, calcite (Gp& silica (SiQ), have been studied
extensively[5, 7-9]. Among the various inorganic nanoparticles, titanium dioxide A)Ti® a

wide band gap (E&3.2 eV) seniconductor with high refractive index (~ 2.6), good UV
absorption ability, low cost and high availability. i@ added to a polymeric matrix to
particularly modify its electrical, optical and mechanical propeifti€s13]. Although micron

size TiQ paricles have been widely used as white pigments in[ER, there is a lack of

comprehensive information about structpreperties relationship of PP/Ti@anocomposites.

As a semicrystalline polymer, properties of PP are strongly affected by its crystalli
structure. Isotactic PP is known as a typical polymorphic polymer that, due to different packing
of its molecular chain helix into the unit cell, exhibits four main crystalline forms; the monoclinic
~-SKDVH WKH SHK[DVRQW®H R pheee RndKHe Prietomorphic form namely
smetic phase. In addition to tacticity, formation of these crystalline forms is also dependent on
molecular weight and crystallization conditigi®-18]. The most thermodynamically stable and,
consequently, the most conftfQ FU\VWDO |R U P-pRdseLv@ichLi§/ oiwaikét! under
conventional processing conditioft®]. The -phase and the smetic phase form in low molecular
ZHLIJKW RU XQGHU SUHVVXUH DQG GXH WR-forK er@talotiPRl UHV S
is a metastable phase which is occasionally observed as a minor crystal phase in iPP that tends to
transform to .-form under mechanical to thermal stimulaf#g, 18, 2023]. Although presence
R1 W¥Hhbse leads to lower modulus and yield strength in iBPexcellent effects on
enhancement of toughness, impact strength and heat distortion temperature of iPP has attracted

much attention from research and industrial applicafiti#sl9, 2426].
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Isothermal crystallization, quenching, large temperature grgdiesheainduced
FU\WWWDOOL]DWLRQ D Q Gnubi&ihb AgkRsQotRer polyears . a Marganic fillers
may causehe | R U P D W LR&3e Rriystals in iPRL8, 19, 23,2829] $GGLWLRQ RI VHOHF
nucleating agents, which are generally talfigable organic compounds with low molecular
weight (e.g. quinacridone dye, triphenodithiazine and pimelic acid), is the common method to
R E W D L GpheideXBntent in iPR6, 18, 19, 22, 23, 26]

Conventional inactive fillers like CaGDmica and glss fiber, which are inert components
GXULQJ FU\WWDOOL]DWLRQ KDYH EHHQcleatdiiBP VWRIinRGRIBSHQ VD
toughness while, active fillers, like talc, strongly promote theodification of iPP[30].

However, effect of incorporatn of different nanoparticles on crystalline structure of iPP,
HVSHFLDG®&DWHKHKDV EHHQ UHFHQ Wheterag@nédsty Midlehbndy &biBty ' X H W
RI LQRUJDQLF SDUWLFOHMS3LMR RS RYWDLWGEH W R Lipikgeihidh UHOD W
However, Daiet al. F KD Q J H Gnuddatthg. ability of montmorillonite (MMT) by chemical
VXUIDFH PRGLILFDWLRQ XV LiQude&diP4] GffeEt d C&Q mahopBriiclds

with different surface modification on crystalline structure arethanical properties of iPP have

been studied extensivel9, 31] Zhanget al.[9] and Waret al.[31]] UHSRUWHG D QXFOHD
for CaCQ nanoparticles that could be promoted by using different surface modifiers based on
polyethylene nonyphenol oifuminate and stearic acid coupling agents. ¢iral. [32] showed

WKDW 3(7 ILEHUV FRXOG KDYH D VV\QHUJLVW L:hahbpbrieléd RQ WK
in a PP/CaC@gPET ternary system. In contrary, negative or inert effects of GaRQ-phase

crystal content of iPP have been reported by other auitBdr84] WAXD studies on crystalline

structure of iIPP nanocomposites containing -Simanopatrticles, prepared by sl method,

revealed that presence of the nanoparticles results in formatioplase crystdl8]. However,

Chenet al.[7] reported an opposite effect of Si@anoparticles in the nanocomposites based on

iPP, prepared by twiWFUHZ PHOW H[WUXVLRQ WKDW Uphasd.UDLQV
MedellinRodriguezet al. [28] observe that presence of an organomodified clay at low
FRQFHQWUDWLRQ F D-phdsée bivt R wiaR Wildiiedl athhig@h Bldy contents. In the case

of iIPP/ZnO nanocomposites, Zhat al. [35] showed that ZnO nanoparticles can act as an

L Q R U J-hw@leding agent for iPP while other authors did not report such €f8&¢t Zenget

al. [29] recently reported strong effect of tetraedleshaped zinc oxide whisker {ZnOw) in
LQGXFISXIDVH FU\VWD O \-nucteativiyV abit® dvdd) also observed foilver
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nanocrystals (Ag NC), compared to commercial silver nanoparticles (Ag NP) with no surface
modification [19, 26] Accordingly, one of the the main effects of nanoparticles on iPP is the
alteration of its crystalline structuf®]. Noll and Knoe37] reported a heterogeneous nucleation

role of TiG: nanoparticles in the PP/Ti@anocomposites containing up to 4 vol% of FiO

On the other hand, there are many uncertainties about the effect of dispersed nanoparticles
on thermal stability of the correspand nanocompositegl, 4]. Mina et al.[38] showed that
adding 1640 wt% (2.312.3 vol%) of TiQ microparticles increases the onset temperature of
thermal degradation of PP/TiOmicrocomposites during TGA analysis under inert)(N
atmosphere. A similar edtt was also observed for low content of Fi@noparticles (less than 2
wt%) in meltspun PP fiberg39].

Achieving a good dispersion of hydrophilic Ti@anoparticles in an organic polymeric
matrix is the main challenge during the preparation of polyfi@s/ nanocomposites by melt
blending method§3]. In fact, surface hydrophilicity of unmodified Ti@anoparticles causes its
poor compatibility with PP and leads to a bad dispersion and high extent ohgg@meration.
Therefore, the addition of an adede compatibilizer or surface modification of piltnproves
its dispersion in the polymer matij#0]. Ou et al[41] showed that the compatibilization effect
of maleated polypropylene (RPMAH) was evident on the improvement of the mechanical
propertiesof injection molded PP/polyamide 6/functionalaizE@®» nanocomposites.

From the above literature review, it is clear that there is no extensive study on morphology,
thermal and mechanical properties of PPAI@nds. Therefore, the aim of the presentgtis
to investigate the effect of adding Ti@anoparticles at various volume concentrations, up to 15
vol% (45.5 %wt), on PP structure and the thermal and mechanical properties of PP/TiO
nanocomposites. Correlation of these properties to the nanocbenpasrostructure is also
considered. In order to achieve a better interaction between the organic (PP) and inorgahic (TiO

phases, an anhydride modified PP was used as compatibilizer.
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3.2 Experimental

3.2.1 Materials

An isotactic polypropylene (iPP) homopolym@P4712E1 from ExxonMobil) was used as the
polymer matrix and an anhydrigeodified polypropylene (AMPP) supplied by DuPont (Bynel
50E571) was utilized as the compatibiliz&able 3.1 summarizes the main characteristics of

these two polymers.

A commercial grade Ti@nanoparticle (AEROXIDE TiO2 P 25 produced by Evonik) was
used in this study. According to the information provided by the supplier, it consists of an
hydrophilic fumedTiO, with a densityUof 4.26 g/cmand an average primary particle size of 21
nm and a nano crystalline structure composed of a mixture of anatase:rutile (79:2Figut¥&).

3-1 shows a TEM image of the Tianoparticles. Most of the particles are spherical with sizes

ranging from 15 nm to 45 nm.

3.2.2 Nanocomposite preparation by twirscrew extrusion process

The compatibilized and uncompatibilized PP/Fi@&nocomposites containing 1 to 15 vol% (4.6
to 45.5 wt%) ofTiO2 were prepared via a masterbatch method using a tightly intermeshing co
rotating twinscrew extruder (Leistritz ZSESHR40D, Germany) with @ = 18 mm and L/D =

Table3.1: Main characteristics of the resins

Polymer Designation Supplier  MA Content MFR? Density (U o
(%Wt) (9/10 min)  (g/cm®)  (Pa.s)

iPP PP4712E1  ExxonMobil - 2.8 0.9 8000

AM-PP Bynel® 50E571 DuPont 0.1° 3.5 0.89 5800

aASTM D1238 (230°C/2.16 Kg)

b Zero-shear viscosity; obtained from complex viscosity measured in frequency sweep
205°C

¢ From the supplier
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50 nm

Figure3-1: TEM image of the used Tihanoparticles

40 equipped with a typical compounding screw profile which is showfigare3-2. Code GFA,

in the Figure 3-2, represents the conveying elements, which all werka®nel,and the last two
numbers refer to the pitch size and total length of each element, respectively. The code KB refers
to kneading blocks and the two last numbers are respectively the kneading disk thickness and
their staggering angles. In the compoundingcpss first, two masterbatches based on PP and
AM-PP matrices containing MI1% (51 wt%) of the Ti@ nanoparticles prepared through two
passes of extrusion. Then, in another extrusion run, the masterbatches were diluted to lower
concentrations by addingeat PP. All nanocomposites were prepared using a constant screw
speed of 200 rpm and the same temperature profile: 160, 190, 195, 200, 202, 205, 205 and 205°C
(from the main hoper to the die, see Fig. 2). Neat iPP andPRMnanocomposites and BiO
nanopaticles were vacuum dried at 80°C for 8 hours before each mixing run. Materials were fed
to the extruder, from the main hopper, using a volumetric feeder (for the polymers and the
composites) and a higprecision powder feeder (Kron, USA) for TiQ nanopaticles. In order

to minimize thermemechanical degradation during intensive mixing, 3000 ppm of antioxidant
(Ciba IRGANOX B 225) was added. Table 2 reports the compositions of the samples prepared. It
is noticeable that the compositions of the samplesedan volume fractions (vol.%), were

calculated using the densities of the related polymer matrices (iPP afRPAMs reported in
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Figure 3-2: Schematic view of the screw configuration and the temperature profile used in the
compounding process (GFA: <cotating conveying freeneshing elements, KB: kneading
blocks)

Table3.1, and density of Ti@nanoparticles.

3.2.3 Sample Characterization

For further characterization, the dried compounded pellets were comprasdaed into discs
and dumbbell specimens using a Carver hot 4miess (Wabash, USA) under nitrogen

atmosphere

The dispersion of Ti@nanoparticles in the polymeric matrices was studied by using field
emission gun scanning electron microscopy (JEOL 7600F FEG) operated at 2 kV. In order to
have highquality images, cross sections of the samples were cut undelt figrogen using a
glass knife of a cryanicrotome (RM 2165, Leica, Germany) equipped with a-alyamber (LN
21).

In order to study the thermal stability of the composites and to characterize their
composition, thermal gravimetric analysis (TGA) was @enfed using a TGA Q500 (TA
Instruments, USA). During thermal characterization, the samples were heated under different

atmospheres up to 800°C at a rate of 10°C/min.

Dynamic thermomechanical properties of the composites were measured using a dynamic

mechaircal and thermal analyzer (DMTA 2980, TA Instruments) equipped with acdunilever
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Table3.2: Composition of the prepared PP/Ri@anocomposites

Sample designatiol TiO2 AM-PP iPP
[vol%] [vol%] [vol%]

PP - - 100
AM-PP - 100 -
PRT-1 1 - 99
PRT-3 3 - 97
PRT-5 5 - 95
PRT-10 10 - 90
PRT-15 15 - 85
PRAM-T-1 1 4.6 94.4
PRAM-T-3 3 13.9 83.1
PRAM-T-5 5 23.2 71.8
PRAM-T-10 10 46.4 43.6
PRAM-T-15 15 69.7 15.3

test fixture. During the characterization, samples weged from60 to 120°C at a heating rate

of 2 °C/min and frequency of 1 Hz.

Thermalproperties and crystallization behavior of PP in the presence efBiparticles
were analyzed by a differential scanning calorimeter (DSC Q1000, TA Instruments, USA). The
samples were first heated up to 220°C at a rate of 10°C/min then kept at thetateme for 3
minutes to eliminate any prior thermal and mechanical histories. After the first heating run, the
samples were cooled down to 50°C at a rate of 10°C/min, then they were heated again in a

second heating cycle at 10°C/min to record the ciyéibn and melting thermograms.

The effect of TiQ nanoparticles on the crystalline structure of the polymeric phase was
investigated through wide angleray diffraction (WAXD) patterns recorded using a Philips
;13(57 GLIUDFWRPHWHU 3 lielBnds)\Wilitk Dh@ XagKsdurceHANV Cu. .

ZDYHOHQJWK . c D Qe 1vie Bb0yégrkees.|UR P

Tensile characterization was carried out using an Instron 3365 Universal Testing System

(USA) according to ASTM D638. The deformation speeds, used &sune the tensile modulus
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and the ultimate tensile deformation, were 1 mm/min and 10 mm/min, respectively. Reported

values correspond to the average of at least 5 tests on identical specimens.

3.3 Results and Discussion

3.3.1 Dispersion Characterization in Uncompatbilized and Compatibilized

Nanocomposites

The state of dispersion of Tidanoparticles has a significant effect on the final properties of the
TiO2 based nanocomposites. A fine dispersion and distribution of these nanoparticles in the
polymeric matrix ca be achieved by an efficient mixing process, which breaks; TiO
aggregates/agglomerates to provide a larger interfacial area between th@affoparticles and

the surrounding polymer phadegure 3-3 representately shows SEM micrographs of a cryo
microtomed cross section of uncompatibilized {PPand compatibilized (RRM-T) samples
containing 3 vol% Figure 3-3a and 3b) and 5 vol%-igure 3-3 and 3d) of TiQ nanoparticles.
Figure 3-3 shows that there are smaller particle aggregates in the lower concentration (3 vol%,
Figure3-3a and 3b), comared to the concentrated samples containing 5 vol% (FiQure 3-3c

and 3d). In fact, the degree of dispersion and final>Ta@gregates size strongly depend on
nanoparticle concentration. In other words, thebpbility of TiO, aggregation increases with
decreasing the interparticle distance, i.e., with increasing da@centratioj42]. Figure3-3 also

shows the effect of adding the anhydridedified PP (AMPP), as acompatibilizer, on the
morphologies of the nanocomposites. In the nanocomposite containing 3 voj%adding AM

PP significantly improved the dispersion of the nanoparticles. It can be seen that in the sample
PRAM-T-3 (Figure3-3b), despite there are few particle aggregates larger than 1 um, most of the
aggregates have suhicron size and even there are tiny aggregates formed from few single
nanoparticles. This could be related to compatiblizing role of-P®Mthat leads to hetter
distribution and dispersion of the TiOhanoparticles, compared to HF3 (Figure 3-3a).
Reaction between the anhydride groups of-RM and the hydroxyl groups on surface of 2O
could be responsible for noving interactions between hydrophilic Ti@articles and the
organic PP matri¥43]. As it can be seen iRigure3-3c and 3d, by increasing Ti@&ontent to 5

vol%, the number and size of Ti@ggregates increas and microstructures of compatibilized
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Figure 3-3: SEM micrographs of uncompatibilized P and compatibilized (PRM-T)
nanocomposite samples containing 3 and 5 vol% ob:Ti® PRT-3, (b) PRAM-T-3, (c) PRT-
5, and (d) PRAM-T-5

and uncompatibilized sample become more similar. However, theagi@pegates in RRM-T-5
were rather isolated spherical while the Ti@anoparticles in PF-5 formed connected cluster

structure.
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3.3.2 Thermal Characterization of Compatibilized and Uncompatibilized

Nanocomposites

Figure3-4 shows TGA and differential thermogravimetric (DTG) curves of the PP and PP/TiO2
nanocompositesontaining 1, 5 and 15 vol% of Tiunder air Figure 3-4a) and N (Figure
3-4b). Figure 3-5 summarizes the effect of TiGhanoparticle on the thermal stability of PP in
compatibilized and uncomphilized nanocomposites in terms ofed (Figure 3-5a) and TFo
(Figure 3-5b). Tpeak and Tse are respectively the temperatures corresponding to the maximum
peak in the derivative graphs and 5 wt% of PP loss. As it can be seen from the Figetref
3-4a and fromFigure 3-5a, Tpeak Under oxidative atmosphere (air) was shifted to higher
temperatures by adding Ti®anoparticles and reached a plateau ab Thcentrations higher
than 5 vol%. However, stabilizing effect of TA@anoparticles under inert atmosphere) (N not

as mub as that under the oxidative conditions. While adding 5 vol% Tr€reases the pfax
under oxidative atmosphere, as high as ~65°C, it results to around 13°C highamber inert
atmosphere, followed by a reduction to the same value as neat PB marbcomposite.
According toFigure 3-5, thermal stability of compatibilized nanocomposites is not significantly
different from that of ncompdtilized ones and the differences are in the range of experimental
errors.Figure 3-5a shows that presence of BiGxcept in the nanocomposites with 1 vol% of
TiO2, did not significantly alter the PP onset degradation temperatgs@ ¢T under oxidative

(air) atmosphere. On the other hangead of the nanocompsite under inert condition @N

reached a maximum value at 1 vol% of T#dd decreases at higher Fi€ncentration.
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Figure3-4: TGA graphs of uncompatibilized nanocomposites under (a) oxidative ataresaid
(b) inert atmosphere. Insets depict the derivative data

Thereare several chemical/physical mechanisms that could affect the stabilization effect of
TiO2 nanoparticles. These mechanisms include the reaction of the free radicals coming from the
PP matrix with the metal groups of the Ti@anoparticles, the adsorption of volatile degraded
materials on Ti@surface, barrier effect of T#nanoparticles and the reduction of molecular
mobility of polymers surrounding Ti&hanoparticles [44]. The signifant increase of sEakunder
oxidative atmosphere could be related to the barrier effect efia@oparticles, which decreases
the diffusion of oxygen into the nanocomposites. In addition, the adsorption of volatile degraded
materials on the surface of(4 nanoparticles may retard the degradation process. Therefore, the
increase of interfacial area between PP and With increasing TiQ concentration up to 5 vol%
enhances the thermal stability,édy of the nanocomposite. Accordingly, due to the foraraof
TiO2 aggregates at higher Ti@oncentrationsthe PP/TiGinterfacial area does not increase with
TiO2 content and, it results in the presence of a plateau in ghe clirve under oxidative
condition. The interaction between PP molecular chains langk surface area of TiO
nanoparticles reduces molecular mobility of PP macromolecules in their solid state and
consequently increases the thermal stability of the PR/i@ocomposite. It could be the main

mechanism resulting in the relatively smadltslizing effect of TiQ under inert atmosphere.
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Figure3-5: Tpeak and (b) onset temperatures,] of the PP/Ti@ nanocomposites as a function of

TiO2 volume concentration

The glass transition tempéuaes () of neat PP and PP/T¥hanocomposites can be
determined from the peak of the loss factor (@rurves versus temperature showrfigure
3-6. As shown by the figure, addition of 1 vol% of Bidcreaged Ty of PP from 5.3°C to 7.1°C.
This is a good indication of the effect of BiOn the reduction of PP molecular chain mobility.
However, for higher TiQ volume concentrations (3, 5, 10 and 15 vol %), theof the
corresponding?P/TiQ nanocomposites dexased to 5.3, 5.0, 5.8 and 4.6°C. The larger-inter
particle spacing in polymer/T&dnanocomposites, due to the aggregation of, Ti@nhoparticles,
leads to enhance the mobility of PP molecular chains and consequently decreasesf B T

phase in the nartomposite$45].

3.3.3 Crystalline Structure of PP/TiO2 Nanocomposites

The propertiesof PP and its corresponding PP/Ei@anocomposites are strongly controlled by

PP crystalline structure. DSC characterization was performed in order to investigate thef effect o
TiO2 nanopatrticles on the crystalline structure of the PP plkégere 3-7 shows DSC curves of

the first heating run and the cooling run for the neat polymers and the nanocomposites containing
1 to 15 vol % of TiQ nanoparticles. It should be noted that the DSC curves of the samples
recorded during the second heating ram presented inFigure 3-10 of the supporting

information
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Figure 3-7. DSC thermograms of uncompatibilized (PP and compatibilized (PRM-T)

nanocomposites recorded during first heating (a),(c) and cooling (b),(d)

of this paper. As it can be seenFigure 3-7a, the neatPP shows a melting endothermic peak at
DURXQG f& FRUURPYSR @dditiad Hf Webhanoparticles did not significantly

change the melting temperature in the first heating rw)(Figure 3-7a andFigure 3-7c show

that, for PP/Ti@ nanocomposite containing 1 vol% of TiO2 (PAL and PPAM-T-1), there are

two distinct melting peaks at 143 and 161°C whifdyocone melting peak is observed for the

other samples. It is weknown that iPP can form-phase crystal with relative higher melting
temperature (%) and -phase with relative lower melting temperature {T[30]. As it will be

discussed in the follown® J VHFWLRQV WKH ;5" DQDO\VL WhHase@rystall®? HG W K|
On the other handrigure 3-7b and 7d shows that the crystallization temperatueg @il the
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nanocomposites increases with FiConcentrabn. Obviously, the heterogeneous nucleating
effect of the TiQ nanopatrticles leads to the increase dflthe nanocomposites. However, since
the polymeric matrices in the compatibilized nanocompositesA(RFT) are blends of PP and
AM-PP with crystallizeon peak temperature {Tof 114 and 105, respectively, addition of 7iO

did not increase their crystallization temperatures as much as for uncompatibilized
nanocomposites (PP). Therefore, while Jof uncmmpatibilized nhanocomposites increases from
114°Cfor the neat PP to 132°C for AR15, T of the compabilized nanocomposites containing

15 vol% of TiQ (PRAM-T-15) reaches to 123°C.

Table 3.3 summarizeshe results obtained from DSC experiments for both ediiiized
and uncompatibilized nanocomposites.Thible 3.3, Tm1 and Tn2 are melting peak temperatures
measured at the first and second heating run, respectively. Noteworthy, in the case bhR&
PRAM-T-1 where there are two melting peaks,&nd Tm2 are the values of the highest melting
SHDN WHPSHUDWXUHYh& PRELDWHGZ KMAEKWVKWYW WKH GLIIHUHQF

and Tmz, corresponds to the degree of supercooling in each sample. As & sarrbimable3.3,

Table3.3: Summary of DSC characterization results

N Tm Te Tme 7 mB: “+m Xm + X

[°Cl [PCl  [°C] Te[°Cl /gl [%] gl [%]
PP 162 114 159 45 929 525 985 55.6
PRT-1 161 116 159 43 845 515 90.6 53.4
PRT-3 161 117 159 42 79.0 50.3 78.0 50.3
PRT-5 161 120 160 40 738 53.1 753 54.1
PRT-10 161 130 162 32 60.8 51.6 655 555
PRT-15 162 132 161 29 49.5 505 51.8 52.8
PRAM-T-1 162 120 160 40 84.1 49.6 84.1 49.7
PRAM-T-3 161 123 161 38 745 48.0 76.1 49.1
PRAM-T-5 161 123 160 37 62.6 455 62.0 45.0
PRAM-T-10 158 124 159 35 44.9 41.9 416 38.9
PRAM-T-15 157 123 158 35 31.1 32.7 30.4 319

AM-PP 157 105 158 53 61.6 29.5 68.5 38.7
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"7 GHFUHDVHYV ZL WkKohd@rfratidrDfef LbQtld c@rpgatibilized and uncompatibilized
nanocomposites, which is another indication for heterogeneous nucleation effect of the TiO
nanoparticles. The same phenomena was also repotieetature for PFbased nanocomposites
systems containing TiDtreated with polyalcohol, and silica (S)37, 37]and, poly(ether ether
ketone) (PEEK) containing carbon nanotubes [46]. There are two controlling phenomena in
polymer crystallization: nuclion and diffusion. According to our results, it can be concluded
that the presence of Ti®anoparticles did not restrict the movement of the PP molecular chains
in the molten state to hinder the diffusion of PP during crystal growth but they acted as a
nucleating agent. Contrary to the higher concentrations of, Ti@ble 3.3 shows thafl. of the
compatibilized nanocomposites containing 1, 3 and 5 vol% of T8Chigher than that of
uncompatibilized nanocompos# containing the same Ti©oncentration. Better dispersion and
higher polymefTiO- interactions cause more mobility restriction of PP macromolecules leading
to higher T. This phenomenon was also reported in literature for compatibilized PP/fumed silica
nanocomposites and PP/kenaf composites or nanocomposites of PA with surface treated
nanoparticle$6, 47, 48]

Table 3.3 also reports crystalline contents of both compatibilized and uncompatibiized
nanocomposites. Due to the polymorphism nature of iPP and the presence of considerable content
R I -phase iPP in the PP-1 and PPAM-T-1 samples, degree of crystallinity 4% in these
samples, was calculated from summation of contents of each present crystal phabesg X=

RU

Xy X % (3.1)
Accordingly, X, which is the fraction of a particular crystalline PP modification i, was calculated
using melting heat(+. or “ +) measured during the first heating run by the following eqnat
1 "H,
u
1 W, H?

i0, i

X, % @ 100 (3.2)

where Whoz  “#and 'H? are, respectively, the massdtian of TiO, nanoparticles, the melting

enthalpy and the theoretical enthalpy of fusion for 100% crystalline polypropylene containing
RQO\ RQH RI WKH FU\VW Q2MOILQddld b otieed ®at for. tHe Dther samples,
in which there were LQJOH P HOW L Q Jplkaldelchintenis Qvéye négKgtble (based on the
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DSC thermograms), then was assumed identical to.XMoreover, the degree of crystallization
during the cooling run of the DSC experiments)(Mas calculated by Emtion 3.2 using
FU\WWWDOOL]RBWRRQ RNMUNWPL®J -phasd shysklQviere dihEd..

Theoretical enthalpy of pure crystalline forms of iPPHCand 'HY) are critical

parameters in detefmation of the degree of crystallinity and, in the literature, different values

have been reported for thei@0]. As previously reportef20, 30] 'H%=177.0 J/g and'H %=

168.5 J/g were used in Eation 3.2, as the most probable values, to calculate the degree of
FU\WVWDOOLQLW\ 2Q WKH RWKHU KDG&EDVW LS3NWRBREQ WKIDRW \
form during thermal or mechanical loads such as heating, annealing, or drawing through melt
ccyVWDOOL]DWLRQ 7KHUHIRUH WKH SHDNV RQ WHKdmMm'6& SUR
crystals, recorded during heating runs, include a combination of overlapped peaks corresponding
WR PHOWLQJ RI WKH FU\WWDOV HQ G RomK(ekotRerm)Varid HheF U\ V W D
final melting of the.-SKDVH HQGRWKHUP  7KHVDBIQRphate (x8kS Sausgs RI1 W
GLIILFXOWLHYVY LQ GHWHUPLQDWLRQ RI. HQW® )i®pPahd, ehceXVLRQ |
different technique have been proposeddissociate the peaks and to determine the enthalpy
values[20, 26, 50, 51]Li and Cheund52] proposed a correction factor (or calibration factor),
Ct, which can accurately determine the enthalpy of fusion of each crystalline phase in samples
containng unknown mixtures of the- D Q &hases. In this technique, total heat of fusion

U +otal REWDLQHG IURP WKH DUHD XQGHU WKH SHDNV RI "6

component, '"H'. D Q @omponent, 'H’,, then, the real value of etDO S\ Rl IXVLRQ RI W

phase ('H ;) is approximated using the correction factog)(C

'H Cfu'H; (3.3)
where
0.6
cC, 1 &g (3.9
ho

and, as it is illustrated in a schematic DSC profil€&igure 3-11 of the supporting information,
hpandh DUH WKH KHLJKWYV |UR Pphig&peak an iHinnuriQ pbind/ Rspdtively.
Accordingly,
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'‘H, 'H "H, "' H /) H'S H (3.5)

Total

More details on this calculation method could be found elsewftr&3] and, a schematic

illustrating determination of the various parameters, used uat@s 3.3, 3.4, and3.5, is shown

in Figure 3-11 (in the supporting information). Since APL andPRAMT -1, compared to the
RWKHU VDPSOHV FRQWDLQ VL Jghadd, hByEhowed b dri€lking pedk€ W H Q \
(Figure3-7a andb). Therefore, it was possible to apply the mentioned method to calcuyistal c

contents of each phas€able 3.4 summarizes the DSC results amdiated parameters, used in
Equation3.5, for PPF1 and PPAM-T- W DOVR UHSRUWYV WKH PHm&LQJ SHD
L33 UHFRUGHG LQ WKH ILUVW DQG WKH VHH&®®QGyad BbW LQJ U .

all the crystal contents of the samplégg,which is defined as

X Xe
/Ex X
L X

(3.6)

Results presented ifable 3.4 indicate that, in both samples of #PL and PPAM-T-  -phase
content (X) is around 10.3 % which form around 19.9 and 20.7 % of total crystal contefts (

in PRT-1 and PPAM-T-1, respectively. Tjongt al. [19] reported values of 13.684.09 % for

X and 27.627.32 % for /. in nanocomposites based on iPP containingl0wvit.% of silver

nanoparticles without applying the correction in calculation of the enthalpies of fusion. However,
in a recent wor26], where Gaussian functions were used to deconvolut®8@ melting

peaks, the relative contents ofform (/. in the iPP nanocomposites increased, with the

inorganic content, up to 88 and 57% for 2 wt.% of silver nanocrystals (Ag NC) and commercial

Table3.4: Summary of DSC chacterization results and the values calculated using Eggorl
the samples RP-1 and PPAM-T-1

Tp Tp e X /E=X/(X +X)
Sample . . C

[°C] [°C] [J/g] [%] [%]
PRT-1 143.8 146.6 27.5 0.60 10.3 19.9

PRAM-T-1 143.2 1466 27.3 0.64 10.3 20.7




70

uncoated silver nanoparticles (Ag NP), respectively.

According to the data reported Trable 3.3, for all the studied Ti@concentrations, the
degree of crystallinity of uncompatibilizecamocomposites is not significantly affected by the
addition of TiQ nanoparticles. On the other hand, since presence of anhydride groups decreases
regularity of polypropylene, AMPP has lower degree of crystallinty compared to the iPP.
Consequently, due toresence of higher content of ARP rather than PP in the compatibilized
samples containing 10 and 15 vol% of Ti@anoparticles (PIAM-T-10 and PPAM-T-15), they
have lower crystalline content compared to the corresponding uncompatibilized nanocomposites
(PRT-10 and PPT-15) and their crystallization behavior is closer to that of-RR! rather than
that of PP homopolymer.

In order to investigate the effect of Ti@anoparticles on the crystalline structure of the
developed nanocomposites, XRD charactiin was performed on the neat PP and the
PP/TiO2 nanocompositeBigure 3-8 shows the XRD patterns of the Ti@anopatrticles, the neat
PP and the PP/T&Onanocomposites containing 1, 3 and 5 vol% of ;Tw@th the appropriate
GHFRQYROXWLRQV RI %UDJJYV UHIOHFWLRQV WR VHSDUDWH
each diffraction pattern of the PP and nanocomposites. For neat PP sample, the main
characteristic XUD\ SHDNV RI WK KHDRMHR RO LOYIRFVNDFWLF 33 DUH SUH
16.9, 18.5, 21.1 and 21.9° corresponding respectively to the planes (110)(1688])(111) and

W LV QRWLFHDEOH =\2KDand RB6t @dddciatedrvitty (0B0) and (220)
S O D Q phd&se have negligible intensities. On the other hand, the presence of the characteristic
SHDN RI W8KDRE@ DR \V 6O Ccurré&pdnding to the plane (300) is an indication of
-phase modification due to the presence of T@DQRSDUWLFOHY ,Q DGGLWLRQ

f FRXOG EH FRUUHODWHG WR ERWK . DQG SKDVH
pattern ofTiO2 nanoparticles (seigure3-8 KDYH FKDUDFWHUE RYANATH, SGHIDNV R

DQG f LOWHQVLWLHYVY RI WKH UHIOHFWLRQ SHDNYV
anatase and rutile fornf ®iO2) increase with Ti@content.

XRD and DSC results confirmed that the presence ob TRDD QRSDUWL FhV LQ G XF
FU\WVWDO IRUPDWLRQ LQ L33 7KLV QXFOHDWLQJ DJHQW HI
nanoparticles added to iP®, 9, 26, 2931, 35] In order to quantify the effect of TIOR Qform
FU\WVWDO IRUPDWLRQ UpH&3®(wferieH a6 Br& Waki€g)in eystslikeHPP
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a(L11)+B(311)

o(131)
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20 1[°]

30

Figure3-8: XRD patterns of the Ti©nanopaitle, the neat PP and PlPnanocomposites with 1,

3 and 5 vol% of Ti@nanopatrticles.

of uncompatibilized samples was described using the formula proposed by Jonesianklecs

[54]:

I
Ka 1 £ (3.7)
whereK 'LV DQ HPSLULFDO UDWLR WK®SKDY B UWR/ XQ BWaAJHRIUR
and, I, 1,1 andl DUH WKH GLIIUDFWLRQ LQWHQVLWLHV RI
respectively{55]. KvaOXHV DUH X-phdge iZtkeHrinor crystalline form. The K values
could be also defined based on the areas of the XRD peaks (notedya#t Khould be noticed

IR
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WKDW VLQFH VRPH RI WXHKD YV HHFRQDBVH SKHODIN (ROP.RVWs WKH VELC
(e.g. (111) and (301) DW § f LW LV KDUG WR FRQVLGHU WKHP LC
and, only the equatorial peaks are used inaiqn3.7. Therefore, these parameters are known as
UHODWLYH P HDfétHatal Ront®Kinl different samples and, they do not show
DEVROXWH ®lasevinLdr/Qallthé structur@s5]. However, crystallinity of the samples

can be estimated from the ratio of area the crystalline peakso(fhe total peak area:

A
X o Y0 100 3.8
@ A A (3.8)

where %rp is referred as the degree of crystallinity based on the XRD resudisA and A are
areas of the crystalline peaks and the hollow amorphous bacground, respectively.

Table 3.5 reports the values of K and K g for the neat PP, uncompatibilized
nanocomposite (RP) and the samp PRAM-T- $V LW FDQ EH VHH®seWKH UH
contents of the nanocomposites containing 1 vol% o &r® significantly high and, it decreases
dramatically to low values in the other samples containing more than 1 vol% af Th3
behavior is inagreement with results reported by Mina e{28] for iPP/TiC: microcomposites
containing more than 10 wt% (~2.3 vol%) of IO $O W KR XJK P H Fph&s® hu¢lBadorR |
via incorporation of the extrinsic agents have been studied by several resedneheffgcts of
L Q R U J-Duledtors are still not well understold®]. A widely accepted mechanism, for some

-QXFOHDWLQJ DJHQWYV LV WKH :GLPHQVLRQDO ODWWLFH P
workers[56]. Based on this theory, the lattice manchbetween the-axis periodicity of iPP (6.5

A) and the corresponding distance in the substrate crystal face of the nucleating agent is

Table 3.5: -form index K value) and crystalline contentXxgp) of the uncompatibilized

nanocomposites and FPAM -T-1 sample calculated based on XRD results

PP PRT-1 PRT-3 PRT-5 PRT-10 PRT-15 PRAM-T-1

K . 0 0.60 0.04 0.02 0.01 0.04 0.60
K s 0 0.45 0.04 0.05 0.05 0.04 0.45
Xxro[%] 56.3  53.6 54.6 57.6 52.2 53.5 53.3
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UHVSRQVLEOH IRU W-ISK DL\DHG X BWLI3RB Qpiiaseuikl#iRibhHole of Ticxt

the lowest concentration and the inverse relation betweepn QO QRSDUWLFOH FRQWHQ
phase content could be attributed to the size of thepaaticle aggregates. In other words, the

single nanoparticles and the small aggregates, dispersed in the matrices-bfdpd PPAM-T-

ZHUH VPDOO HQRXJK WR PHHW WKH -Eristal ivtDadidh RvbesddaS KLF FF
the relatively largeparticle aggregates present at the more concentrated nanocomposite lost this
DELOLW\ > @ &U\Vivcz&@onhKdb8dr cBrisitiénédHas another parameter which can
D I I H F WphhasK Rlucleation and, it was reported that plate or lumpish shegelfa growth of

-phase PP [57]. Thus, the irregular shape of the nanoparticle clusters in the concentration above

YRO PD\ UBGRNH QXFOHDWLRQ DFWLYihase PP i@ o RUPDW
concentrations (5 wt.%) of CaGQvas attributed to smiar particle size due to the better
dispersion [58]. In addition, as previously mentioned, ;Ti@noparticles are wetlispersed in
the PP/TiQ nanocomposite containing 1 vol% and, it leads to a large interfacial area between the
PP matrix and Ti@nanopaticles, which may enhances the QX FOHDWL Q J2.Hn théFW R1 7
more concentrated nanocomposites, there are morg ajgregates that are much larger than

primary TiG; particle size.

Since XRD analysis investigates sedithte crystalline structure of materials, it is quite
useful fou VWXG\LQJ WKH V\VWHPV ZKHUH WKH WKHURDO WUDAQ
during DSC, causes the errors in calculation of crystal cof6htTable3.5 reports crystallinity
of the nanocomposite sanaegl calculated based on the XRD resultgr0%. Comparison between
values of crystallinity obtained from DSC and XRDwp¢ersus X%rp) shows that in the case of
QHDW 33 ZKHU HohasK &hd, lih thé/ca3drof-PRL or PRAM-T-1, where the correction
factor (G) was applied to calculate the enthalpy of fusion, the values of crystallinity obtained
from both techniques are very close to each other. It can be an indication of the acceptable
accuracy of the correction method. On the other hand, the loaheessof %1, compared to
Xxrp, I PRT-3 and PPT-5 could be attributed to the assumption that there is odase

crystals with larger' H9(compared to'H%) resulting in the lower degrees of crystallinity from

Equation4.2.
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3.3.4 Mechanical Characterization of Uncompatibilized and Compatibilized

Nanocomposites

Figure 3-9 summarizesUHVXOWYV Rl WKH PHFKDQLFDO FKDUDFWHUL]D
modulus (E), the tensile strain at breat (DQG WKH WHQVLOL) ffWwedtHPR AWK DW \
nanocomposites of PP and PPAM-T at different TiQ volume concentrations. Obviously, the

elastic moduli of the nanocompositésgure 3-9a) increased with increasing TA@oncentration,

except for the nanocomposites containing 1 vol% obT8hce the matrices of compatibilized
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nanocomposites are mixtures of PP with a-foadulus AMPP (E=610 #.8 MPa), the moduli

of uncompatibilized nanocomposites are higher than those of compatibilized ones for almost the
whole range of the studied TiOconcentrations. Interestingly, adding 1 vol% of 7iO
nanoparticles decreased the modulus of the corresgprumocomposite. This could be
attributed to the presence ofform crystals, which typically leads to lower Elastic modulus and
\LHOG VWU H V V-iFPRB|SThéHapinTs& mode[59] gives a simple prediction of the

elastic modulus (E) of particulate composites using properties of the pure phases:

E 1 2f/

& 1K (3.9)

where E and E, are respectively the moduli of the composite and th&ir) f and /. are the

aspect ratio and the volume fraction of the dispersed partlcles/‘anel/i where Eis

Ei/En
the elastic modulusf the filler. The experimental values of E for the-PRanocomposites are
compaed with the predictions of the Halpirsai model using f =1 and: E282.7 GPa for the
TiO2 nanoparticle$63]. Although an unrealistic perfect adhesion had been assumed in the model,
it surprisingly underestimates the values, as already reported byeRalz@ 7] for the iPP/silica
nanocompositeskigure 3-9b shows the variation of the elongation at breay (ith TiO:
concentration. I largely decreased with increasing 7FiQoncentration. Compatibilized
nanoomposites have larger tensile strain at break compared to uncompatibilized ones due to the
presence of the ANPP with largerld (579% +90) compared to neat PP.

The tensile stresstrain curves of PHF nanocomposites are representatively displayed in
the irset ofFigure 3-9c to show the effect of the TikManoparticles on the tensile behavior of the
samples. As it can be seen, except fofTPES which shows a brittle break (no yielding), all the
other samples have a ductile behavior with a characteristic yield strepsesported inFigure
3-9c versus TiQ loading. Except in PH-1, where adding Ti©nanoparticles led to a lower
tensile stress at yield,1, of uncompatibilized samples increased with Fi€@ncentration.
Howewer, such effect is not observed in compatibilized-AMP-T nanocomposites. It is
noticeable that the presence of the nanoparticles eliminated strain hardening in the

nanocomposite containing more than 1%:iO
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Interfacial interaction between polymer matamd nanoparticles has a crucial effect on the
mechanical properties of the resulting nanoparticle. Turcsanyi et[64]. proposed a
micromechanical model to quantify filler/matrix interaction using vyield properties of the
composites. They introduced a ctard B that has a direct relation to the interfacial properties,

larger B values meaning stronger interactions:

/
v ! exp B ./ 3.10
yc 1 25/f (!/ p f ( )

where 1. D Q garé tensile yield strength of the nanocomposite and matrix (PP), respectjvely.

is the volume fraction of the particulate phase gJi®igure 3-9d shows the results of the
SUHGLFWLRQV RI WKH PLFURPHFRBDIQLEDXD/ D@D Wisds XVLQJ

volume fraction (/, ). Linear regression on the data abd9é results yields B values of 5.14 and

5.99 for PPT and PPAM-T, respectively, indicating the role of the anhydndedified

polypropylene in improving adhesion between the organic PP and inorganipha€es.

3.4 Conclusion

Study of structure and propesi of the PP/Ti@nanocomposites containing a wide range of2TiO
content revealed the development of the microstructure in the nanocomposites and its effect on
thermal and mechanical properties of the nanocomposites. Presence-BP Aligélds better
disperson of the nanoparticles, particularly at the Ti@lume content lower than 5%. By
increasing TiQ content, the number of aggregates increases and morphologies of the

compatibilized and uncompatibilized samples became similar.

TGA results showed that themechanism responsible for stabilizing effect of Fi®
dependent on Ti@content, the degree of particle dispersion and interfacial area between the two
phases. Therefore, presence of larger interfacial area between PP amicié@ses Jeak under
inertand oxidative atmosphere, leading to the maximum at 5 vol% of Wkile aggregation of
TiO2 nanoparticles at the higher nanoparticle contents causes to reach the plateawarstis
volume content. On the other hand, interaction between PP andliggdised nanoparticles

reduces molecular mobility of PP phase in solid state and enhasgesder inert atmosphere.
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Higher Ty of the nanocomposites containing 1 vol% of Fi@nfirmed suppression of the

polymer molecular mobility by the nanopatrticles.

DSC analysis revealed that Ti@anoparticles have heterogeneous nucleation effect in PP
crystallization. The decrease of the degree of supercooling with dedtent indicates its
nucleating role without significant effect on dynamics of crystal growtm froeltstate. DSC
result also showed that the presence of a small content (1 vol%) pfnfi@es formation of
phase crystal in PP/Tikhanoparticles. However, results of XRD showed that increasing TiO
FRQWHQW WR KLJKHU WKDQ YRO OHDGV WR GHFUHDVH RI

Measurement of mechanical properties showed that adding nE@oparticles improves
elastic maulus of PP except in the nanocomposites containing 1 vol% of the nanoparticles
ZKLFK GXH WR FRWBBWHWR@WIOV KDG ORZHU <RXQJTV PRG
analysis based on HalpiFsai equation indicated stronger interfacial interactions lestvwhe

polymer matrix and Ti@nanoparticles for the compatibilized nanocomposites.
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3.6 Supporting Information

3.6.1 DSC Thermograms of the Second Heating Run
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Figure3-10: DSC thermograms of the uncompatibilized {PPand the compatibilized (PRM -

T) nanocomposites recorded during the second heating

3.6.2 Schematic showing how to determine different parameter used in

Equations 3.3-3.5:
'H C,u'H. (3.3)
0.6
c, 1 h,3 (3.4)
ho
'HD 'HTotaI I H EI H*[; H* 'E H (35)
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method of determinain of the different parameters, used in Eg$, 30 calculate enthalpy of
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Abstract

Microstructure, electrical conductivity and rheological properties of nanocomposites drased
isotactic polypropylene (iPP) containing semiconductor nanoparticles of Wigde studied.
Compatibilized and uncompatibilized nanocomposites containing a wide range eof TiO
concentrations (up to 15 vol%) were prepared by melt compounding in a twiw escreider via

a masterbatch method. An anhydride modified PP (AMPP) was used as the compatibilizer. AFM,
SEM and image analysis techniques were utilized to study the morphology evolution in the
samples. Analyzing the results of DC electrical conductimtgasurements showed a lower
percolation threshold for the uncompatibilized samples, compared to the compatibilized ones. In
order to estimate the percolation threshold, linear and nonlineasstatdtviscoelastic properties

of the samples were studied. guid-solid transition and non terminal behavior of the
uncompatibilized samples were observed at relatively lower range eflda@ing, compared to

the compatibilized samples. This was an indication of lower rheological percolation threshold in
the uncomptiblized nanocomposites which was in agreement with the electrical percolation
threshold. Scaling analysis of strain sweep tests above the percolation thresholds of the

nanocomposites resulted in a lower fractal dimension for the uncompatibilized samples.

Keywords Polymer nanocomposite, semiconductor nanoparticle, electrical percolation,

rheological percolation
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4.1 Introduction

Modifying electrical properties of organic polymer materials for different applications has been
an area of research attracting b@btademic and industrial scientists. Improved mechanical
properties, reduced costs of materials and production, enhanced flexibility in product geometrical
design and reduced weight are some of the advantages of using functional polymer base materials
(Ke et al. 2012) Since most of polymers are generally electrical insulators, their electrical
properties are mostly tailored by adding different types of additives or fillers. These additives or
fillers could be conductive or seroonductive and organic oranganic materials with various
shape, size and concentratigtuang and Wang 2011; Poétschke et al. 200@ybon black (CB),
carbon nanotubes (CNT), and metal nanoparticles are widely used as electrically conductive
fillers to prepare high performance ligleight conductive polymer nanocomposi{eiiang et

al. 2009; Yakisir et al. 2006)Typically, these nanocomposites are percolated systems where
formation of a network structure within the matrix is necessary to have the desired electrical
properties(Huang et al. 2012)At a critical content of the conductive nanoparticles, known as
electrical percolation threshold, a sudden increase of bulk electrical conducfjvigyopserved.

It is ascribed to formation of an interconnected network of the nanoparticles providing a pathway
for a significant percentage of electrons through the sample and causing the transition from
insulator to conductive. Nevertheless, deternnimabf the critical particle content associated
with percolation has shown intrinsic difficulties and uncertainties which led to wide differences
in the reported values of percolation threshold even for similar syst8hisa et al. 2013;
Potschke et al. ZBl; Bauhofer and Kovacs 2009; Huang and Wang 2Qh13ddition, the final
performances of these materials and their electrical percolation threshold are not only affected by
their compositions but are also strongly influenced by the state of dispergioan rdnoparticles
(Huang et al. 2009)

Rheological properties of polymer nanocomposites are strongly affected by their
microstructure. Hence, rheology could be utilized as a strong tool to investigate their
microstructure(Ghanbari et al. 2013; Bailly andontopoulou 2013; Ndong and Russel 2012;
Tan et al. 2011; Dorigato et al. 2010; Balilly et al. 2010; Bahloul et al. 2010; Romeo et al. 2009;
Vermant et al. 2007; Lee et al. 2007; Acierno et al. 20BRgological percolation threshold is

one of the most iportant characteristics of the nanocomposites containing electrical conductive



87

inclusions. At rheological percolation threshold, a transition from litjked to solidlike
behavior in nanocomposite melts is observed. It is usually associated with aniatnegse in
their elasticity or viscosity values due to formation of a space filling network of the nanopatrticles

through the matrix.

Both electrical and rheological percolation thresholds are dependent on the type, size and
geometry of the nanoparticlethe polymer matrix characteristics and process/test conditions
(Huang and Wang 2011; Pan and Li 2013; Potschke et al. 2009; Abbasi et al..LZ1G8ly, the
value of electrical/rheological percolation is defined as the onset of scaling power law
dependace for electrical/rheological properties as a function of volume fraction of the particulate

phase:

/. 87
pVv ~ for 1>/ (4.1)

Lk, © i

where p is the property of the composite/ is the volume fraction of the filler,/, is the

percolation threshold, ang is a scing exponen{Du et al. 2004; Abbasi et al. 2009; Huang and
Wang 2011)

Effect of the incorporation of nanofillers on linear and nonlinear viscoelastic properties of
the polymer melts have been described by different mechanisms taking into accounsitiie pos
interactions between polymer and filler as well as between filler and(flfanguren et al. 1992;
Sternstein and Zhu 2002)Cassagnau2008) distinguished between underlying causes of
observing solidike behavior in the linear viscoelastic profpes of layered and spherical silicate
(SiOz) nanopatrticles. In the former one, better dispersion (exfoliation) of the layered silicate
nanoparticles led to the physical interaction of layered nanoparticles, the non terminal behavior
and a lower percolatiothreshold. On the other hand, in the case of the spherical fumed SiO
better dispersion of the nanoparticles resulted in a higher percolation threshold. Accordingly, in
order to describe lonrtime relaxations in soliike behavior, three different typeof polymer
filler interactions are generally considered as the main reasons for the formation of an
immobilized layer around the nanopartiql@ranguren et al. 1992; Bailly and Kontopoulou
2013) i) physical interactions, usually, due to absorption efgblymer chains onto the surface

chemical groups of the particles; ii) chemical interaction via formation of covalent bonds between
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polymer chain and surface functional groups of the particles and, iii) mechanical connection
(bridging) due to chain entalegnents. Depending on surface properties of the nanoparticles,
intrinsic features of the polymer chains, and surface modification or macromolecular

compatibilizers, these mechanisms may be taken into account.

Reduction of elastic modulus with strain (aress) amplitude followed by a transition from
linear to nonrlinear viscoelastic behavior (also knownResyneeffect) is a nonlinear viscoelastic
behavior which is strongly dependent on filler content, microstructure (state of dispersion) of the
disperseghase, and fillefiller or polymerfiller interactions. Hence, results of amplitude sweep
tests provide valuable information about polyrfiker and fillerfiller interactions and degree of
filler dispersion. In the case of namteracting particles, hyddynamic effect or enhanced local
deformation is a principal mechanism governing thelim@ar behavior. Since the filler is solid,
the global strain is concentrated on the polymer medium leading to the shorter linear zone
compared to the neat polymer.okover, depending on filler concentration and polyfiler
interactions, two other possible mechanisms have been proposed for tHiseaorbehavior;
breakdown of the particle network, and chain disentanglement (debonding) from surface of the
nanopaiitles (Cassagnau 2008; Sternstein and Zhu 2082)h et al.(1990) considered the
particle network as an elastic structure composed of fractal aggregates and, developed a scaling
relation which is used to quantitatively assess the nanoparticle aggrag#tesconcentrations

above the percolation threshold/ (> /) (Vermant et al. 2007, Durmus et al. 2007)

Accordingly, the relation between the value of elastic modulus at the platég&( the linear

zone of the strain sweep curve and particle volume fractigng
3 x /3 d
Ggev / (4.2)

whered: refers to fractal dimension of the aggregate network argdan exponent dependent on

number of particles per aggregate. On the other hand, the critical strain vgisie (

vg 1Y 4.3)

c

Compared to other methods of polymer nanocomposite preparation, melt compounding of
thermoplastis and nanoparticles is preferred. Because an intensive melt mixing could provide
sufficient shear to break nanoparticle aggregates and disperse them through théPGiathke
et al. 2002; Yu et al. 2011Pue to a good balance between process paramatersinal
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properties of isotactic polypropylene (iPP), it has been used as a thermoplastic matrix to develop
nanocomposites via melt blending proc@ss et al. 2006; Vladimirov et al. 2006; Zohrevand et

al. 2013; Pan and Li 2013; Serrano et al. 20BP8lypropylenebased nanocomposites containing
different types of electrical conductive nanoparticles have been studied exteriBiarehofer

and Kovacs 2009)However, the relation between structure and electrical properties of
thermoplastidbased nanocompides containing sergonductive metal oxide nanoparticles has

been rarely investigatgavid et al. 2011)

Among the various inorganic nanoparticles, titanium dioxide {Ti® a wide band gap
(Eg=3.2 eV) semiconductor with high refractive index (~ 2d&)od UV absorption ability, low
cost, and high availability. It is added to polymeric matrices to particularly modify their
electrical, optical and mechanical properti@bduljalil et al. 2011; Bondioli et al. 2008;
McCarthy et al. 2012; Chandra et al0Z). TiO2 has three crystalline structures; rutile, anatase
and brookite. Due to the surface chemistry and higher condtlzdioth edge energy of anatase, it
has been widely used in die sensitized solar cells (DSSC). An interconnected networlk of TiO
nanoprticles is needed as a photoelectrode of DSSCs to form a pathway for electrical charge

collection(Kalyanasundaram and Gratzel 1998; Park et al. 2000)

Although micronsize TiQ particles have been widely used as reinforcement or pigment in
PP (Burke et & 1993) there is a lack of comprehensive information about the relationship
between microstructure and electrical properties of PR/M@docomposites. To the best of our
knowledge, it is hard to find a report on the relation between structure andtalguperties of
thermoplastic containing Ti#nanoparticles. Mina et af2009) reported that the bulk electrical
resistivity () of iPRbased composites decreases with content of m&mn TiQ at different
temperatures. They also showed that, en@bncentrations lower than 10 wt%, the improvement
in electrical conductivity is sharper compared to the higher concentrations. It was attributed to
formation of filler particle agglomerates. Warmg al. (2013) studied dielectric behavior of

electrorheolgical (ER) suspensions based on silicon oil ancc Ti@hoparticles. They found 8§
5 vol% as a critical Ti@content where the slope of conductivity (noted Jagersus / changed.

This was attributed to aggregation of the nanoparticle and formation of a network structure. Guo
et al. (2010) measured dielectriproperties of nanocomposite of iPP containing different metal

oxide particles, including spherical and +slthped TiQ@ nanoparticles, prepared by-situ



90

polymerization. They showed that the nanocomposite containing Ma@orods, compared to
spherical TO2, have more tendencies to percolate at a volume content less than 5.1 vol%. In
comparison to the nanocomposite containing conductive nanoparticles, there is a relatively small
difference between electrical conductivity of the polymer and> B® a semiaaductor. This

could cause uncertainty in determining the percolation threshold and necessitates applying other

methods for structural investigation on these nhanocomposites.

Melt-state viscoelastic behavior of polymer nanocomposite containing conductive
naroparticles has been widely studied to find a relation between rheological and electrical
percolation thresholdKasgoz et al. 2012; Huang et al. 2012; Bangarusampath et al. 2009;
Abbasi et al. 2009; Kota et al. 2007; Hu et al. 2006; Potschke et al. 20041 Bl. 2004,
Potschke et al. 2002However, the relation among microstructure, rheology and electrical
properties of polymer nanocomposite with semiconductor inclusions, such ashagnot been
investigated. Linear viscoelastic properties of polymamtocomposites containing spherical 710
nanoparticles, as a model system, have been studied preyi@oshgo et al. 2009; Romeo et al.
2008; Acierno et al. 2007)t was shown that due to the weak polysfiker interaction, the
viscoelastic response tife nanocomposite could be separated to two distinct parts with different
kinetics: fast relaxation (short response) of polymer matrix, and slow relaxation (long time) of the
particle aggregates. Nevertheless, the range of concentration investigatediteds li

7R WKH DXWKRUVY NQRZOHGJH WKH SUHVHQW VWXG\ LV
melt-state viscoelastic properties of nanocomposites, based on a thermoplastic and TiO
nanoparticles, and their electrical properties in a wide range dbcusing on percolation
threshold of the system. Uncompatibilized and compatibilized nanocomposites of iPP/TiO
nanocomposites were prepared by tstmew extrusion and, correlations between their

morphology, rheology and electricaioperties were investigated.
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4.2 Experimental

4.2.1 Materials

Table 4.1 reports the main characteristics of the polymers used in this study. An isotactic
polypropylene (PP) homopolymer (PP4712E1, ExxonMobil, USA) was used as the polymer
matrix and an anhydridmodified polypropylene (AMPP) was utilized as the compateéili
(Bynel 50E571, DuPont, USA).

Table4.1: Characteristics of the polymeric materials

Density a p  Maleic anhydride
o . (1 MF| 0 content
Polymer Designation Supplier :
[g/cm?]  [9/10 min] [Pa.s] [%6Wt.]
PP PP412E1 ExxonMobil 0.9 2.8 8000 -
AMPP Bynel® 50E571 DuPont 0.89 3.5 5800 0.1

aASTM D1238 (230 °C/2.16 Kg)
b Zero-shear viscosity; obtained from complex viscosity measured in frequency sweep test at -

¢ From the supplier

A commercial grade Ti@naroparticle (AEROXIDE TiQ P 25, Evonik, Germany) was
used in this study. According to the information provided by the supplier, AEROXIDE P 25
consists of an hydrophilic fumed Ti@ith a density (bf 4.26 g/cd, an average primary particle
size of 21 nm, ah a nanocrystalline structure composed of a mixture of anatase/rutile (79/21
wt%). Figure4-1 shows a TEM image of the Tianoparticles. As can be seenFigure4-1,

most of the particles are spherical with sizes ranging from 15 nm to 45 nm.
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Figure4-1: TEM image of the Ti@nanoparticles used in this work

4.2.2 Sample Preparation

The compatibilized and uncompatibilized P#®. nanocomposites containing 1 to 15 vol% (4.6
to 45.5 wt%) of TiQ were prepared via a masterbatch method using a tightly intermeshing co
rotating twinscrew extruder (Leistritz ZSE8HR-40D, Germany) with screw diameter @ = 18

mm and length to diameteaitio L/D = 40, equipped with a typical compounding screw profile.

First, two masterbatches based on PP and@vmatrices containing 18 vol% (51 wt%) of 7iO
nanoparticles were prepared through two extrusion passes. Then, in the third extrusion run, the
masterbatches were diluted to lower concentrations by adding neat PP. All nanocomposites were
prepared using a constant screw speed of 200 rpm and the same temperature profile: 160, 190,
195, 200, 202, 205, 205 and 205 °C (from hoper to die). Noteworththeamaterials were
vacuum dried at 80 °C for 8 hours before each mixing run. They were fed to the extruder, from
the main hopper, using a volumetric feeder (for the polymers and the composites) and a high
precision powder feeder ¢(Kron, USA) for the TO. nanopatrticles. In order to minimize thermo
mechanical degradation during the intensive mixing, 3000 ppm of an antioxidant (Ciba
IRGANOX B 225, BASF) was added.

Table 4.2 reports the compositions of the sampbespared in this work. It summarizes

both mass and volume contents of Ii@spect to the total content of the polymer matrices. The
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matrices are neat PP and mixtures of PP and AMPP in uncompatibilized (PPT) and
compatibilized (PPAMT) nanocomposites redpaty. The compositions were presented in the
form of volume content (vol%) to make comparison between the nanocomposites containing
TiO2 and the nanocomposite containing other types of particles with different densities. Since the
polymer nanocomposites the melt state could be considered as suspensions of the solid
spherical nanoparticles in the liquid polymer melts, volume contents efifitbe melt state (at

205 °C) were also reported Trable4.2. It shows that the contents of Tiin the melt state in the

both PPT and PPAMT samples are approximately identical.

Table4.2: Compositions of the samples in solid and melt states

Mass Content Volume Content
wt% vol%

Sample (in solid state) (in melt statd

Code PP AMPP TiO2 PP AMPP TiO2 TiO2
- PPT1 95.4 - 4.6 99 - 1 1.46
_@ PPT3 87.2 - 12.8 97 - 3 4.34
j;; PPT4 83.5 - 16.5 96 - 4 5.76
S PPT5 80.1 - 19.9 95 - 5 7.20
E ppr7s 723 - 277 925 - 7.5 10.6
%’ PPT10 65.5 - 34.5 90 - 10 14.0

PPT15 545 - 455 85 - 15 20.6

PPAMT1 91.0 4.4 4.6 94.4 4.6 1 1.46
© PPAMT3 748 12.4 12.8 83.0 14.0 3 4.38
% PPAMT4 67.5 16.0 16.5 774 18.6 4 5.83
© PPAMTS 60.6 194 20.0 71.8 232 5 7.28
E PPAMT75 452 27.0 27.8 57.7 34.8 7.5 10.9
8 PPAMT10 33.0 33.0 34.0 436 46.4 10 14.5

PPAMT15 9.9 44 .4 457 15.3 69.7 15 21.5

dat 205 °C

For further characterization, the dried compounded pellets emmpressiormolded into
discs specimens using a Carver hot apirgss (Wabash, USA) at 200 °C applying up to 14 MPa

pressure for 3 minutes under nitrogen atmosphere.
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4.2.3 Morphological Characterization

The dispersion of Ti@ nanoparticles in the polymeric miaes was studied by using field
emission gun scanning electron microscopy (FHEM, JEOL 7600F, Japan) operated at 2 KV.

In order to obtain higlguality images, cross sections of the disc specimens were cut under liquid
nitrogen using a glass knife of ayo-microtome (RM 2165, Leica, Germany) equipped with a
cryo-chamber (LN 21).

In addition, atomic force microscopy (AFM) at room temperature was utilized to
characterize morphology of the samples. AFM images of the microtomed cross sections were
captured g a DimensiofM 3100 (Bruker, USA) equipped with a Veeco Nanoscopd V
controller (Bruker). Intermittent contact imaging (i.e. TappingM#davas performed at a scan
rate of 1 Hz using etched silicon cantilevers (ACTA, Applied NanoStructures, USA) with a
resonance frequency around 300 kHz, a spring constant around 42 N/m, and tip radius <10 nm.

All images were acquired with a medium tip oscillation damping3@0%).

4.2.4 Rheological Measurements

All the rheological measurements were carried out, at 205 °Qiaahel N atmosphere, using a
stresscontrolled rotational rheometer (Bohlin Gemini HR nano, Malvern Instruments, UK)
equipped with an environmental test chamber (ETC). The dynamic oscillatory tests were
performed using a paraliplate geometry with a diagter of 25 mm and a gap of 1 mm-2&n+
diameter disk specimens, prepared by compression molding, were vacuum dried at 80 °C for 8 h
prior to the tests to minimize degradation. The linear viscoelastic region (LVR) of the samples
was determined by strain sem tests from 0.01 to 1000 % at 1 rad/s. Thermal stability of the
materials during the rheological experiments at 205 °C was examined byfsagglency time

sweep test at 0.1 Hz and, accordingly, the test methods of each sample were defined such that
ther total test time was in the range of the time stability. Small amplitude oscillatory shear
(SAOS) frequency sweep tests were performed in the range 00.1ad/s. Based on the

morphological observations, it was assumed that the particles size wamistiyf smaller than
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the gap distance and, there were negligible error due to wall or slip effect. This assumption was
justified by changing the gap.

4.2.5 Electrical Resistivity Measurements

Volume resistivity (v) of the PP/TiQ@ samples was measured undeedi current (DC) at room
temperature. An electrometer/high resistance meter (6517A, Keithley, USA) connected to a two
probe resistivity test fixture (8009, Keithley, USA) was utilized to measure electrical current
perpendicular to the surfaces (througltana) of the compressianolded specimens under
different voltagesThis equipment allows resistivity measurements up t6 10The diskshaped
specimens with approximately 1.5 mm thickness and 10 cm diameter were dried overnight at 50
°C and cooled down to room temperature in a desiccator, just before the measurements. Then,
they were placed between the two electrodes whicheapglectrical potentials from 250 to 1000

V and, measured electrical current@p@citance of the relatively high resistive samples causes
an error in measuring real electrical current through the samples. In order to eliminate the error,
the neat eledtral currents were obtained by subtracting electrical current values during 100 s
after cessation of voltage from the values during 100 s after applying the voltages. The electrical
resistanceR) of each specimen was determined from the slope df¥heurve and, converted to

volume electrical conductivityl(inverse ofly) using the following relation

1 t

wheret LV WKH VSHFLPHQ WKLRIMGGE vovtacgsurfaBePare® @ the electrodes
(22.9 cr).

4.3 Results and Discussion

4.3.1 Electrical Properties

Since TiQ is an inorganic semiconductor, electrical gedies of polymer/Ti@nanocomposites

are significantly different from the systems containing conductive nanoparticles such as metal,
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CB, and CNT(Huang et al. 2008; Huang et al. 2012; Bangarusampath et al.. 200@)main
concerns in measuring electricanductivity of PP/TiQ nanocomposites are the relatively small
difference between electrical conductivities of the two components and absorption of moisture on

the hydrophilic surface of Tignhanoparticles.

Figure4-2a shows the variation of electrical currents with time through PPT5 sample after
applying and, subsequently, interrupting different electric potentials (250, 500 and 1000 V). The
results are presented in the form of chargigg &nd dischargingln) currents respectively. As
it can be seeri¢h (black symbols) decreases with time to reach a steady state value. As expected,
the steady state value increases with the applied voltage. The slowly decreasing cuigkest of
NQRZQ DV 3DEVRWSWIUR@DBORPDBOB®XV FXUUHQW " 7KLV EHKD
capacitance characteristic of the iPP/Ai@anoomposite as a neideal dielectric(Smith et al.

2008) On the other handlgch originates from depletion of the charges stored in the samplegduri
applying voltage. In the early times after cessation of the voltag&as values close 1an but it
reduces to the negligible values at the longer times (blank symbBigure 4-2a). In order to
have theneat current due to electrical conductance of the sarmplés subtracted fronhcn and

noted adch-ldach (color symbols irFigure4-2a).

Figure 4-2: (a) Varation of electrical current with time through PPT5; after applying different
voltages, kcn), after cessation of the voltagdscf), and the neat currenicf-lqch), (b) variation of

the neat current with time in the neat polymers, the uncompatibilizeghles containing
different TiG: contents, and undried PPT10
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Figure 4-2b illustrateslch-ldch versus time under 1000 V for the neat polymers and PPT

nanocomposites containing different contents of Ti®s it can be seen, the neat electrical
current passing through the samples increases with Vame fraction. While etent of the

current in PP, AMPP and PPT1 are in the range of pA, adding 4 and 10 vol%dhdi€ased

the current more than 2 and 6 orders of magnitude, respectively. These significant increases could
be attributed to the formation of an interconneatetivork of TiQ in the PP matrix which
facilitates the movement of electrons between the two electrodes. Time dependency of DC

conductivity is a characteristic of insulating materigsiang et al. 2008)As it can be seen in

Figure 4-2p, electric current through PPT10 had less time dependency indicating its higher

conductivity compared to the other samples.

Effect of moisture on conductivity of PP/Ti@anocomposites is illustrated kigure4-2p.

The neat current through the undried PPT10 was around 9 times larger than the dried sample

which might be due to the moisture adsorbed by the &doparticles.

The change in the electrical conductivity of composite materidls @@mposition can be

interpreted in terms of the percolation theory, either qualitatively or quantitajiiglyre 4-3

shows las a function of Ti@volume fraction (/) for the PPT andPPAMT nanocomposites. In

both cases, three different regions fbare observed. At low Ti&content (/ WKHUH LV Ql
significant change inland, it is in the range of 26-10%° S/m that is close to conductivity of the

neat polymers. Noteworthy, the measured values of bulk electrical conductivity for PP and
AMPP were less than 0 S/m that were consistent with their insulating characteristic and the
previously reported value@Huang et al. 2012)In the second region (8 / <10), electrical
conductivity increased significantly with Ti@ontent and reached a high platead & ° S/m.

This stepwise change df by at least 6 orders of magnitude, could be attributed to the formation

of the infinite conductive clusters of TiGhanoparticles through the sample at the electrical

percolation threshold ( ). Since materials with electrical conductivity higher tharf $0m are
generally known as electrical conductofBotschke et al. 2009)at of the PP/TIQ

nanocomposite system a transition from insulator to semiconductor piack. Measuring
electrical conductivity of the Ti@powder, used in this work, gave a value arouriéi@n which

is close to the high plateau value &ifi Fig. 3.



98

Figure4-3: Electrical conductivity as a function of Ti@ontent. The lines are the best fits using
Equation4.5

It is generally accepted to use povew relationships€.g. Eqiation4.1) betweenland /,

above the percolation threshold, to quantitatively determinen the filled systemgDu et al.

2004; Hu et al. 2006; Huang and Wang 20{Eiyure 4-3[shows the results of fitting electrical

conductivity using the following equatid¢Abbasi et al. 2009)

for [/ e (4.5)

where randn are poweilaw constants, and is the electrical percolation threshold (in vol%).

As can be seen |Rigure4-3|and its inset, the electrical conductyvilata can be well fitted by

Equationd.5 at the volume fractions above the electrical percolation threshold givingf 5.29
and 7.48, for PPT and PPAMT nanocomposites respectively. The obtained valuesaferin

the range of the percolation thresholds previously reported for the composite systems containing

TiO2 inclusions (Wang et al. 2013; Guo et al. 2010yhe lower of the PPT samples,

compared to PPAMT, should be attributed to the emergence of an interconnected microstructure

at relatively low concentrations. These values forare much lower than the value predicted by

percolation theory (16 vol%) as the critical volume fraction for random packing of hard spheres
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in three dimensiongStauffer 1985; McLachlan et al. 199owever, of the PP/TiQ

nanocomposite are quite high in comparison to most of the values reported for polymeric systems
containing CNTgBauhofer and Kovacs 20Q9j is because of the conductive nature and higher

aspect ratio of CNT compared to the Ti@anoparticleqPotschkeet al. 2009) On the other

hand, DURXQG § ZW DQG YRO KDYH EHHQ UHSR

containing spherical conductive nanoparticles of CB, aluminum and copper respectively
(Potschke et al. 2009;uUdng et al. 2009; Boudenne et al. 2008)ey are relatively close to the

values estimated for the PP/ERi€ystem in the present work.

4.3.2 Morphology

Properties of the nanocomposites are strongly affected by the state of dispersion of the
nanoparticles in thdost polymer. A fine dispersion and distribution of the dispersed TiO
particulate phase can be achieved by an efficient mixing process which breaks TiO

aggregates/agglomerates. SEM micrographs of therorgmtomed cross sections of PPT and

PPAMT nanoomposites are shown |Figure 4-4a |Figure 4-4¢ andFigure4-5| As can be seen,

size of the dispersed domains of Ti@creasesvith nanoparticle content. In PPT1 and PPAMT1

Figure4-4a andFigure4-4¢), there are mostly individual nanoparticles or aggregates which are

composed of few Ti@nanom@rticles and, homogenously dispersed through the matrices. This is

confirmed with the associated AFM images showfFigure 4-4p andFigure 4-4d (showing

higher magnificéion).
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Figure4-4. (a) SEM and (b) AFM images of PPT1, (c) SEM and (d) AFM images of PPAMT1.

AFM images show higher magnification. Arrows indicate the TiO2 nanoparticles
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Figure4-5. SEM micrographs of the nanocomposite samples containing differeptcor®ents:
(@ 3,(b)4,(c)5, (d) 7.5, (e) 10 and (f) 15 vol%

The number and size of the aggregates increase with villome fraction|Figure 4-5).

Basically, higher nanoparticle content leads to shorter interparticle distance and higher

probability of TiQ» aggregation(Acierno et al. 2007; Bahloul et al. 201Gt vicinity of the
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percolation threshold (), the inter@article distances decreases enough to result in contact

between the nanoparticle subunits and formation of a sgu®ing cluster netwoiCassagnau

2008)|Figure 4-5|shows that 5 vol% of Ti@is a critical compsition close to or above the

where an interconnected network of Fi@orms. Similarly to other particulate polymer
nanocomposites, aggregates of them@noparticles in PP have fractal structui@ailly et al.

2010) Based a|Figure 4-5¢-5f, it is noticeable that aggregates of Ti@anoparticles in the

compatibilized nanocomposites (PPAMT) are more compact compared to the uncompatibilized
ones (PPT).

Figure 4-5| also shows the effect of aady the anhydridenodified PP (AMPP), as a

compatibilizer, on the morphology of the nanocomposites. In the hanocomposites containing 3

vol% TiO,, adding AMPP significantly improved the dispersion of the nanoparticles. It can be
seen ir@az that most of the aggregates in sample PPAMT3 havengubn size. There

are also some tiny aggregates of few single nanoparticles and few particle aggregates larger than
1 pm. This could be related to the compdiiing role of AMPP that leads tthe better

distribution and dispersion of the Ti@anoparticles compared to PP[Rdure4-5a1). Reaction

between the anhydride groups of AMPP and the hydroxyl groups on the surface obiiDbe
responsiblefor the improvement of interactions between hydrophilic ;Tiarticles and the

organic PP matriXLi et al. 2009) As it can be seen |Rigure 4-5¢1 andFigure 4-5¢2, by

increasing the Ti@content to 5 vol%, the number and size of the;d@gregates increases and,
microstructures of the compatibilized and uncompatibilized samples become similar. However,
TiO2 aggregates in PPAMTS5 were rather isolated and spherical thieil@iCG nanoparticles in

PPT5 formed connected cluster structure.

Figure 4-6| depicts results of image analysis for the SEM micrographs of the

nanocomposites containing715 vol% TiQ |Figure4-4{andFigure4-5) in the format of number

fraction of the aggregates with different surface gfégure4-6a) and their contribution to total

area|Figure 4-6p). It should be mentioned that there is no independestes! structure in the

samples containing 10 and 15 vol% of Ti(Figure 4-5¢ andFigure 4-5[). The evolution of

morphology with TiQ content in the nanocomposites coble realized by considering the two
ranges of area |Rigure4-6| 1000650000 and >200000 rfimincreasing Ti@ loading results in

fewer small aggregates and more large particle clusters. In order to have a tiwentita
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comparison among the microstructures observed by SEM, the area range that has the maximum

fraction of particles in each sample was considered. As can be Hagnried-6ga, for all the PPT

and PPAMT nanocongsites, except PPT75, the maximum fraction of particles are in the range
of 1000650000 nM. However, in the case of PPT75, there is a maximum in the range of-50000
100000 nm. This could be attributed to the fact that the less compact fractal microstroétu

TiO2 clusters in the PPT nanocomposite led to formation of the interconnected subunits in a
lower TiO, content compared to PPAMT. In the other words, PPAMT samples have more
isolated aggregates than PPT that is due to the better dispersion of tpartieles in the
PPAMT system.
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Figure4-6: Results of image analysis of SEM micrographs{fég4-4 and4-5) in the format of;

(a) number fraction of the aggregateéh a given range surface area, and (b) contribution to total

area

4.3.3 Rheology

4.3.3.1Linear Viscoelastic Properties

Rheology is an indirect method to obtain reliable data about bulk of the nanocomposites in the

melt state. Linear viscoelastic properties are &nysitive to the microstructural changes in the

polymer nanocomposite

Bigure4-7

shows the results of frequency sweep tests on the neat PP
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and the compatibilized and uncompatibilized nanocomposites at 205 °C. It reports variation of

complex viscosity ( ) and elastic modulus*(p versus angular frequencyg) for the samples

with different contents of Ti@ The insets ifFigure4-7¢ andFigure4-7g representatively show

variations of * and  during the time sweep tests for the neat PP and thplea containing 4

and 7.5 vol% of TiQ They show that time dependency of the rheological properties increase
with TiO2 content. It could be attributed to the tendency of;n@noparticles to form aggregates

or agglomerates under oscillation in the nsti#tte particularly close to and above the percolation
threshold(Bailly and Kontopoulou 2013)Accordingly, the frequency range lower than 0.1 rad/s

was not accessible, because it required-timg of measurement.

Figure 4-7. Complex viscosity ( ) and elastic modulus*(Jp versus angular frequency of the

nanocomposites samples: (a), (c) PPT, and PPAMT (b), (d). Insets in (c) and (d) show variation
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normalized values of land (* b HRad t=0) during the time sweep tests for the neat
PP and the nanocomposites containing 4 and 7.5 vol% ef TiO

Figure 4-7|shows that addition of TiOnanoparticle leads to increase in bothand * b

especiallyat low angular frequencies. The effect of Ti@ntent on the rheological properties of

the PPT samples containing 5 and 7.5 vol% is more pronounced compared to FPHRgMa

4-7a shows that adding up to 3 vol%noparticles does not significantly changeover whole

range of frequency. On the other hand, fore WKH EHKDYLRU RI WKH VDPSOHYV
from that of the PP matrix. At high frequencies, where the viscoelastieniesp of the

suspending media are governing, the discrepancies are smaller. In the PPT nanocompadsites, at

. WKH SVHXGRSODVWLF SODWHDX GLVDSSHDUHG VKHDU V

significantly enhanced @ the whole range of frequency. Moreover, dependency obn

frequency at low frequencies increased with JJoOntent|Figure 4-7¢-d show that adding Ti©

nanoparticles decrease frequency dependency of dyndasiccenodulus ¢ pand leads to the
formation of a plateau at low frequencies. This leads to flathess of the modulus curves at low
frequencies for the most concentrated samples. The deviation from terminal behavior indicates
that the presence of nanopeles hinders long polymer chain relaxation. In order to
quantitatively compare the changes in the rheological characteristics of the samplas,* Fat

ORZ IUHTXHQREBLHY UDG V ZHUH |ILWaw e rélatio) SRZHU
and . In addition, zereshear viscosity of the samples was determined using the

four-parameter Carreaviasuda model;

(4.6)

where Kis zerashear viscosity, is the ratio of K to the shear stress at the transition from
Newtonian to nofNewtonian behaviora is the index that controls this traneiti and,c is the

powerlaw index(Fontaine et al. 2013Yhe values oh, m, kand K are reported iTable4.3| As

can be seen, botin andn exponent decrease witth showing the nofterminal behavior of the
nanocomposites. The deviationrofrom 1, represents a deviation from Newtonian behavior with

increasing TiQ content. On the other hand, the significant increas&iwith / indicates the
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formation of a space spanning network of Ti@noparticles. This abrupt change &fin PPT

samples occurs at > 5 vol% where complex viscosity increases about two ordersaghitude.

However, in PPAMT samples, this significant change takes place moderately. It could be

attributed to the presence of AMPP with lower viscosity, compared to PP and smaller aggregate

structures which need a higher Bi€dntent to reach the percotat threshold.

Table4.3: Slope of rheological propertigEigure4-7) at low frequencies and§ from Equation

4.6
PPT PPAMT

Sample n? m? k@ Kb Sample n? m? k? Kb

[kPa.s] [kPa.s]
PP 0.81 1.10 0.78 125 AMPP 0.83 1.00 0.82 8.29
PPT1 0.83 1.12 0.79 12.3 PPAMT1 0.82 1.11 0.70 11.4
PPT3 0.81 1.08 0.79 16.3 PPAMT3 0.81 1.10 0.78 14.1
PPT4 0.80 1.06 0.77 16.9 PPAMT4 0.79 1.01 0.76 16.9
PPT5 0.73 0.85 0.70 49 PPAMTS 0.78 0.98 0.75 22.7
PPT75 = 040 0.38 0.43 3793 PPAMT75 0.67 0.70 0.65 395
PPT10 0.19 0.21 0.25 4748 PPAMT10 0.24 0.20 0.30 1630
PPT15 = 0.09 0.09 0.04 10890 PPAMT15 0.13 0.12 0.31 10693

a , and DW &7 ubDG Vv
b obtained by fitting on Eq. 6

In order to investigate the effect of nanoparticles on elasticity of the molten

nanocomposites, variation dfpversus / at different frequencies are showr

Rigure 4-8

h and

8b respectively. In PPT samples &t 0.126 rad/s* Fises slowly with / up to 4 % followed by

a geep increase in 4 4 < 10. The same trend was observed at higher frequencies but with much

smaller step increase. The critical volume fraction of the PPAMT samples, where the sharp

increase of* starts, is 5 %. It is higher th&PT and, is in agreement with the results of complex
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viscosity |Figure 4-7a-b). It is noteworthy that the presence of Tilbcreased* Zas well,

However, * s more sensitive to the nanocomposites microstructure

Figure4-8: Variation of elastic modulus with nanoparticle content at different frequencies for (a)

uncompatibilized and (b) compatibilized samples

To have a better observation about the changesearliviscoelastic properties, imaginary
part of complex viscosity (J versus real part (Pof the nanocomposites in the critical range of 4
" E” YRO DUH |BgoreaMMCHIECdledliagram). As can bebserved for neat PP

matrix in|Figure 4-9] Cole-Cole diagrams of single phase systems with a single characteristics

relaxation time are in the form of a seanicle. However, in multphase complex systems, which

have more than one relaxation time, the seintle diagram is distorted. In the PPT
nanocomposites, the maximum ©ble-Cole diagram disappeared & ¢ YRO LQGLFDWLQJ
presence of the interconnected aggregates of Wit long relaxation times. Thichange in

ColeCole plot of the PPAMT samples is seen at 7.5 vol%. Intersection oftiheCole plots

with the line Z= bepresent the crossser points where* b= * Z[Table 4.4/ summarizes the

crossover anglar frequencies and the corresponding modulus. It can be seen that higher TiO
contents leads to lower angular frequency of cm&s points which is a characteristic of selid

like behavior. At/ e YRO LQ 337 DPRO LQ 33%07 YDOXHV RI HOD
exceed loss modulus without cross over which is another indication of lower percolation
threshold in PPT.
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Figure4-9: Cole-Colediagrams ofthe samples with TI@FRQWHQBV Rl YRO

Table4.4: Angular frequencies and values of the crossr points wheret = * Z

& * %o * & * %o *.
Sample Sample
[rad/s] kPa [rad/s] kPa
PPT1 20.0 23.7 PPAMT1 20.0 20.5

PPT3 20.0 28.9 PPAMT3 20.0 25.0
PPT4 15.9 25.7 PPAMT4 15.9 22.3
PPTS 14.7 344 PPAMTS 15.9 28.7

PPAMT75 3.16 22.5

Loss factor {an &5 where Gs the phase angléap G= *Z* R is a sensitive parameter to

microstructural evolutions antransitions in multphase materials and, it is usually used to

demonstrate liquigolid transition at the percolation threshqligure 4-10] compares the

variation oftan Grersus angular frequency in the nanoposites undergoing the transition. The

samples containing 4 vol% of Ti@xhibit behaviors similar to neat PP wheéae Glecreases
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with & Their plots have negative slopes indicating the higher elasticity of their melts at the
higher angular frequenciesn PPT samplesfan Gat low angular frequencies significantly
decreases with increasing from 4 to 5 vol%. This is due to the higher elasticity of the
nanocomposites containing a percolated structure of nanoparticle at the tiaimren above

their percolation threshold. On the other hand, based on the resu#s @the transition in

PPAMT takes place at volume content between 5 and 7.5 vol%. Less depend@amcpaf & at

high concentrations is another sign of the sbkd behavior.

Figure4-10: tan &rersus angular frequency for the samples containing 40l% of TiQ

As shown ir{Figure4—7 solid like behavior due to the formation of filler network leads to

the yield behavior and the lefrequency plateau for PPresence of a finite yield stress could be

clearly seen by plotting versusG*.|Figure4-11{shows that increasing Ti@ontent resulted in

a divergence in -G* and, above 5 vol%, slopes of the curves became much steeper. This
pronounced divergence in PPT75, compared to PPAMT75, indicates that 7.5 vol% was well
above he percolation threshold of PPT nanocomposite. Therefore, the rheological percolation

threshold in the uncompatibilized samples is lower than that in the compatibilized ones.
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Figure4-11: Plots of verausG* for the samples undergoing liqusilid transition

In analogy with the electrical properties, rheological percolation threshold could be defined
as a critical particle loading where an interconnected network of the filler is formed and liquid
solid transition occurs. It is generally admitted to describe the relation between the rheological
properties and filler content above the percolation threshold by dawegquations. Similarly to
Equation4.1, we can us&quation4.7;

for / ¢ ] 4.7

where ¢pandn are powetflaw constants, and,, is the percolation threshold (vol%) determined

based on the values of the rheological property

It was reported that, among tharious rheological properties, estimating based on* b

gives the best description for experimental valikesta et al. 2007)Since the polymer matrices
of PPAMT samples are blends of PP and AMPP, their rheological propediestahe same as
the PP matrice in PPT samples. Therefore, reduced values of the rheological properties of the
nanocomposites relative to the properties of the corresponding matrices were used for fitting to

the powedaw relation. Huang and War(@011)used reduced form d& belative to the matrix

(* B to compare percolation threshold in nanocomposites based on different grad¢Bigtife$.
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4-12shows the variation of reduced complex viscosities) (@and reduced elastic modulus i

with / and the best fits of the results usinguBtion 4.7.[Table 4.5 summarizes the obtained

fitting results to find the rheological percolation threshold basedifterent criteria of* p* B
and *;. As can be seen, the type of considered rheological criterion does not affect the estimated

value of [ for PPT samples. On the other hand, usingand  to determine /, of PPAMT

samples led to lower values of percolation thresholds compared to those calculated baged on
and *p It could be concluded that, regardless of fitting criterion, rheological percolation in
uncompatibilized samples (PPT) are generdbyer than those for compatibilized ones
(PPAMT). This is in a qualitative agreement with the results of electrical percolation thresholds
and, is directly due to the state of dispersion of2Ti@noparticles. It should be noted that
rheological percolatin threshold in thermoplastic nanocomposite containing conductive
nanoparticles is usually lower than electrical percolation threghhldng and Wang 2011; Pan

and Li 2013; Potschke et al. 2009; Abbasi et al. 2009; Sumfleth et al.. ZBddigally, it is
believed that in the electrical percolation, the filler network is able to transfer electrons. On the
other hand, in the rheological percolation it is able to transfer the fressset al. 2007; Huang

et al. 2012) Accordingly, the lower rheological paation threshold, compared to the electrical
percolation threshold, could be attributed to the fact that a shorter interparticle distance is
required for electron transfer. In addition, formation of a polymamdbolayer around the
nanoparticles enhanceiseir effective volume fraction and, polymer chains might connect the
nanoparticle aggregates by bridging. These phenomena enable the filler network to transfer the
stress at lower nanoparticle contents resulting in the lower rheological percolatidmlidses

compared to the electrical ones.
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Figure4-12: Reduced values of (a) and (b) *, as functions of Ti@content. The lines are the
best fits using Equatioh7

Table4.5: Rheological percolatiorntesholds and fitting parameters of Bd. based on the

values of different rheological properties

Sample Seriet Fitting Criterion Fitting Parameter
¥ n r?
[%Vol.]

PPT * %o 5.0 60.2 kPa 2.30 0.999
5.0 513.6 kPa.sc 2.17 0.997

PPAMT * %o 7.0 150.4kPa 157 1

* o0 7.0 824.5 167 1

6.7 1000 kPa.s 1.62 1

r 6.8 199.2 161 1

4.3.3.2Non-Linear Viscoelastic Properties

Figure 4-13) shows results of the strain sweep tests for neat PPP&Id nanocomposites

containing different contents of Tianoparticles a&= 1 rad/s. Generally, the length of linear

viscoelastic region and corresponding critical strain limi} (lecreases with filler contents.

Figure 4-13a illustrates that increasing Ti@ontent leads to higher elastic modulus at plateau
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(* P and smaller linear viscoelastic zone. Normalized plots, relativeptf.e. * b* B, depicted

in[Figure4-13p, show the variation of. (defined as a strain where 10% reduction*irpccurs)

with TiO2 content|{Table 4.6| summarizes the results of strain sweep tests for both PPT and

PPAMT samples. Interestingly, sudsiddecreases in. with / are observed in PPT and PPAMT

that could be attributed to the presence of a particle network above the percolation threshold of
each nanocomposite system. In agreement with frequency sweep resultshditieriran non

linear viscoelastic behavior of PPT nanocomposites takes place at a lowempared to
PPAMT. Increasing Ti@volume content from 4 to 5 % led to reduction gfrom 31 to 4.5 % in

PPT samples while the reductioh ¢ for PPAMT samples was observed in the range of 5to 7.5
vol% TiO.. This is another indication of lower percolation threshold in the uncompatibilized

system.

Figure4-13: (a) variation of * versus &ain amplitude for neat PP and PPT sample& at 1

rad/s, (b) normalized values 6&f to value of elastic modulus at the linear plateadi’( )
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Table 4.6: Key characteristics of the neat polymers ahd hanocomposite samples obtained

from strain sweep tests &= 1 rad/s and the elastic characteristic time

Sample L ‘ %8 58
[kPa] [kPa] [%] [s]
PP 1.35 3.04 854 0.707
AMPP 0.77 2.13 99.8 0.531
PPT1 2.35 4.87 68.2 0.483
PPT3 2.73 562 349 0.486
PPT4 3.22 6.14 31.0 0.524
PPT5 577 878 45 0.657

PPT75 30.1 221 1.7 1.362
PPT10 825 335 14 2.463
PPT15 271 399 0.7 6.792
PPAMT1 237 4.86 70.5 0.488
PPAMT3 2.29 4.63 65.3 0.495
PPAMT4 2.77 5.18 37.3 0.535
PPAMTS 3.21 5.66 22.8 0.567
PPAMT75 7.38 9.05 4.9 0.815
PPAMT10 86.0 351 1.3 2.450
PPAMT15 243 60.9 0.9 3.990

In order to investigate polymditler and filler-filler interactions, scaling analyses have
been applied to interpret the rheological characteristics of polyrasocomposites in both
regimes; lower than the percolation threshold and above it. A general-jgaweglation between

cand / is used for nanocomposites below their percolation;
(4.8)

where is a parameter used to describe resistivity of the filled system to changing strain

amplitude{Figure4-14a shows ¢ for volume fractions below/, (1, 3 and 4 vol%) and its power
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law dependence according touadion4.8. The smaller exponentfor PPAMT nanocomposites
compared to PPT (= 0.35 versus = 0.58) shows lower sensitivity to strain for the
compatibilized nanocomposites. Bailly et dR010) reported values of 0.3 and 0.5 for
nanocomposites based on ethylene octane copolymer (EOC) and fuiceedSS{@) containing

up to 4.5 vol% of the nanoparticles with different polymarticle interactions. Since filler
loading was below the percolation threshold of the system, there was not the interconnected
network of nanoparticles. Hence, lower stragsistivity of PPAMT could be attributed to a
stronger interfacial interaction between PP and: T to bonding with maleic groupBailly et

al. 2010; Li et al. 2009)This was also confirmed in a previous study on mechanical properties of
the same systes that showed a similar interfacial reinforcement through a micromechanical
analysig(Zohrevand et al. 2013)

Figure4-14pb shows the results of the analysis using scaling relatigns  and ¢~

at the volume fractions above the percolation thresholds of the nanocompadsite§.6-15

vol%). Simultaneous solving of Hagtions4.2 and4.3 using tle values of exponents andt

gives dr = 1.86 and 3.42 for PPT and PPAMT nanocomposites. Lower value of the fractal
dimension for PPT could be attributed to less dense aggregates in the uncompatibilized
nanocomposites compared to the compatibilized oneghwis in agreement with the

morphological observations.
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Figure4-14: (a) critical strain as a function of TiQolume fraction lower than the percolation
thresholds of the samples. The lines are the best fits usimati&ig4.8. (b) Variation of critical
strain and elstic modulus at plateau with Ti@ontents above the percolation threshold. The

lines are results of fitting using Egtion4.2 and4.3

4.4 General Discussion

Lee et al.(1995) correlated the rate of size reduction oflefi agglomeratesR) in melt
compounding to the main influencing factors, such as interactions among the components and

hydrodynamic forces applied by an external flow field. He proposed a relation:
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whereW,, 2 and Jare work of adhesion between the fillers and fluid, the cohesive strength of

the agglomerate, the fluid viscosity, and the shear rate respectively. Surface hydrophilicity of
unmodified TiQ leads to weak interactions between PP and, TiOmparedo TiO.-TiO2 ones

and, it causes the aggregation during melt mixing pro@esmeo et al. 2008)On the other

hand, maleic anhydride groups of AMPP can react with hydroxyl groups of thendinmoparticle

forming the bound layer that can improve stresasfiex, required for brealp, to the particle

aggregate during the mixin@-i et al. 2009; Li et al. 2010)Bailly et al. (2010) utilized a
UKHRORJLFDO DSSURDFK EDVHG RQ WKH FRQésEnmWheR1 SHIITHI

thickness of the bound layer in nanocomposites containing surface treated 1% described

the relation between and / using the expression in Equatié®

(4.9)

whered LV DYHUDJH SDUWLFOH GLDPHHB UWEL® JOW KW K\HK M D O X\M |
be estimated by fitting the values of the elastic modulus on a combinationatidg.9 and the
modified GuthiSmallwood equation (E@tion4.10) to describe the reinforcement effettthe

TiO2 nanoparticles
(4.10

where * b ) and * R areelastic modulus of the nanocomposite and matrix, respectiRely] et

al. 2013; Jouault et al. 2012; White and Crowder lﬁigpre4-15 representatively, shows the

best fit on the experimental values d&fpat & = 0.126 rad/sec for PPT samples with the

concentrations below the percolation. It was considereddthat QP DQG O LV WKH DG
parameter in the combination of &&ion 4.9 and Egation 4.10. The best fits orthe
HI[SHULPHQWDO YDOXHV JDYH 0 DQG QP DV WKH WKLFN
and PPAMT nanocomposites, respectively. These values indicate thicker shell layers compared to
those reported by. Bailly et g2010) which were 2.5 and 2.8m for the EOC/Si@ systems.

However, this analysis qualitatively verifies the presence of bound layers in both PPT and
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PPAMT samples. As expected, compatibilized PPAMT nanocomposites have thicker bound
layer, compared to PPT, which is in agreement viighresults of strain sweep.

Figure4-15: Experimental values of at &= 0.126 rad/s (circles) for PPT nanocomposites and
the best fit using the combination of EP and Eg4.10 (dashed line)

On the other hand, in addition to polyféler interaction {\a), appropriate extent of shear

( J) must be applied by the polymer melt to break and disperse the particle aggregates. Apparent
shear rate in a typical conveying element of a tsdrew extruder () could be rougly

estimated by

(4.12)

whereNs is screw speed)e is the equalent screw diameter arg is the average channel depth
of the twinscrew extruder(Goharpey et al. 2008)Using Eaation 4.11 and corresponding

geometrical characteristics of the twdarew extruder used¢ = 18 mm,hyn = 3.25 mm), tk

apparent shear rate at 200 rpm was around!58ssuming that CoMerz rule ( 8 (&)

is valid, corresponding values of apparent viscosijya6d shear stress () at &= 58 rad/s for

PP, AMPP and matregs of the compatibilized nanocomposites are reportgchinte 4.7} As it
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can be seen, the apparent shear stress§( &, applied by the corresponding polymer
matrices in the PPAMT sampledecreases with concentration of FiOrherefore, although
interactions between polyméHer in compatibilized samples are higher than those in

uncompatibilized ones, the induced shear stress from the corresponding matrices are lower.

Table 4.7: Values of complex viscosity {) and u &for the neat polymers and polymer

matrices of different compatibilized samples at 205 °C &~d58 rad/s

& 8

Polymer Matrix
[Pa.s] [kPa]
PP 840 48.6
PPAMT3 830 48.1
PPAMT10 750 43.3
PPAMT15 775 44.8
AMPP 765 44.2

Moreover, blends of PP and AMPP, depending on their compositions, can form one or two
phases. Molecular weight and maleic anhydride content of AMPP are two important pasameter
which control miscibility of PP and AMPP as two crystalline polymers. High molecular weight
and low maleic anhydride content of AMPP favor-argstallization of PP/AMPP, which
improves miscibility. AMPP used in the present work has a relatively low Mweod (0.1 wt%)
and high molecular weight which result in minor differences in chemical structure of PP and
AMPP. In this case, where there are minor differences in chemical structure of PP and AMPP,
their blend morphology could be result of one of twosilde situations. In one situation, the
phase separation is the dominant mechanism and, in the other amgstadlization is the main
mechanism. In fact, in this kind of crystallieeystalline polymer blends, crystallization kinetics
has a more impontd role in determining the phase morphology compared to thermodynamics. A
higher cooling rate may cause-cxystallization of PP and AMPP which decreases the phase
separatior{fDuvall et al. 1994; Cho et al. 1999)
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Figure 4-16| representatively shows AFM images of PP/AMPP blends with the same

compositions as the matrices of the PPAMT3, PPAMTS5, and PPAMT10 samples. They were

prepared via the same process as used to prepare the nanocomposites. Ac¢bathiled.&2) the
relative weight ratio of AMPP/PP in the mentioned samples are 14.2/85.8, 24.3/75.7, and 50/50,
respectively. As can be seen|kigure 4-16g-c, there are separated domainarkdregions)

dispersed into the PP matrices. Although the number and size of the droplets increased with

AMPP content, the area ratio of the AMPP phase with respect to the total area are smaller than
the content of AMPP in the blen¢lsigure4-16d is an AFM image of the AMPP/PP 50/50 wt%

blend at a lower magnification. Image analysi

@fure 4-16

shows that AMPP phase covers

around 10 % of the total area which is lower than the expected 50 @uldt loe attributed to

dominance of carystallization over phase separation due to the high cooling rate (~50°C/min)

during the compression molding process that hinders the phase separation.
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Figure4-16. AFM images of the PP/AMPP blends with the same composition as in the matrices
of the compatibilized nanocomposite samples; (a) PPAMTS3, (b) PPAMTS5, (c) PPAMT10, and
(d) PPAMT10 (lower magnification)

The combination of the aspects discussed above, dependitige range of Ti@content,
result in the different morphologies of the nanocomposites. At low particle conteit (
there is no matrix phase separation and, both factors of the high shear stress and st/oi@ger PP
interaction help in better dispersion of Bil@ PPAMT compared to PPT. They caused the better
dispersion of TiQ, formation of the smaller aggrdga, and higher percolation thresholds in
PPAMT system compared to PPT. On the other hand, at the highecdn@nts (/ « WKH

matrices of PPAMT samples have lower viscosities and, the applied hydrodynamic shear stress is

not as much as in PPT samples. In addition, there is partial phase separation of PP/AMPP.
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Therefore, the particle aggregates of PPAMT samples above the percolation threshold are denser
compared to the PPT samples. It is in agreement with the valaesliiined from the scaling

analysis of the amplitude sweep tests.

Based on tunneling mod@Huang et al. 2009)nterparticle tunneling conductivityun in a

particulate polymer composite could be defined as

(4.12)

whetrer is the distance between the centers of the partitisghe diameter of the particles, and

is a typical tunneling range that is assumed as a constant depending on the particle type.
According to Egation4.12, the contribution foany two spherical particles to the conduction of

the composite decreases with This model shows that the electrical conduction of a

nanocomposite is mainly due to charge transfer between the nearest particles or through the

particle clustergFigure 4-17|schematically depicts microstructure of PPT and PPAMT samples

in the three ranges of nanoparticle concentrations; below percolation threskol: |Q:igure

4-17a and d), in the vicinity of percolation/(8/: |Figure 4-17p and e), and beyond the

percolation (/< /:|Figure4-17¢ and f). Poor dispersion of Ti@t /< [in PPT |Figure4-17a)

results in a lower average interparticle diseafer PPT compared to PPAM|Eigure 4-174).
Therefore, electrical conductivity of PPT is higher than that of PPAMT and it has a lower
electrical percolation thresho‘@igure4-1ﬂ3 has less particle compareqRimyure 4-17¢). At a

concentration above, (Figure4-17¢ and f), interconnected networks of particle farened but

the aggregates in the PPAMT samples are denser compared to PPT.
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Figure 4-17. Schematic illustration of nanoparticle distribution in the PPT and PPAMT

nanocomposites in three ranges of Zgdnent respect to the critical volume fraction gin the

percolation threshold (Number of particles in (a) and (c) is equal to that in (d) and (f) respectively

but there more patrticle in (e) compared to (b))

4.5 Conclusions

A comprehesive study was performed on the evolution of morphology, electrical conductivity,
and melt state viscoelastic properties of the compatibilized (PPAMT) and uncompatibilized
(PPT) nanocomposites based on PP and: T@noparticle as a semiconductor inclusion
Electrical measurements showed that the nanocomposites compatibilized with AMPP had a
higher percolation threshiblcompared to PPT. It was agreement with the SEM observations
showing that the presence of the large clusters of nanoparticle aggreghte$#PT samples led

to formation of the interconnected filler network at the lower>Ta@nhtent.

Based on the linear viscoelastic properties, a higher rheological percolation threshold was

observed in the PPAMT system. It was attributed to the bettperdisn of the spherical TO
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nanoparticles in the PPAMT system below the percolation, compared to PPT. It was also
consistent with the results of the electrical conductivity measurement and the morphological
studies. However, in the TiQrontents above éhcritical concentration of percolatiorE(e

vol%), the lower hydrodynamic shear stress during mixing and the partial phase separation in the
matrices of the PPAMT samples could lead to the denseralg@regates compared to PPT. The
nontlinear viscoelastic studies and the scaling analysi/etl that the aggregate structures in the
PPAMT samples, above their percolation, have larger fractal dimendiprthat was in

agreement with their morphological features.
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Abstract

Porous Nanocomposites films based on polypropylene (PP) and titanium dioxidg (TiO
nanoparticles werprepared by melt extrusion followed by uniaxial stretching. Effects of drawing
temperature, extension rate, stretching ratio, and composition of the base films on final properties
and microstructure of the stretched films were studied. Water vapor pdityeabults showed
significant decrease in permeability of the films stretched at temperatures higher than 60°C.
Porosity, pore size, and water vapor transmission rate (WVTR) in the porous nanocomposite
films had a direct relation with nanoparticle conteextension rate and stretching ratio. Study on
morphology of the stretched films, using SEM, revealed that the pores form due to PP/TiO
interfacial debonding at low stretching ratio and, higher stretching ratios causes an enlargement
of the pores andfmation of PP fibril structure parallel to the stretching direction. Quantification

of dye adsorption revealed that the quantity of adsorbed dye increased with porosity and surface

area of the pores

Keywords: porous film, polymer nanocomposite, stretchin porosity, processtructure

relationship
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5.1 INTRODUCTION

Simplicity, efficiency, and costffectiveness of the methods for producing kigiiformance
functional products based on polymer materials are some of the strong motivations to develop
polymer nanoomposites. Polymers can be blended with different kinds of nanoparticles to
modify their mechanical, electrical, or other physat®mical properties for different
applicationd1, 2]. One of the interesting applications of the functional polymer nanoccsitep

is in the area of clean energies.

Proton exchange membrane fuel cells and flexible solar cells are examples of devices in
which polymer nanocomposite can be used to replace some parts in order to reduce their weight,
production cost or improve theimechanical propertie$3, 4] In the area of solar cell
applications, ge-sensitized solar cells (DSSC) (which were first introduced by Michael Gratzel
et al[5]) have attracted a great attention due to their low cost materials and high effidieagy.
have a photoactive anode composed of a mesoporous thin layer of nanocrystaljirmded
with photosensitive dye moleculd§]. The TiQ layer provides an interconnected porous
network of TiQ nanoparticles, needed as a pathway for electrical chargetamileand a large

surface area over which the dye can be adsdihes].|Figure5-1|illustrates aypical structure of

a DSSC showing its main parts. As it is shown, the pores of theldyér are usually filled with

a liquid electrolyte and a platinum counter electrode is placed on the tdg8]of it

Figure5-1: Typical structure of a dysensitized solar cell
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A high-temperature ( > 450 °C) sintering process is needed for the preparation of the TiO2
structure, which is a limiting factor in the fabrication of the porous:T&yer on plastic
substrates to manufacture flexible DSSCs. Different methods such as chemical s[at@ting
laser sintering11], and mechanical compression have been proposed to make the flexible porous
TiO2 layer. Among the different techniquésat have ben used to manufacture DSSCs via more
convenient rout, utilizing polymer nanocomposite materials could be a promising one. Riew et
[12-14] reported an interesting work on using electrospinning process to develop a porous
structure from a mixture contang a polymer (PAN), a solvent (DMF), an adge (congo red)
and TiQ nanoparticles. Recently, Li et al. [4] proposed a method based on-agsiated
electrospinning to develop composite photoelectrode of DSSCs composed: afafi@particles
and PVDF naafibers.

In another approach, a continuous process was used to produce highly conductive
microporous films for different parts of fuel cells where a thermoplastic polymer was
compounded with different combinations of conductive fillers followed by stregobi solvent
extraction techniques to create pores in the nanocomposite [fiBhsOne of the wetknown
solventfree methods of producing porous flexible thin films is based on stretching polymeric
composite films containing rigid filler$l6, 17] Uniaxial/biaxial stretching of the polymer
composite films containing a fine dispersion of the filler causes the detachment of the two phases
from the interface (due to stress concentration) and results in pore formation in tfHesfith9]

The final propeies of such porous films are affected by material properties (e.g. characteristics
of the polymer matrix, filler nature, filler particle size etc.) and process conditions (such as
mixing conditions, extension rate and temperature). It was reported thgtamaller particles
leads to smaller pore size, higher porosity and effective porosity in the fina]18p2023].
Polyolefins are widely used to produce microporous films. Because of their excellent physical
properties, chemical resistance and easycessing, polypropylene (PP) is one of the best
candidate polymerd 8, 20, 21]

The aim of the present work is to develop a method to produce a flexible porous
photoelectrode layer for DSSCs through melt processing followed by stretching. Therefore, PP
based nanocomposite films containing a percolated structure afriEi@particle were prepared,
and, the effects of different material compositions and process parameters on the formation of

porosity due to stretching was studied. Since there is a poor tbiliysbetween PP and Tig)
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it is difficult to achieve a good dispersion of the nanoparticle via melt blending. Therefore, as
previously reportedl, 2], an anhydride modified PP (AMPP) was added to enhance the
dispersion of nanoparticles. The nanoconitpobased film containing different nanoparticle
contents or AMPP were prepared by cast extrusion and stretched under different conditions.
Then, morphology, permeability and other properties of the porous films were analyzed to obtain

an optimum processywindow.

5.2 EXPERIMENTAL

5.2.1 Materials

An isotactic polypropylene (iPP) homopolymer (PP4712E1, ExxonMobil, USA) was used as the
polymer matrix and an anhydrigeodified polypropylene (Bynel 50E571, Dupont, USA)

denoted as AMPP, was utilized as the macromolecdapatibilizerTable5.1{summarizes the

main characteristics of the two polymers.

Table5.1;: Main characteristics of the resins

Polyme . . . Density
Designation Supplier MA Content MFI12 o
r (y
(%Wt) (9/10 min)  (g/cn?) (Pa.s)
PP PP4712E1 ExxonMobil - 2.8 0.9 8000
AM-PP  Bynel® 50E571 DuPont 0.I° 3.5 0.89 5800

2aASTM D1238 (230°C/2.16 Kg)

b Zeroshear viscosity; obtained from complex viscosity measured in freguameep test a
205°C

¢ From the supplier

A commercial grade Ti@nanoparticle (AEROXIDE Ti@ P25, Evonik, Germany) was
used in this study. According to the information provided by the supplier, it consists of an
hydrophilic fumed TiQ with a density Lof 4.26 g/cmiand an average primary particle size of 21

nm and a nano crystalline structure composed of a mixture of anatase:rutile (79:2Figyt¥e),
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5-2[shows typical TEM image of the Tihanoparticles and their particle size distribution in a

dispersion in water (inset|&igure5-2).

Figure 5-2: TEM micrographs of the Ti@nanoparticles used in this work (Inset: Particle size

distribution of an aqueous dispersion of the Jli@noparticle)

5.2.2 Preparation of base nanocomposite films by twirscrew extrusion

process

The compatibilized and uncompatibilized naowposite base films containing 10 and 12.5

%Vol. (around 34 and 40 %Wt) of the Tinhanoparticles were prepared via dilutingotw
PDVWHUEDWFKHY EDVHG RQ 33 DQG $033 7KH PDVWHUEDWEF
TiO2 were prepared using a tightly intermeshingrotating twinscrew extruder (Leistritz ZSE
18HP40D, Germany) with diameter @ = 18 mm and ratio of length to dianéiz = 40

equipped with a typical compounding screw profile showRigure 5-3| Code GFA, irEigure

5-3| represents the conveying elements, which were-eltla2nel, ad the last two numbers refer

to the pitch size and total length of each element, respectively. The code KB refers to kneading
blocks and the two last numbers are respectively the kneading disk thickness and their staggering

angles.
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Figure 5-3: Schematic view of the screw configuration and the temperature profile used in the
compounding process (GFA: <cotating conveying freeneshing elements, KB: kneading
blocks)

In the compounding process, the two mastieties were, initially, prepared through two
extrusion passes. Then, in another extrusion run, the masterbatches were diluted to lower
concentrations by adding neat PP and the resulting compounds were extruded through a slit die at
210°C to produce the has@ DQRFRPSRVLWH ILOPV ZLWK DQ DYHUDJH WK
the extrusion runs, a constant screw speed of 200 rpm and the same temperature profile: 160, 190,
195, 200, 202, 205, 205 and 205°C (from the main hoper to the di€igsee5-3) were applied.

Pure PP and AMPP, nanocomposites and, hi@hoparticles were vacuum dried at 80°C for 8

hours before each mixing run. Materials were fed to the extruder, from the main hopper, using a
volumetric feeder (fothe polymers and the composites) and a4pigitision powder feeder (K

Tron, USA) for TiQ nanopatrticles. In order to minimize thermeechanical degradation during
intensive mixing, 3000 ppm of antioxidant (Ciba IRGANOX B 225) was addadle 5.2

reports the complete compositions of the samples.
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Table5.2. Composition of the nanocomposite samples

PP AMPP _
Sample TiO2 Content
Content Content

Code

%Wt %Wt %Wt %Vol
PPT125 60 - 40 12.5
PPT10 65.5 - 345 10
PPAMT125 21.4 38.7 39.9 12.5

5.2.3 Post extrusion stretching and porous film preparation

The base films were uniaxially stretched parallel to extrusion (Machine) direction (MD) at
different stretching temperatures, extension rates @waglv ratios using a dynamic tensile
machine (Instron ElectroPuls E3000, USA) equipped with an environmental chamber. The
samples were cut as 6 cm rectangle and the initial distances between two grips of the machine
were set at 20 mm to 40 mm. The filmsreestretched up to 200% draw ratio at different
temperatures (60, 90 and 120°C) with different extension rates (5, 50, 200 and 500 mm/min). It is

to be noted that the draw ratio was defined as;
Draw Ratio [%] = 100 xlf +Lo Ly (5.2)

whereLs andLo are final and initial lengths of the samples between the two grips. The samples
were kept for 3 minutes at the desired strieighemperatures before drawing and slowly cooled
at the end.

5.2.4 Nanocomposite Sample Characterization

5.2.4.1Scanning Electron Microscopy (SEM)

Microstructure of the nanocomposite base films and the porous stretched films were
characterized using field emission ngcanning electron microscopy (JEOL 7600F FEG)
operated at 2 kV. In order to observe the cross sections of the film, samples wdraatyed

under liquid nitrogen.
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5.2.4.2Water Vapor Transmission Rate (WVTR)

Water vapor permeation through the film samples weasured, according to ASTM E96, using

a permeation test system (PERMATRAM Model 101K, MOCON, USA) at room temperature.

In this equipment, the sample film is placed between an upper chamber with 100% relative
humidity (RH) and a lower chamber connetcte a RH sensor. Water vapor diffuses through the
sample from the upper chamber to the lower one and then, it is swept by a flow of nitrogen to the

Sensor.

5.2.4.3Mercury Intrusion Porosimetry

The average pore size, pore size distribution, and porosity &ifrtlsewere measured by mercury
intrusion porosimetry (MIP)AutoPore IV 9500, Micromeritics, USA). This techniqgue measures
the amount of mercury penetrated into pores of a porous media as a function of the applied
pressure. Pressure required to penetraecury into a certain size of pore is a function of the

pore diameter.

The porosity of the films was also calculated by using the apparent density of the base films
and the stretched films obtained by measuring their dimensions and weights. In this timethod
relation between porosity and density is defined as;

Porosity % = x 100 (5.2)

where lhoraus fim and lbase fimare densities of the porous (stretched) samples and the base films

respectively.

5.2.4.4BET Measurements

Specific surface areas of the porous films, which are related to their porosity, were measured by
BET method (Autosorb, QuantachroméSA). In this technique, a nitrogen and helium gas

mixture is continuously fed through the sample cell kept at liquid nitrogen temperature. At
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different pressures, the total volume of nitrogen gas adsorbed on the surface was measured. The
volume of gas neked to create an adsorbed monomolecular layer is calculated by Brunauer

EmmetTeller[24] equation;

(5.3)

where p is the experimental pressurpg is the saturation pressure,is the volume of the
adsorbateym is the volume of gas required to form an absorbed monomolecular layerjsaad

constant. The detailed procedurdfu$ technique could be found elsewhggke

5.2.4.5DMA Measurements

The mechanical properties of the prepared films and membraneshaincevolution with
temperature are very important properties during their use. In order to measure variation of elastic
moduls of the PP matrix with temperature, its dynamic thermomechanical properties were
measured using a dynamic mechanical and thermal analyzer (DMTA 2980, TA Instruments)
equipped with a duatantilever test fixture. During the characterization, samples Wweated

from -60 to 120°C at a heating rate of 2 °C/min and frequency of 1 Hz.

5.3 Results and Discussion

5.3.1 Patrticle Size and Particle Size Distribution

Particle size and particle size distribution are important factors affecting microstructure and
properties ofthe porous films prepared by stretching. Generally, the pore size and pore size
distribution of the films are in a direct relation with the size and size distribution of the particles.
In the case of inorganic nanoparticle, due to larger specific sudes® and significant
interparticle forces, compared to traditional fillers, aggregates are fqm shows a
typical TEM image of the Ti@and their particle size distribution ¢hset ofFigure5-2). As it

can be seen in the TEM image, there are nanopatrticles with diameter size from 20 nm to 50 nm

that are connected to each other to form aggregates with different sizes. Particle size analysis
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shows two maxima & X Q G QP DQG PLQGLFDWLQJ VL]H RI DJJUH

down into smaller domains through melt compounding.

5.3.2 Dispersion of the Nanoparticles in the Base Films

The state of dispersion of TiOhanoparticles in the polymer matrices is anotimeportant
parameter which has a significant effect on the final properties of the porous nanocomposite

films. An efficient melt compounding process breaks the aggregates/agglomerates of the filler

leading to a fine level of dispersion and distributiontled inorganic phasg=igure 5-4{ shows

SEM micrographs of cryfractured cross sections of the base nanocomposite films containing
different concentrations of T«&and AMPP as a compatibilizer. The particles are homogenously
distributed through the samples. According to our previgogk [1], the TiQ contents of the

films are above the percolation threshold of the PR/Ti@hocomposite systems. Therefore,
isolated clusters structure of TA@ not distinguishable. In fact, the Ti@ispersed phase consists

an interconnected netwod the nanopatrticles aggregates/agglomerates (with frstctedtures),

small aggregates containing few nanoparticles, and individual primary nanoparticles. As
expected, size of the dispersed domains of>Ti@reases with nanoparticle content from 10
%Vol to 12.5 %Vol.
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Figure5-4: SEM micrographs from crossection of the base nanocomposite film samples
containing different TiO2 contents and AMPP as the compatibilizer: (a) PPT10, (b) PPT125, and
(c) PPAMTL25 in two magnifications

Figure 5-4¢ shows the effect of adding the anhydndedified PP (AMPP), as a

compatibilizer, on the morphology of the nanocomposites films. The aggregates of TiO
nanoparticles in theompatibilized sample PPAMT125 are more compact compared to PPT125.
This could be related to the legscous matrix of PPAMT samples compared to PPT which

applies lower shear stress during melt mixing that does not break the particles agftkgates

5.3.3 Effect of drawing temperature and extension rate

Drawing temperature and extension rate are two important process conditions affecting
microstructure and properties of the porous films, particularly their porosity. In order to initiate
the pores from the intace of polymer and filler, the base films could be stretched in a wide
range of temperatures lower than the melting point of the polymer. Drawing at the temperatures
far from the melting point may cause sample breakage and, on the other hand, dratvng at

temperatures close or above it may result in orientation without efficient pore formation.
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Figure 5-5| illustrates the effect of drawing temperature on BET surface area and the
apparent porosityRa) of the PPT125 stretched 100 % at the given extension rate (200 mm/min).

Increasing the drawing temperature led to lower porosity values. In the othds,wmre
formation decreases with drawing temperature. BET surface area represents the total surface of
the pores inside the porous samples. As the apparent porosity of the samples decrease from 60 %
to 43 %, BET surface area of the porous films decreasmatically from 7 to 1 Aig. It is

another indication of the low pore formation at elevated temperatures.

Figure5-5: Variation of BET surface area (left axis) and the apparent pos(tight axis) with
stretching temperature for the porous films based on PPT125 for a draw ratio of 100 % stretched

at 200 mm/min

Figure 5-6| illustrates effects of extension rate and drawing temperature on water vapor

transmission rate (WVTR) of 100% stretched PPT125 nanocomposite. As can be seen, increasing
stretching temperature above 60 °C led to a dramatiaction in WVTR through the samples.

The effect of extension rate on WVTR of the porous nanocomposite films is ambiguous.
However, transmission rate increased more than three times by increasing extgadiam 50

to 200 mm/min at 60°C.
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Figure5-6: Water vapor transmission rate (WVTR) versus extension rate of 100% stretched for

PPT125 nanocomposite films at different stretching temperatures

In porous films, WVTR depends on the number and size of the poresjzmodkssribution,
and the number of interconnected pdrEs, 25]|Figure5-7|shows SEM micrographs from the

cross section and surface of PPT125 samples stretched 100 % using 200 mm/min at different

stretching terperatures. From the cross section viewFajure 5-7g, it can be seen that fibril

structure of PP were formed parallel to the stretching direction (MD) and, then@i©particles
are detached from the polymer pRacausing the effective void formation. On the other hand,
although the samples stretched at 90 and 120Ffglie 5-7p1 and cl) are oriented, the fibril
formation and the detachment did not happen as muchthas tase of 60 °C. Surface image of

the samples (right side) reveal that the number and size of the pores on the surface of the films

decrease with stretching temperature.
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Figure5-7: SEM images from crassection and surface of the PPT125 film samples stretch up to
100 % at 200 mm/min and different stretching temperatures (a) 60, (b) 90, and (c) 120 °C

(images number 1 are from cressction and number 2 are from surface of the samples)
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Figure 5-8[shows pore size distribution of the samples stretched at different temperatures

measured by the mercury porosimetry method (MIP). As can be seen, peak of the curves shifted
to lower values by increasing the drawing temperature suggesting a redunigtare size. On the
other hand, the area under the curves decreased with drawing temperatures. It shows that porosity

of the stretched films decreases with the drawing temperature.

Figure 5-8: Pore sizedistribution of the samples stretched at different stretching temperatures
(PPT125, 200 mm/min, 100 %) obtained from the MIP measurements

Table 5.3[summarizes results of MIP measurements for the samples, stretcbéferent

drawing temperatures. It also compares the results of porosity and pore surface area obtained
from MIP with the results of apparent porosity and BET surface area. The table reports that
porosity, average pore size, and pore surface aredeofsamples decrease with drawing
temperature. The difference between the values of porosity calculated based on density and
obtained from MIP could be attributed to larger uncertainty in measuring the thickness of the
samples (x20 %) compared to MIP methioat its error is less than 5 %. Moreover, since in MIP
method mercury could not penetrate to very small pores, it reports smaller values of porosity

compared to the apparent porosity.
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Table 5.3: Summary ofpore size distribution obtained from MIP measurement for PPT125
sample stretched up to 100 % with 200 mm/min at different stretching temperatures

Stretching Temperatur Porosity Average Pore Sizi  Total Pore Aree
[°C] [%0] > P@ [m?g]
Density  MIP MIP BET
60 59.7 32.5 0.066 16.0 7.1
90 51.6 25.1 0.040 11.2 15
120 43.4 24.2 0.033 10.8 0.9

Depending on the drawing temperature and extension rate, several micro mechanisms are
acting during the deformation of the particulateypoér composite. At low temperature and high
strain rate, local cavitation mechanisms (e.g. muwiadling, crazing, and microracking)
followed by the debonding of the particles are the governing failure mechanisms. On the other
hand, local shear yieldingominates at low strain rates and elevated temperatures and, it has a

much larger contribution compared to the cavitational mechanéhs

Detachment of the Ti©particles from the PP matrix is the main mechanism of the pore
formation in the nanocompositfiims. The required stress for the detachment, called as
debonding stress, is a key parameter describing the effects of the process conditions on the
properties of the porous nanocomposite fih]. Pukanszky and VorgR7] proposed a model

to define tle debonding stress in a polymer composite as:

(5.4)

whereC; andC; are constast I is the thermal stress induced by the different thermal expansion
of the componentd)ag is the reversible work of adhesidajs the tensile modulus of the matrix,
andRis the radius of the particles.

Stressstrain behavior of the samples during 8teetching process is presente(FFigure

5-9a.|Figure5-9p depicts the variation of storage moduligréand W D §F PP with temperature

as measured by DMA. As expedtewith increasing the temperature, both draw tension (stress)

and ( Rlecrease. Based on d&jion 5.4, the debonding stressk] is proportional to the square
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root of the modulusE) of the matrix. However, as it can be seeffrigure 5-9p, there are two
peaks in the curvef W D ¥@rdus temperature for PP, at 5.3 = 0.4 °C and 109 £ 8 °C, which are

respectively associated withand . relaxations of PP molecular chains. Increasing the drawing
temperature, from 60 °C to 90 and 120 °C, leads to higher molecular mobility of the amorphous
and crystalline parts of PP matrix and lower yield stress under deformation. Therefore, it could be
concluded that the reduction in yield stress, at the high dgat@mperatures, is more significant

than for the square root of the modulus. It causes shear yielding and orientation in the PP matrix
instead of debonding at its interface with the Jpbase [26]. It should be mentioned that, since

debonding stress isrehgly dependent on particle size, larger particle aggregates detach from the

matrix at lower temperaturg&igure 5-7p1 shows formation of the pores around the larger

particle aggregates in the samples stretetéd °C.

Figure 5-9: (a) stressstrain curves recorded during stretching at 200 mm/min and different

stretching temperatures, (b) storage modyliend W Dv@rsus temperature for neat PP

5.3.4 Effect of draw ratio

Another important process condition that has a significant effect on the properties of the porous
films is draw ratio (defined in Egtion5.1). Since the most desirable results of the previous

sections were obtained for the lest stretching temperature of 60 °C, the influence of draw ratio

was investigated at 60 °(€igure5-10a reports the variation of WVTR with extension rate and
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draw ratio for the nanocomposite samples stretch&® 4C. An increase in draw ratio leads to
higher WVTR. For the samples stretched at 200 and 500 mm/min, WVTR is between 1400 to
2560 g/(nd.day) which is in the range of WVTR of other filled porous films with interconnected
pores[19]. In the case of an extsion rate of 50 mm/min, the change in WVTR with draw ratio

IS more significant compared to the other extension rates where it increased more than four times.
It could be related to the presence of interconnected pores with less tortuosity in the samples

stretched at 50 mm/min compared to the other samples.

Figure 5-10: Water vapor transmission rate (WVTR) versus draw ratio for 100% stretched

PPT125 nanocomposite films at 60 °C and different extensies ra

Figure 5-11)shows SEM micrographs from the surface and cross section of the stretched

PPT125 films to different stretching ratios parallel to machine direction (MD) at §Bi§are

5-11g-b show surface morphology of the porous films. As it can be seen, the number and size of

pore opening on the surface increased with draw ratio. As it was expected, the pores mostly
initiated from the debonding of PP phase from théase of TiQ particles. Crossectional SEM

micrographs|igure 5-11d-f) show that oval shape pores formed around the particles after 50%

uniaxial stretching. The size of the pores is a function the aggregatihelanitiate from; the

),

the pore size increased, the pores elongated and fibril structure of PP were forateldin§tup

larger the aggregate, the larger the pore. By increasing the stretch ratio tqQFi§0éF-11f

11%)
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to 200% enhanced the formation of PP fibrils and led to compaction of the PP fibril layers and
merging of the neighboring pores.

Figure5-11: SEM images from surface of the PPT125 film sampteetched at 60 °C and 200
mm/min with different draw ratios (a) 50, (b) 100, (c) 200 % and esestsonal SEM image of

the samples stretched at 60 °C and 200 mm/min with different draw ratios (d) 50, (e) 100, and (f)
200 %

The number of interconnectgabres between the two surfaces of the porous films and the
tortuosity or structural complexity of the pores are two competing parameters affecting WVTR.
Although the number of pores increases with draw ratio, the oriented layers of fibrillar PP may
resuls in compaction of the pores that reduces transmission rate and, in total, WVTR and WVP
do not increase significantly with draw ratio in the range of 50 to 2@. Nago and
Mizutani[28] reported thesame effect in porous films based on PP and GaCO

Figure5-12|shows the effect of draw ratio on BET surface area and apparent porosity of the

films stretched at 60 °C and 200 mm/min. The porosity of the fiimeases with draw ratio
from 27 to 60 % and then slightly decreases. According to the previous SEM f[&sylie |(

5-11) and WVTR|Figure5-10), it could be concluded th#te compaction of PP fibrils leads to a

denser porous films and does not significantly change the apparent porosity calculated based on
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the density (Egation 5.2) [28]. On the other hand, due to the formation of the pores which

provideslarger internal surface area, BET surface area of the porous films increases with draw

ratio up to 9 rifg which is in the range of the previously reported values obtained by mercury

porosimetry for stretched filled fibers [29].

Figure 5-12: Variation of BET surface area (left axis) and the apparent porBsisight axis)

with draw ratio for the porous films based on PPT125 at stretching temperature of 60 °C

stretched at 200 mm/min

Figure5-13jcompares results of MIP for porous films obtained with different draw ratios. It

clearly shows that the volume of the pores which are in the range ef 0.0P LQFUHDVHV ZL\

draw ratio. However, the peak position in {hare size distribution curve did not significantly
FKDQJH DQG LV DURXQG
the MIP instrument (0.006 P UHVXOWHG LQ SRURVLW\ YDOXH RI Z
pores are inhte range of 0.01 P DQG WKH DYHUDJH SRUH GLDPHWHU ZC
the results presented|irable 5.3| porosity increased with draw ratio. It is in contradiction with

the results of apparent poros'ﬁigure 5-12

where mercury diffuses to the pores under the applied pressures that may affect the pore

structure. As itwas discussed in secti

(3.3

P $QDO\WVLV RI SRUH VL]H GLVWI

and could be attributed to MIP test mechanism

the lower values of porosity from MIP compared
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to the values calculated based on density could be due to the probable error in film thickness

measurement and limited range of pore size considered in MIP.

Figure5-13: Pore size distribution of the samples stretched at different draw ratio (PPT125, 200

mm/min, 60 °C) obtained from the MIP measurements

5.3.5 Effect of TiO2 content and compatibilizer

Figure 5-14| compares WVTR in the porous films based on uncompatibilized nanocomposite

films containing different volume contents of Bi@nd the compatibilized ones containing
AMPP which were uniaxially stretched in MD to a draw ratio of 100t %0a’C. As can be seen,
WVTR of PPT125 is more than two times higher than that of PPT10, and the WVTR in
PPAMT125 is surprisingly low.
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Figure 5-14: Comparison of WVTR in the porous film based on the onmgatibilized
nanocomposite films PPT10, PPT125 with different sTi€dntents, and the compatibilized
nanocomposite film PPAMT125 containing AMPP and 12.5 %Vol. of,Ti®l the samples

were stretched to draw ratio of 100 % at 60 °C)

Figure 5-15/shows an SEM image of PPAMT125 sample stretched 100%. Although few
number of PP fibrils are observed, there is less number of pores created due to debonding

between PP and TiOcompared to the uncompatibilized samples. Two reasons are possibly
respansible for this difference; stronger interface between PP and dm@ lower degree of
crystallinty of the polymer matrix due to presence of AMPP which cause more flexibility of the

polymer chains.
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Figure5-15. SEM images from crossection of PPAMT125 film samples stretched at 60 °C and
200 mm/min 100 %

5.3.6 Dye adsorption

In order to quantify the capability of the porous film in absorbing a photosensitive dye, the

concentration of desorbed dye from thequ® nanocomposite film was analyzed using- Wis

spectroscopyFigure 5-16/shows the absorption spectra of the solvents containing the desorbed

dye. As can be seen, UV absorption intensity increases with stretching ratio. It shows that
increasing stretching ratio provides larger surface area to be covered by absorptierdys.
This is inagreement with BET surface area res{ﬁélglﬂre 5-12) that showed that increasing

draw ratio leads to higher values of surface area of the pores.
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Figure 5-16. UV-Vis spectrums of the desorbed dye from stretched nanocomposite to 0.1 N

solution of NaOH

5.4 CONCLUSION

Porous PP based nanocomposite films containing Ti@hoparticles were prepared by melt
mixing followed by uniaxial stretching. Finahicrostructure and properties of the porous films

are strongly affected by their composition and different process parameters such as drawing
temperature, stretching ratio and extension rate. Porosity and pore size of the films were strongly
affected by dawing temperatures. Stretching at lower temperatures led to higher porosity and
larger average pore size. It, consequently, resulted in larger WVTR through the films and larger
surface area of the porous nanocomposites. Moreover, a direct relation bektsresion rate

and WVTR was observed. Number of pore, pore size, and porosity increased with stretching
ratio. Higher interfacial strength and polymer matrix flexibility in the compatibilized films,
containing AMPP, caused less pore formation due to pabyarticle debonding and lower
WVTR of the samples. Quantifying dye adsorption showed that the larger porosity of the films

provides larger surface area covered bydye
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Abstract

In the present work, a novel method based on polypropylene- (HRy porous nanocomposite
film is introduced to prepare flexible photeetrodes for dyesensitized solar cells (DSSC).
Highly-filled nanocomposites films, prepared by twin screw extrusion of PP and TiO
nanoparticles, were uniaxially stretched up to 200% at elevated temperatures in order to obtain
porous films containinga percolated structure of the nanoparticles. The nanocomposite films
were sensitized by an inorganic dye (N719) and used as a photoelectrode in a shkelwich
DSSC. Mercury intrusion porosimetry (MIP), BET surface analyaisd UV absorption
techniqus showedthat higher stretching ratio leads to higher porosity and dye uptake in the
nanocomposite photoelectrode layer. Pradextrochemical properties of the cells were analyzed
by photocurrentoltage (-V) and electrochemical impedance spectroscopy (EIS)h Bbort
circuit photocurrentJs) and open circuit voltage/¢c) increased wittthe stretching ratio of the
nanocomposite films. The results of this research can lead to the development eféectige
method forthe production oflexible DSSC at lowtemperatures.

Keywords: nanocomposite, film extrusion, DSSC, photoelectrode, porosity
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6.1 Introduction

Dye-sensitized solar cell (DSSC) is a type of solar cell that, due to its relatively high efficiency
and low material cost, has attracted extensive aterfrom both academic and industrial
researchers as a potential next generation photovoltaic déyicehe photo electrode of DSSC

is typically made of a thin layer composed of Ti@anoparticles which are sensitized by a
photosensitive dye. The Tianoparticles are interconnected porous structure on a transparent
conductive oxide (TCO) layer of the substrate, filled with a liquid electrojfle The
conventional manufacturing process of the 2Ii&@er includes a higtemperature (45600°C)
sinteringstep that leads to the connection among the nanoparticlébetiodmation of the pores

[3]. Since there is a considerable interest in manufacturing flexible solar cells on plastic
substratesthe development of a new method as an alternative for the teimperature sintering

is an importantchallenge. Different methods such as hydrothermal crystallization, electrophoretic
deposition, microwave irradiation, chemical sinterirapd mechanical pressing have been
proposed in the past few years to prepaee ghotoelectrodes at low temperatuegsl avoid
degradation of the plastic substrai4ls

Nanocompositdased materials and their fabrication methods could offer promising
solutions to produce the photoelectrofes6]. Continuous polymer melt processzs beused
to produce highly filled conductive porous films where stretching or solvent extraction is applied
to create the pores in the nanocompofite Stretching polymeric composite sheets containing
rigid fillers is a weltknown method to produce puus flexible thin films/sheets. This kind of
porous films are made of a thermoplastic that is highly filled333%vol.) with organic or

inorganic fillers[8].

In the present work, a novel preparation method of DSSC photoelectrode through film
extrusionof highly-filled nanocomposite, containing TiGhanoparticles, followed by uniaxial
stretchingis proposed. The structure and functionality of the porous nanocomposite films,
prepared under different condition, were characterized and discussed in teporesify, dye

adsorption and photovoltaic response.
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6.2 Experimental

6.2.1 Materials

An isotactic PP (iPP) (PP4712E1, ExxonMobil, USAaving amelt flow index MFI = 2.8
dg/min and density! = 0.9 g/cni, was used as the polymer matrix. A commercial grade TiO
nan@article (AEROXIDE TiO2 P 25, Evonik, Germany) with an average primary patrticle size of
21 nm, containing a mixture of anatasatile with the ratio of 79:21 wt%, antl= 4.26 g/cm

was used as the nanoparticle. Solvents and other chemicals were pufatras8dymaAldrich

Canada.

6.2.2 Preparation of the Porous PP/TiO2NanocompositeFilms

PP/TiQ nanocomposite base films containing 12.5 %vol (40 %wt) ob Wére prepared via a
masterbatch method using a melt compounding process in a tightly intermestrioigticg
twin-screw extruder (Leistritz ZSESHR40D, Germany). First, a masterbatch based on PP
containing 18 %vol (50 %wt) of the Tikhanoparticles was prepared by two passes of extrusion.
Then, in a third extrusion run, the masterbatch was diluted.® %820l by adding neat PP and

the compounds were extruded through a slit die to produce base nanocomposite films with an
DYHUDJH WKLFNQHVV RI P

The base films were uniaxially stretched parallel to extrusion direction (MD) at 60°C using
a dynamic terike machine (Instron ElectroPuls E3000, USA) equipped with an environmental
chamber. The samples were cut as &cm rectangles and the initial distance betwiwrgrips
of the machine were set at 20 mm to 40 mm. The films were stretched using aroextetesof
200 mm/min and different draw ratios up to 200%. It is to be noted that the draw ratio was

defined as;
Draw Ratio % = 100 x (L / » |/ (6.2)

whereLs andLo are final and initial lengths of the samples between the grips.
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6.2.3 Characterization of the Porous Nanocomposite

The morphology of the porous nanocomposite films was characterized using SEM{6&@L

FEG). The specific surface area of the samples was measured by BET method (Autosorb,
Quantachrome, USA). The porosity oethims was measured by mercury intrusion porosimetry
(MIP) (AutoPore IV 9500, Micromeritics, USA).

6.2.4 DSSCFabrication

The porous samples were vacuum dried and immersed into a 0.3 mM solution of a ruthenium
based dye (N719, Sigmdrich) in ethanol for 3eh. Then, they were rinsed using acetonitril

and dried at room temperature. The amount of absorbed dye was estimated from UV absorption
of the dye molecules dissolved into 0.1 M NaOH during 60 s and using-¥isJspectrometer

(Cary 5000, VARIAN, USA). TraW SDUHQW FRQGXFWLQJ )72 JODVV VT
Pt counter electrodes were prepared by thermal reduction of 7 mM solutigPt@d-6H.0 at

400°C for 20 min. The liquid electrolyte was a solution composed of 0.5 M Lil, 0.0%akd10.5

M 4-tert-butylpiridine (tBP) inamixture of acetonitrile and valeronitrile (v/v 85:15).

6.2.5 Photovoltaic Cell Measurements

The electrochemical impedance spectra (EIS) and photocurrent/valtaengasurements were

obtained using a potentiostat equipped with egdiency response analyzer (Solarton). The
frequency ranged from f0to 1¢ Hz. The magnitude of the alternative signal was 10 mV. A
typical incandescent lamgvas used as a light source. The amount of total light during the

experiment was around 1100 lux.

6.3 Results and Discussion

Figure 6-1|shows SEM images from the cross section of the porous nanocomposite stretched

parallel to machine direction (MD), with different stretching ratios. As can be seen, there is a
goad dispersion of Ti@ nanoparticles through the PP phase. The, TiGpersed phase consists
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mainly in small aggregates composed of few primary nanoparticles. Although there are
aggregates of few microns in diameter, it could be concluded that melt comppumaible to

break TiQ nanoparticles large aggregates to smaller entities.

Figure 6-1: SEM image from cross section of the uniaxially stretched porous nanocomposite
films up to; (a) 50%, (b) 100% and (c) 200%
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Figure 6-1{a) shows that oval shaped pores formedumdothe particles du¢o the

debording between PP phase and nanoparticle surface after 50% uniaxial stretching. The size of

the pores is a function of the aggregate that they initiate from; the larger the aggregate, the larger

the pore. By increasing théretch ratio to 100%Higure 6-1(b)), the pore size increased, the

pores elongated and PP fibrillar structures were formed. Stretching up to 200% enhanced the

formation of PP fibrils but also led to their compaction and the merging of neighbor pores.

Figure 6-2| shows pore size distribution of 100% and 200% uniaxially stretched

nanocomposite films. As can be seen, peak value in the distribution curve increased with stretch
ratio from 107 nm for 100% to 126 nm for 200%. This is in agreemehtS&M observations.
In addition, porosity of the samples also increased from 28.4% to 40.0% with stretch ratio. Inset

of[Figure 6-2|reportsthe variation of BET surface area of the porous nanocomposite films with

stretch ratioSame as for porosity, increasing stretch ratio leads to higher values of BET surface

area.

Figure 6-2: Pore size distribution for porous nanocomposites stretched to 100% and 200%. The

inset shows BET suate area of the samples versus stretching ratio

In order to quantify the capability of the porous film in absorbing the photosensitive dye,

the concentration of desorbed dye from the porous nanocomposite film was analyzeeMiyy UV

spectroscopyFigure 6-3| shows UV absorption spectra of the solvent contaitinegdesorbed
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dye. As can be seen, UV absorption intensity increases with stretch ratio. It shows that increasing

stretch ratio provides larger surface area to be covered by adsorbed dye.

Figure6-3: UV-Vis spectrum of the desorbed dye from the porous nanocomposites with different

stretch ratio. The inset shows a typical absorption spectrum and chemical structure of N719 dye)

The photocurrent/vadige (-V) curves are presented |figure 6-4| Both shorcircuit

current (s and opercircuit voltage Yoc) increased with stretch ratio. The increasdsp€an be
attributed to the increased dye absorption tlu¢he larger surface in the porous fil®y. It

should be mentionethat Jsc is much lower tharthat in DSSC prepared from conventional
method. It could be attributed to the light source used for the experiments and larger resistance in

the system. Howaear, the result is promising.
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Figure 6-4: Photocurrentoltage curves of the DSSC based on the nanocomposite

photoelectrodes

6.4 Conclusions

A novel method, through melt extrusion of a concentrated nanocomposite followed by stretching,
was proposed to produce pasonanocomposite films for DSSC photoelectrode applications.
Porosity and pore sizef the nanocomposite increased with stretch ratio because of the large
surface area provided for absorption of photosensitive dye. Both short circuit photocigent (

andopen circuit voltage\oc) increased with stretching of the nanocomposite films.
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CHAPTER 7 GENERAL DISCUSSION

In order toreplace the photoelectrode of DSSCs with flexible polybsyed materials, different
concerns regarding microstiture of the materials should be considered. The functional layer
must beable to collect the photogenerated electrgmeviding a pathway forlectricalcurrent.
Porosity of the photoelectrode layer is another essential fethiares needed to completthe
electrical circuit of the solar cell. The pores are filled withedectrolytethatis responsible for
regeneration of dye by electron donatibfilizing polymer composite approach is one of the
most pranising methods to prepare DSSCs on plasticssate with relatively low process
temperaturesTiO2 nanoparticlesvere mixed with a thermoplastic polymer via melt blending
and, composite filmsvereprepared as precursofdtretchingthe composite films is another step
to make theporous film structure and that may be affected by both material and process

parameters.

In the first step ofthe present wortk structure and properties of iPP and 71O
nanocomposites in a wide range of Tifntent was investigated. State of dispersion of the
nanoparticles ithe key morphologicatharacteristic that had a strong effect on final properties of
the nanocomposite&\mong different factors controlling microstructure of the nanocomposites,
interactions between the polymer matrix and Jli@anoparticles hee significant roles n
dispersion during mixing and strength polymerparticle interfaceSEM observations showed
that adding AMPP, as anacromolecular compatibilizer, improvessgersion of the Ti@
nanoparticlesin concentrations lower thathe percolation threstid of the system. Better
dispersionof TiO2 leads to smaller aggregates and larger surface kreould result in higher
porosity and more dye adsorption at a given particle content. Howevemeamimanicaktudies
and the micromechanical analysis shdwthat presence of AMPP strengthens interfacial
interactions between polymer matrix and Ti@anoparticleslIt improves the dispersion by
increasingstress transfefrom the polymer melturing blending. However, since the origin of
pore formationin the flled polymer films isdebondingof the TiQ particles from the PP phase
during stretching, strong interfacial interactions betwieo phasesffecton the microstructure
of the porous nanocomposite filmgoreover, ading AMPP into PRchanged rheologicand
mechanical properties of polymer matrices in the nanocompdbis¢shad significant on the
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morphology of the nanocomposite above the percolation threshold and microstructure of the
stretched nanocomposite films

As mentionedglectrical propertie®f the nanocomposite arery important Because of
the semiconductive nature of the TiOnanoparticles, electrical conductivity of PP/%iO
nanocomposites wifferent from the nanocomposites containing conductive inclusions. Since the
PP/TiQ nanocompositéilm is used instead ahe allTiO> layer, its electrical conductivity must
be as close as possible to electrical conductivity ot Ta@er. In other words, an interconnected
network of TiO2 embedded in the PP phase is required for electron tramskefore, variation
of electrical conductivity of nanocomposites with Fi€ontentwas studied tdind electrical
percolation threshold of the system where theTim@twork forms. Measuring DC electrical
conductivity of the samples showed that the uncomitiaéd nanocomposites had lower
percolation threshold compared to the compatibilized one containing AMPP. Like other
composite systems, the electrical percolation is directly dependahtanicrostructure of the
PP/TiQ nanocomposites particularly theatd of dispersion of the nanoparticles. drder to
transfer the electrongiO. nanoparticles should be connected to each athfarm the electron
pathway.As observed in the morphologicadsults adding AMPP improved dispersion of %O
and, resultedn smaller particle aggregatehe TiQ aggregates in the compatibilized composites
are separately dispersed whilee TiQ; in the uncompatibilized nanocomposifierm larger
cluster aggregates. Therefotiee TiQ: clusters in the uncompatibilized nanocomitessform the
interconnected network at lower particle content compared to the compatibilized nanocomposites.
Using a powetaw relation between electrical conductivity and particle content quantitatively
showed the lower percolation threshold of unconyaed sample.

Since one of thebjectives of this workis to produce nanocomposite films via a melt
processing method, theiheological propertieare very important. The nanocomposites above
the percolation thresholdire highlyfilled systems. Viscosity of molten nanocomposites
increasedsignificantly with TiQ content and, affeet their processabilityOn the other hand,
rheological properties of the PP/Ti@anocomposites strongly depend on characteristics of the
polymer matrices, particle contenhdatheir microstructure including the state of the nanoparticle
dispersion. Therefore, rheology was utilized as important tool in characterizing the
nanocompositesittempts were made to find a correlation betweleaological and electrical
percolation.



173

Analyzing linear viscoelastic properties of the nanocomposites showed the evolution of
their microstructures with Tigcontent. Once Ti@content reached the rheological percolation of
the composite systesnlow-frequency terminal behavior dheir melts disappeared. It was
attributed tathe formation of the TiQ network that result in the abrupt jumips* Fand  at low
frequencies. Similar to the analysis of electrical conductivity, quantificatfomheological
percolation using the powdaiw relation resulted in a lower percolation threshold for the
uncompatibilized system compared to the compatildlimee. It is in a qualitative agreement
with the result obtained for electrical pefation threshold. It should be mentioned that in both
systems of the compatiblized and uncompatibilized nanocompositeslogical percolation
thresholds were lower thahe electrical oes. It couldbe attributed to different mechanism
responsible for electrical percolation and rheological percolatidecplarticle distanceequired
for electron transfein the TiG: networkat the electron percolation threshold is séiothan the
interparticle distance required for stress transfer at the rheological percolation threshold.
Moreover, polymer bound layer around the particles could reduce electron transfer while

enhances the effective volume fraction of the particles.

In the nonlinear rheological investigations, particularly strain sweep tesmlinear
viscoelastigproperties were correlated to the microstructure of the samples below and above the
rheological percolation.The lower strain sensitivity of the rheological peoties of the
compatibilized samples, compared to the uncompatibilized ones, was attributed to the strong
interfacial interaction between PP and TiScaling analysiabove the percolation threshold led
to a larger fractal dimension of the hi@ggregate above the percolation. It was in agreement
with the microscopic studies where denser aggregate were observed in the compatibilized
nanocomposite. Percolation threshold, as one of the most important characteristics of the
samples, is strongly dependanttbe degree of dispersioilthough presence of compatibilizer
improves stress transfer during melt mixing, lower viscosity of the polymer matrices in the
compatibilized samples deto lower shear stress during mixing. In addition, partial phase
separatiorof PP and AMPP resulted to the denserzlaggregates in the compatibilized samples.
Rheological analysis also showed thicker bound lageyund TiO2 nanoparticles in the

compatibilized nanocomposites that is in analogy with results of the micromeclearabais.

After the systematic study on morphological, electrical, and rheologroglertiesof the
compatibilized and uncompatibilized PP/Ri@anocompositegporous films were prepared by
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stretching the nanocomposite precursor fili©O> content of theprecursor filmwashigher than

the electrical percolation threshold. Different process and material parameters affect structure and
properties of the final film after stretchinQrawingtemperature, extension rate, stretching ratio,

and composition of #n films were the impornt factors studied in this work. Molecular chain
flexibility of polymer matrix and interfacial strength (between PP and)T#d the drawing
temperature had strong effect on pore formation. In the compatibilized samples, molecular
flexibility of matrix and the interfacial strength were high. These parametresnot favorable

for debonding of Ti@Qpatrticles from polymemvhich is the main mechanism of pore formation in

the nanocomposite films.

Functionality of the porous film prepad via melt mixing followed bystretching was
examined. Final porosity and pore surfasere two important factors on photthemical
properties of the cells based on the porous nanocomposite films. As theypandsgore surface
are increasedhigher amant of the photosensitive dye are adsorbed. It led to enhancement of
photocurrent and voltage of the solar cell made based on the composite photoelectrode.
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CONCLUSION AND RECOMMENDATIONS

In this PhD research project, a novel porous polyiirarbased orPPTiO2 nanocompositevas
developed to be used as the photoelectroddD885C. Main axes of the work were on
investigation othe microstructureand propertie®f the nanocomposite with and without AMPP
asa compatibilizerThe effect of composition and mriostructure on electrical conductivity of the
nanocomposites with an emphasis on percolation of the blend systerstudiedRheological
propertieswere analyzeds indicatos of processability ananicrostructureto build correlation
between electricalral rheological percolation thresholdsnally, attempts were made tmd a
process window for stretching the precursor film to efficiently induce porasiyfunctionality

of the nanocomposite filgin a DSSCvasassessd

7.1 Conclusion

Based on theeslts of the varioustudiesof this work thefollowing conclusion could be drawn:

1. Morphological observation revealed that adding AMR®Provesthe dispersion of the
TiO2 nanopatrticles in PRr concentrations lowethan5 vol%. In this range of particle atent
TiO2 were welldispersed single particle aggregatesn the compatibilized samples while they
form larger cluster aggregate&lthough particle network formedt a&oncentratioa above 5
vol%, the aggregates in the compatibilized sample were densgrared to the uncompatibilized

nanocomposites.

2. The formation of -form crystalsled to lower elastic modulus in theanocomposites
containing 1 vol% of Ti@ adding TiQ increased modulus of thether samplescompared to

their matricesMicromechanical analysis showed that the interfacial interaction between polymer
ard nanoparticles in the compatibilizednocomposite andMPP improved adhesion between
PP and TiQ

3. DC electrical measurement showed thahd of PP and Ti©@nanoparticlesre norideal
dielectric materials Wi capacitance characteristics. Comparisonvéen dried andondried
samples revealed enhanced electrical conductivity due to the presence of moisture. Electrical

conductivity of the nanocomposite containing more than 4 vol% o$ Sighificantly increased
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with nanoparticle content. It was attribet to the formation of an electricallgonductive
network of nanopartickeat the electrical percolation syste@uantifying the results of electrical
conductivity using a powedaw relation resulted in a lower percolation threshold for the

uncompatibilizel nanocomposite compared to the compatibilized one.

4. Measuring linearheologicalproperties of the nanocomposite the melt state showed

that their viscoelastic behavior strongly deviate from terminal behavior by increasing TiO
content above the rheolagil percolation. Qualitative and quantitative analysis showed that the
compatibilized nanocomposites have lower rheological percolation threshold compared to the
compatibilized one. However, rheological percolation threshold of both nanocomposite system

were lower than their electrical percolation.

5. Analyzing linear and nonlinear viscoelastic properties showedthiwkiness of polymer
bound layer in the compatibilized system is larger than that in the uncompatibilized one. Scaling
analysis resulted ialarger fractal dimension for aggregates of compatibilized system above their

percolation confirming the morphological observations.

6. Two main reasons were indicatddr the formationof denser TiQ aggregatesin
compatibilized nanocompositedove the percoln threshold partial phase separation 8P
and AMPP inthe matrices and their lower viscosities compared to the uncompatibilized

nanocompsites

7. Final microstructure and properties of the porous nanocomposite films based on,PP/TiO
nanocomposites coulde customizedby applying different compositiaand process parameter

for uniaxial stretching. Porosity, pore size and, consequently, pore surface area and WVTR
through the films increased significantly with decreasing the drawing temperature. Number of

pores, pore size, ampbrosity of the filmsncreased with stretching ratio.

8. The anount of adsorbed photosensitive dye increased with porosity and pore surface area
of the PP/TiQ@ nanocomposites. It led to enhancement of both photocurrent and open circuit

voltage of the DSSC based on the porous hanocomposite photoelectrode.
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7.2 Recommendations

At the end of this PhD thesis, the following subjects rm@mmendedor future works in

continuing the research in this area:

1. Since melt mixing is one of the most impant part of the workit is recommendedot
studythe effect of differentextrusionconditions such as screw configuration and feeding order

on dispersion and microstructure of PP/Iianocomposites

2. As the composition and molecular characteristitthe polymer matrices has important
effect on morphology and rheology of the precursor nanocomposite and final porous film,
investigation on different grade of PP with different molecular weight or structure, and AMPP

with different MA content and compositi@an beinformative

3. One of the interesting method to achieve a highly dispersed thi©ughout the PP

matrix is insitu synthesis of Ti@via sokgel method during melt mixing that could be studied

4. Improving electrical conductivity of the PP/Ti@anocanposites by adding a conductive

component to the system and making a hybrid composite material

5. Systematic investigation on reducing the thickness of nanocomposite film as a

photoelectrode layer

6. Investigating biaxial stretchingsimultaneously or sequeal; on final microstructure of

the nanocomposite films
7. To study on mechanical properties and durability of the porous nanocomposite film

8. To developthe prous composite structure via electrospinning that could be combined
with the insitu synthesis ote TiQ,

9. To examine functionality of the PP/TiGhanocomposite film in DSSCssing plastic

substrates
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