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General introduction

GENERAL INTRODUCTION

Amongst alternative energy sources, photovoltams la considerable promise, as it is a
plentiful, easily accessible and renewable soufgower. Organic thin films photovoltaic are
an emerging economically competitive photovolta@chinology that combines manufacturing
adaptability, low cost processing and a light-wegidjlexible device end-product.

However, commercial use of organic photovoltaidsimglered by low conversion efficiency
and poor overall stability of the devices. It isolm that organic solar cells (OSCs), especially
the active layer and electrodes, are sensitiveattetquantities of oxygen and humidity, which
jointly with light can strongly decrease the peni@nce and the lifetime of the device.

One solution to overcome this problem is the usermapsulation for preventing oxygen
and moisture from reaching the fragile componehti® cell. Encapsulation with high barrier
performance materials is then one of the key-wayaddress these issues and improve device
lifetime. In addition to the low permeability to tea and oxygen, an encapsulant for OSC
should be transparent over the wavelength ranga #0900 nm to 1000 nm, chemically inert
and preferably based on simple and low-cost preseddoreover, lightness and flexibility
must be insured for “all” organic OSCs.

The development of encapsulation materials forghetovoltaic module protection with
high barrier properties is then one of the chaksnfpr OSC competitiveness in the market.
The barrier requirement range for OSCs encapsulaio of ~10° cn® m? day® and
~10° g m? day* for OTR and WVTR respectively. Moreover, theseeriats have to be stable
within the operating life of the cells.

Among the polymers commonly used as barrier masef@ applications such as food
packaging, ethylene vinyl alcohol copolymers (EVQtdye good barrier property to oxygen,
considerable chemical resistance and good transpgrehich make them good candidates for
encapsulation coatingk terms of permeability coefficients, even thetlgsymeric barriers
remain several orders of magnitude higher tharOfR¥ requirements.

Improvement of barrier properties of the polymethisn required, which could be achieved
through the incorporation of inorganic particletithe polymer. The resulting increase of the
barrier effect caused by the introduction of suabsive particles is well known. It is attributed
for a large part to a lengthening of the permeagiath due to the tortuous path provoked by
the particles (passive particles usually do naraatt with the permeating gases either through

sorption or chemical processes). It has been shiwanin the case of EVOH the barrier
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properties can be increased by adding various kofdsanofillers such as organoclays
(montmorillonite), layered double hydroxides orbzar nanotubes.

An alternative approach to the “passive” nanocont@ds the use of active fillers which
strongly interact with a permeating gas. Thesevadiilers are commonly known as getters
whose activity is either to consume a permeating tp@ough chemical reaction or to trap
permeating gas via sorption processes. Among themam types of getters that can trap water
through adsorption, are molecular sieves such alges

Zeolites are aluminosilicates that have an ordarglly porous structure, which allows for
a high water sorption capacity. Of particular iettrare zeolites as they have the ability to be
synthesised as nanoparticles. Nanoparticles oftesdhave been well researched, however,
their use in barrier composites has received oety iimited attention.

However, a drawback of particles use is their negampact on the photostability of the
polymer. The addition of particles to polymers basn indeed shown many times to affect the
photostability of the nanocomposites. While inoiggparticles rarely experience significant
photodegradation under sunlight exposure, theycbange the mechanisms and/or the rate of
photooxidation of the polymer matrix and must tfeme always be accounted for when
determining the photostability of the nanocompogttar example, lamellar nanofillers such as
clays are reported to have a prodegradant effedherpolymer photooxidation due to the
presence of transition metal ions such as iron ¢hat produce a catalytic decomposition of
hydroperoxides.

The goal of the work reported in this manuscripswa develop EVOH/nanocomposites
based on inorganic fillers such as zeolites foepial encapsulation for OSC and to study the
durability of their functional properties. On onanldl, the study focuses on the photooxidation
of EVOH copolymers, which was studied through idemttion of the photoproducts, both in
the solid and the gas phases, and on the other, banthe photochemical behaviour of the
EVOH/zeolite nanocomposites, which was characterikpending on the particle size and the
zeolite loading of the materials.

To achieve this goal, the following work programsvweerformed:

- a brief description of the literature dedicatedd8Cs and an overview of currently
available encapsulant materials are given in tis¢ ¢hapter of the manuscript. The background
on the materials that were studied is also predente

- In the second chapter, we describe the materf@sageing conditions and the various

analytical techniques used for materials charaagan.
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- The third chapter is devoted to the characterisatib the initial properties of the
materials, EVOH copolymers and EVOH/zeolites nanguosites. The final goal was to
determine the best candidate for encapsulatiomgafroc solar cells.

- The ageing of those materials is reported in thetifiochapter. It aims to understand
the impact of the zeolite particles on the photoulal behaviour of the polymer. The
attention was focused on the chemical degradatiechanism and the photostabilty of pristine
polymers and nanocomposites. The consequences eofpdlymer photoxidation on the

degradation of the properties was then investigated

- The last chapter describes some preliminary st®rmed to evaluate the ability of the
studied materials to be used as potential candidate efficient and stable encapsulation

coatings for OSCs applications.

The research work reported in this manuscript waropmed in the frame of the Marie
Curie Initial Training Network (Call: FP7-PEOPLE-RDITN) Establis (“Ensuring stability in
organic solar cells”) European project in collabmmawith three partners of Establis, Institute
of Chemistry of Clermont-Ferrand (ICCF), Internaib Laser Centre (ILC) in Slovakia and
Belectric OPV GmbH in Germany.

The research leading to these results has recdivating from the European Union
Seventh Framework Programme (FP7/2011) under ggaeement ESTABLIS no. 290022.

ToF-SIMS, SEM characterisations and part of AFMIgses were performed at ILC (see
chapters 3 and 4). The results reported in ch&pf{€a-tests and damp heat testing of OSCs)
were obtained at Belectric OPV GmbH. All other expents were performed at ICCF
(Clermont-Ferrand).
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Chapter I: Literature review

INTRODUCTION

In this chapter, we give a brief description of iterature dedicated to the operating
principle, structure and materials of organic sailalls (OSCs). Since these devices still
cannot fully reach industrial production due toitHew efficiency and lifetime, a peculiar
attention is also given in this chapter to the ddgtion of OSCs and to the stability issue.

The second part deals with the current materiald chnologies for OSCs lifetime
improvement by using encapsulation. This part atmsunderstand the current issues
addressed by coating materials, the principles &COencapsulation engineering, and
advantages/disadvantages of each of them. Theeahffesed materials, organic, inorganic or
hybrid are described, as well as their propertiesysing on the water and oxygen barrier
properties.

As a consequence of the reinforcement effect obfillers on polymer properties, the use
of nanocomposites is a potential strategy to im@rthe quality of barriers and the overall
durability of the device. The last part of this ptea is then dedicated to
polymer/nanocomposite materials. The main procgssimethods, the currently used
nanofillers and nanofillers with forecasted intéireg functionalities, in particular the barrier
properties, are described. A special attentioraid fo their effect on the material properties.
OSCs stability is highly depending on the durapitit the encapsulation. An overview of the
photodegradation of nanocomposites is then presemtbe manuscript.

Concluding this chapter, potential strategies fewrencapsulation and the choice of the

materials studied herein are explained.
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1. ORGANIC SOLAR CELLS

1.1. Introduction to photovoltaics

The term “photovoltaic’(PV) has been coined frahe Greek “photo”, which means light,
and “voltaic” that refers to electricity came frahre name of the Italian physicist Volta. The
photovoltaic effect was first recognised in 1839 the French physicist Antoine-Henri
Becquerel. He reported for the first time that esype to electro-magnetic radiation of certain
materials, namely platinum electrodes covered silirer chloride or silver bromide in water,
could lead to the production of a small electricrent (photochemical effecty.

The first photovoltaic cell was created by Chafieists in 1883% and was composed by
coating selenium with an extremely thin layer ofdyd_ater, Russell Ohl invented the first
silicon solar cell in 194%!. However, the era of modern solar cell technoljpgy began in
1954, when G. L. Pearson, D. Shapin and C. Fd#enonstrated a silicon solar cell capable
of 6% energy conversion efficiency with direct sght [ Since then, the research in the
field of solar cells has reached a significant pesg, which is illustrated by the curve of cell

efficiencies evaluation in Fig.1.1.
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Fig.1.1. Best research solar efficiencies given blational Renewable Energy
Laboratory (NREL).
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Nowadays, crystalline Si-based solar cells havaeseld quite high power conventional
efficiency (PCE). However, the success of solalsamlarket cannot be based solely on high
PCE values. This domain has to become also cospetitime, which can be displayed by
three followed key requiremerits (Fig.1.2.):

» Cost:to minimise the quantity and cost of materialsval§ as cost of processing;
» Efficiency:to maximise initial performance;

» Stability: to achieve maximum device lifetime.

Fig.1.2. Overcrossing of requirements for marketingsuccess.

Nevertheless, even with good stability (lifetimeovkr 25 year®), Si-based solar cells are
still far from being competitive with other convenmtal energy sources. High processing and
installation expenses make the energy convertethése devices approximately five times
more expensive than those produced by burningssilfeuels'”.

In contrast to heavy and expensive Si-based sells; organic thin films solar cells exhibit
good factory additivity, flexibility and light-welg of end-products, which are cheap in
manufacturing (possibility of simple solution ceatiand printing techniqué %) and easily
integrated. Hence, despite the long-term stabiisue, organic photovoltaics (OPVS) are
attractive as solar energy converting devices foplieation in new possible domains,

particularly, for grid-off application.
1.2. Module structures

OPV technology is still in its early developmerdges. Due to continuous research to reach
appropriate performance and stability, a clearliyngel “typical” OPV cell composition and
its design are not yet settled. A lot of differematerial compositions and their combinations

are in the focus of intense research. The strucanebe simplified to three main layers that

11
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constitute the cell itself: the photoactive lay®¥A(), where the conversion from light to
electricity takes place; contact electrodes pldo&t both sides of PAL, at least one of which
being transparent, and an encapsulation layereglaa the top in order to protect the OPV

module from degradation (see Fig.1.3.).

contacts active layer

Current and
voltage output

ﬁ Light

Fig.1.3. Schematic structure of an organic photovtic cell: a schematic
[10]

flexible substrate
barrier coating

representation of bulk heterojunction cell

Nowadays the most common organic solar cells (O$@sg mainly two architectures:
conventional and inversed (Fig.1.4.a-b). The moktssic”, conventional cell composition, is
as following** *? (Fig.1.4.a):

* A transparent conductive oxide (TCO) sputtered @nsmbstrate in order to improve hole
transport (so-called hole transport layer (HTL)heTmost common TCO (especially in
combination with PEDOT:PSS) is indium-tin oxide @Q), which is a good conducting
material and holes serving.

* A layer of polyethylenedioxythiophene:polystyrengpfionate (PEDOT:PSS), which is a
hole conductor, used both to ensure better separatid transport of charges between the
active layer, and ITO.

* An active layer combining a donor (D) and an acwmepfA) of electrons. This
heterojunction has a high donor—acceptor surfatefate area distributed in the whole
volume of the PAL in order to have a greater cantaea between the donor and the
acceptor and thus promote better charge separation.

* An electron transport layer (ETL) improves the sapan and transfer of electrons to a
cathode. Well-known and widely-used ETL materiats2nO and Ti@!*?.

* A cathode, which can be made of a single matefia, (Al) or a mixture of several
compounds (LiF/Al, Ca/Al, Ba/Al, Ag/Ca, LiF/Al).

12
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(@) (b)

ETL

HTL
Active ayer
Active layer

PEDOT:PSS Metal oxide

Fig.1.4. Device structures of (a) conventional sitejunction cell, (b) inverted single-

junction cell, and (c) conventional multi-junctiontandem cells™,

The similar structure with inversed polarity, showm Fig.1.4.b, (Glass/ITO/metal
oxide/photoactive blend layer/PEDOT:PSS/Ag), is nbeing widely studied due to the
advantages in cell manufacturing (possibility te usil-to-roll (R2R) processy, in increased
protection against oxygen and moistdtd, and consequently, a better stabillt§ in
comparison to the normal geometry. Higher cell grenance can be reached with multi-
junction (tandem) celt”. Fig.1.4.c shows two sub-cells stacked togethérsaparated by the
electron transport layer and the hole transposriayhich can collect electrons from the front

cell and holes from the rear cell respectively.

1.3. Degradation of organic solar cells

Three main parameters, efficiency, cost, and stahbihust be achieved to reach the
commercial success for solar cefts So far, the last one is a challenge for OPV. The
degradation of OSCs occurs at various parts ofdéace (Fig.1.5.). The most significant
processes take place in the PAL, electrodes andpsnkation layef'). Degradation issues
are more important in the case of organic thin-filevices in comparison to more stable Si
solar cells. The components of PAL, conjugated mels or small molecules, are unstable in
air having low resistance against oxygen and masthi *®. The chemical degradation can be

classified into two types: intrinsic and extrinSic¢®.

13
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SSY19
$Sd°'10d3d

x

H,O

Fig.1.5. Sectional view of a cell and the varioug@cesses involved in the degradation
of the device. A schematic illustration of some degdation processes that take place in

a typical bulk heterojunction are shown.

Intrinsic degradation

This degradation implies changes in the morpholigstates of stacking layers and
interface modifications due to inherent thermalrahteristics of PAL materials. It comes
from thermal diffusion of materials at interfacés. a result, morphological changes in bulk
heterojunction (BHJ) OSCs have been obseli&dt also caused the phase separation at the
organic-cathode interfadé", at semiconductor interfac&$! and inter-diffusion at buffer-
layer interface&.

Extrinsic degradation
Extrinsic degradation is mainly focuses on the ailexygen and water in the different parts
of the devicdY. Still, the relative significance between these factors is frequently argued
in the literature.

Role of Oxygen in degradation

It is known that the combination of UV light and ygen molecules results in
photooxidation of polymers. Generally, most at@mtin the oxidative damage is focused on
the PAL part of OSC?*?® UV light in the presence of oxygen molecules itesin
photooxidative reactions of organic componentefdell. Intensive light exposure also leads
to an increase of the temperature which resulicoelarated diffusion of water and oxygen
into the devicé?®>Y, and might accelerate the intrinsic degradatiothefcell??. All these

factors can have a crucial effect on cell lifetime.

14
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Depending on the cell composition, oxygen can gay a dominant role in the
degradation due to the following facts: i) oxygemomote the formation of dipoles at the
interface of the metals which increase their warhctions®*?; ii) due to hydrophilic nature of
fullerene, electron transport properties of thisegtor suffer dominantly from oxygen
exposure®¥: i) consequently, in the presence of fullereryminium can become
passivated against water induced corrosith Oxygen presence can also result in
degradation of PEDOT:PSS due to phase separation

Role of water in degradation

Numerous publications have shown that water ishik® affect the properties of
0SCs 37 38 penetrating into the device, water may causeop i short circuit current
and fill factor due to the corrosion of active @aths, and hence, a loss in contact area due to
the formation of resistive metal oxidE¥. The effect of water on the performance of OPV
was also shown to result in a decrease of chargerggon ability due to the initiation of
strong recombination of bulk polyméf¥.

The main impact water-caused degradation has oroplgdic components of OSCs, like
commonly used PEDOT:PS%' *°!. It may result in material recrystallisations, ghysical
swelling. It was recently shown that the degradatb PEDOT:PSS hole selective contact is
the major mechanism of device failure for invers@BVs under accelerated ageing in
humidity conditiond*!.

Conceptions and methods for lifetime improving

Due to low stability of PV modules, different appcbes have been developed and applied
for improving the lifetime of PV modules.

First, the change of the cell architecture intdraserted one has shown better stability and
allows using solution printing processifigt®. Nonetheless, trying to find the most stable and
efficient PAL composition is still a hot topic aésearch.

Second, the replacement of the moisture sendtis@OT:PSS by transition metal oxides
as charge extraction interlayétd in order to avoid interface oxidation and delartiora The
metals such as Mad*™, V,0s 4, WO; [® and NiO“®! have been used as an HTL in OSC.
The improved power conversional efficiencies witluson processed W{Ocompared to
PEDOT:PSS-based devices have been rep8rle&imilarly, the increased device efficiency
and stability was obtained for the cell with PC70Bi an acceptor, and low bandgap
polymer, (poly[2,6-(4,4-bis-(2-ethylhexylH4cyclopenta [2,15;3,4-b']dithiophene)alt-
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4,7(2,1,3-benzothiadiazole)] (PCBDTBTas a donor, where PEDOT:PSS was replaced by
MoOszandNiO 1“1,

Another way to protect sensitive areas such adretkes and interfaces is to introduce an
ultrathin inorganic layer (ADs "1, LiF 8 crQ, 1*, etc.) between metal electrode and PAL
in order to prevent reactions at the interface. Thenmonly used TiQ protective layer
increases the device stability by preventing tHeusion of oxygen and moisture into PAL,
thus, slowing the degradatidif!. Summarising, the possible methods for improvihg t
device lifetime are presented in Fig.1.6.

New active layer
materials
Ordered polymer
blends

Replacing
Sletios for Charge PEDOT-PSS
SHIDLO VLS selective [l with
device contacts transition
lifetime metal oxides

Use of thin
barrier layers
Electrodes

and
interfaces

Active
layer

Inverted device
geometry with
Ag or Au
electrodes

Fig.1.6. Main methods for improving device lifetime classified according to the part

of the device they applied té**.

Nevertheless, even the improvement of PV moduleposition does not solve the main
issue of degradation that initially comes from thgress of permeants such as moisture and
oxygen into the cell. Degradation can be avoide@myapsulation of the module by topcoat
layer with barrier properties in order to preverygen and water permeation. Encapsulation
can also be used to protect the device from U\Wiataéon through the utilisation of UV
filtering encapsulatio?. The research on OSC encapsulation have showshiftef device

lifetime to many thousand hours using appropriatenials for rigid®® as well as for
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flexible ®*, ** coatings. Thus, encapsulation with high barriefgseance is one of keys to

address stability issues and improve device lifetim

2. ENCAPSULATION OF OSCs

It has been mentioned above that OSCs can be isatily affected by external factors
such as moisture, oxygen, UV light, and temperaftiré®, which lead to the device
degradation. Encapsulation is thus required, pagttention to the fact that it should comply
other aspects and properties of the desired erdliptoFor example, encapsulant has to block
the diffusion of moisture and oxygen as well asptovide the structural support and
resistance to the mechanical damage by absorbengtitss that prevents cracks and initiated

fractures.

2.1. Properties of encapsulation materials. General reqtements

To achieve high device stability, and meanwhile,keep other important functional
properties, different parameters should be takém atcount during engineering of OSC
encapsulation. The requirements to encapsulatiperdeon the used materials, technology,
and the desired end-product properties. Some i@pbdspects and properties have been

outlined in recent papel¥: % and are summarised in Table 1.1.

Table 1.1. Specifications and requirements for engasulant materials °®!

Characteristic Requirement
WVTR 10° — 10° g m“day"
OTR 10° — 10° e m“ day”

Total light transmission over the o _
>90 % of incident light
wavelength range

Hydrolysis None (80 °C, 100 % RH)
Water absorption < 0.5 wt % (20 °C/100 % RH)
Resistance to thermooxidation Stable (up to 85 °C)
Tensile modulus < 20.7 MPa (25 °C)
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Optical properties Light scattering/absorption by encapsulant layewels the light
intensity absorbed by PAL, and consequently, deseethe efficiency. Thus, aapsorption
of light by the barrier film should be avoided. Mower, optical clarity of the coating is a
challenge to have a semi-transparent end-prodatettpands the frames of OPV application.
The refractive index is another important charastierof encapsulation, especially in the case
of multiple components with different refractivedioes.

Mechanical propertiesSince flexibility is one of the key advantagesa®Vs™®, which
brings new potential application opportunities atdhe same time allows the use of cheap
and easy processing methods (like roll-to-roll)e ttexibility of encapsulant layer is an
important property. Significant parameters requiiedesign the coating are its resistance to
mechanical damage and processing method, solvieilgy, water sorption, and etc.

Thermal and dimensional stabilityThe material stability at the temperatures that are
reached during the processing of the device orakiwg conditions (temperature around
65 °C[%%) of the device is critical. The differences inrthal expansion coefficient can be at
the origin of the observed cracks and delaminatietwveen the different layers of the barrier
material. In the case of a polymer layer, thesengba are due to various factors such as
mobility of the chains or/and ‘shrinkage’ or ‘exgéon’ associated with the molecular
relaxation of residual strain within the orienteaits of the film structure. These relaxations
are strongly linked to thegTof the polymer and are observed at the tempesatan@und or
higher T5. Hence, to obtain good dimensional stabilityis important to pay attention toy T
for the choice of material$".

Moisture and chemical resistanceMoisture and solvent sorption ability affect the
dimensional stability of the material, which becemextremely important for processing
including the use of solvents. Used solvents areanitals for layer deposition may dissolve
or damage already deposited functional layers efcéll or the substrate. The solvent of a
layer must not dissolve the other layers of thaakev

Surface quality.Surface roughness is essential since insufficjaatity of the surface may
lead to bad adhesion of the following layer andrtldelamination. Unfortunately, typical
plastic substrates do not reach the requirementtigfsmooth surface<(1 nm roughnessj”
which obliges to “smooth over” the surface. Thisn cbe reached by including the
planarising/smoothing laydf?. Corona treatment of the film surface is anothgpreach
which increases the surface energy and, thereforproves the adhesion between the

coatings®?.
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Barrier level. Water vapour and oxygen transition rates, named RNand OTR
respectively, are the main parameters that defieddvel of material barrier properties and
indicate the capability of moisture and oxygen tose an encapsulating membrane. As
reported byDennel et al®, a targeted device lifetime of 10 000 h requiieshe case of
OLEDs, WVTR and OTR of about f0g m? day* and 10>-10° cm® m? day* atm’*
respectively (Fig.1.7.).

102

Previously reported Commercial

102 F barrier performance

’é" 101 F

<

?S* 100k

)

o High quality

E 10} single layer

[32]

g Multilayer films films

= 102 /

E Encapsulation requirements

-3

O 107 pod || || Food packaging

10,4 i RS OPVS
o

105 & :
107 10 10° 10¢ 102 102 107 10° 10' 102 102

WVTR (g/m?day)

Fig.1.7. Oxygen andvater vapour barrier requirements for various packaging
applications (organic light-emitting device (OLED);organic photovoltaics (OPVs); food
packaging)®* ¢°

However, organic photovoltaics (OPV), being basedanore stable materials, need slightly
lower protection level. It was shown I§ros et al ¥ that encapsulation with WVTR of
1x10° g m*day* would be sufficient to obtain device with lifetimesseveral years.

It is worthy to note that the cell architecture,temgl composition, and expected cell
lifetime are important in the estimation of reqdifgoperties of used packagig overview
of permeability values for some polymeric materiagmalised to uniform thickness of
100 pm is shown inFig.1.8 Comparing the barrier requirementBig(1.7) with the
achievable permeability valuekig.1.8), it can be noticed that liquid crystal polymé@r€P)
and ethylene vinyl alcohol copolymer (EVOH) matkriare potential candidates for

encapsulation that may reach the demands from tiryd68.
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Fig.1.8. OTR and WVTR for selected polymers of 1gin thickness!®”.

Durability properties Besides all listed above characteristics, thellityaof encapsulant
properties is a key point that has to be addresEeéd.encapsulation must not deteriorate

throughout the life of the cell to ensure its potiten against environmental stresses.

2.2. Encapsulation systems

The different approaches to meet the assignedrergants using thin film encapsulation

by single-layer or multilayer are described in thégagraph.

2.2.1.Single-layer thin-film encapsulation

Single layer encapsulation can be easily processedcomparison to multilayer
encapsulation. The easiest solution is to coverdiwace with glass plates using an epoxy
type sealant to hold thefff!. This configuration provides suitable protectibnt obviously
this way is not intended for flexible end-product.

In order to develop flexible and efficient singéssr thin film encapsulation, different
materials can be used. Mainiporganic materialssuch as silicon (S#* @ siN "% 72
Al,05 [ ™ TiO, have been proposed. Encapsulants basedrganic materials like
polyacrylate (PA), parylene, ethylene vinyl acetd@¥A) "> "® europium doped EVA'",
polyvinyl butyral’®, ethylene methyl acrylat€” and etc., are described in the literature.

The barrier properties of inorganic and organicetayare generally limited, due to the
defects present in inorganic layers and to the difftision rate of polymer&™ 7 8% |n
inorganic layers the pathways for external pernsaame from pinhole defects formed
during deposition, or from pores at the surfac8liofs 4.
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Due to present advantages and drawbacks of bagianier and inorganic encapsulants,
silicon-basedinorganic-organic hybrid materials (IOH), like ORMOCER, have been
developed to combine positive aspects of each coergo The chemical structure of IOH
materials is similar to glass model structure whanganic groups are linked to silicon atom
(Fig.1.9.).

ORMOCEFR is synthesised by polycondensation (sol-gel cheepjsollowed by organic
crosslinking reaction, and combines in its struetarganic and inorganic componeHts.
The main characteristic of these materials is igerporation of organic groups linked to the
inorganic backbone formed by hydrolysis and conams of alkoxides. The chemical
structure of these materials, can be adjusted dépgon the desired properti€g.

H o pH
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N R /Nt
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structural model of glass structural model of hybrid polymers

Fig.1.9. Comparison of the chemical structure of giss and hybrid polymer (R:
organic groups)®.

ORMOCER coating on a glass plate reduces the reflectiosubistrate from 8 % to
1 % 4. This hybrid material has antisoiling, antistagicd diffusion-inhibiting properties
meanwhile keeping high transparency. The OTR and TR/Mwere measured below
102 e m?day* and 107 g m?day* respectively®.

2.2.2.Multilayer thin-film encapsulation

To overcome the drawbacks of single-layer films a@amdbtain high barrier properties,
multilayer coatings alternating inorganic layersi@e or nitride) and/or organic or hybrid
layers can be realised. By applying multilayer &lmith alternating materials, the defects of
the individual inorganic layers are interrupted awdnot channel continuously through the

film structure. Subsequently, this multilayer emsdption can show excellent homogeneous
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and conformal coverage without pinholes or microksa with tortuous diffusion pathways
for oxygen and water vapour (Fig.1.10.) resultimgimcreased barrier properties of the
coating®”. An added advantage is that these films can bectbd by roll-to-roll (R2R)
process.
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Fig.1.10. Tortuous penetration path through organiinorganic multilayer structure.

2.2.2.1. Inorganic materials

Multilayer inorganic films consist of alternatingarganic materials such as a combination
of SiN/SiO; deposited by PECVD or the alternation of,@4 and SiQ deposited by
ALD [86—88].

SiO/SiN,. Combination of SiQand SiN has been tested for encapsulation purpf8es
In comparison to single SiGtructure, this system showed less reactivityxggen and water
vapour. WVTR measured by Ca test (SiN6 pairs of SiQ/SiN,) was 3.1x18 g m? day*
(100 days at 25 °C and 40 % RH). Moreover, theesaiipermeation rate can still be kept
below 3.54x10 g m*day"” after the cyclic bending test (5000 times) in mxpeessive mode.

Ta-Si-O/Ta-Si-N. A thin film of Ta-Si-O/Ta-Si-N combination was iestigated as a
protection of aopper—indium—2 selenide (CIS) solar ¢&l. It was found that 10 nm thick
layer of Ta-Si-N deposited onto a Ta-Si-O layerucss solar cell degradation in accelerated
ageing conditions: the cells, encapsulated by laofo250 nm Ta-Si-O and 15 nm Ta-Si-N,
kept more than 70 % of its initial efficiency aft&000 hours in accelerated aging test
conditions. The weak point of this barrier coatiaghat Ta-Si-N film is unstable in the PV
device even at low electrical current.

Al,O3/XO,. Even if a single AlO; layer deposited by ALD has good gas barrier
properties® " an ALO4/SIO, bilayer was developed that has better barrieopedncd®®!.
The system with layers of /D3 (26 nm) and Si©@(60 nm) shows a decrease of WVTR to
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1x10* g m? day' in comparison to single layer of &s; with WVTR of
1x10° g m?day*. However, there are some negative issues due teatftosion of AlOs. To
solve this drawback, ADs/ZrO, nanolaminate films have been investigat€d®?. In the
structure, Zr@ was placed between layers of,@4 in order to stop the accumulation of
unreacted Al-OH specid¥!. Studied films stacks of 100-130 nm exhibit WVTRIZOTR in
the values about one-half and one-fifth of samektiéss AJO; single layef®®. WVTR and
OTR for 100 nm thick AlOs/ZrO, nanolaminate film were respectively found of 2.1%1
m?day* and 6.4x18 cm® m? day® determined under controlled conditions of 70 % &id
70 °CcPH,

2.2.2.2. Organic-inorganic hybrid materials: state-of-the-art

Nowadays, one of the most common approaches tanobltia-barrier materials is the
alternation of organic and inorganic layers intcagsulation coating. As recalled above,
inorganic layers have high barrier properties, thet pathway for permeants is provided by
defects and pinholes present into the film. Themgation through polymers follows the
mechanism of solution-diffusion where the permeafitst, get adsorbed onto the surface,
dissolve in the polymer matrix and then diffuseghia polymer. One important parameter,
regarding the diffusion rate, is the available fvelume between the molecular chains. The
approach of sandwiching inorganic barriers betwpelymer layers results not only in a
significant increase of barrier propertfé8, but it also brings better resistance to mechéanica
damage, smoothing of the coated surface, and isedghermal stability of multilayer stacks.

Barix ™ technologies

One of the first articles related to multilayer togs for OLED displays protection showed
the capability of using this approach by integmuBarix™ technologies, developed by Vitex
System Ind®. Barix™ utilises “decoupling” layers of polymer depositeetween multiple
Al,O3 layers using organic acrylate evaporation and eosation, followed by an UV curing
(Fig.1.11.a). A WVTR of 2x16 g mi? day* (20 °C/50 % RH) have been reached with this

multilayer®®.
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(b)

Fig.1.11. (@) Schematic cross section of a BariX encapsulation'®; (b) TEM

cross-section images of the graded UHB from Gener&lectric ©7).

Nowadays, Bari¥' technology is commercialised for direct encapsteaind mainly used
for OLED displays protection. This technology haset applied to protect as well
inorganic'® as organic PP It was shown that after 120 hours of storage liratic
chamber at 30 °C/70 % RH P3HT: PCBM based devitksiemonstrated a performance of
74 %, which indicated that the encapsulation exddritie lifetime by more than two orders of
magnitude®®.

SiO/organosilicon

Alternating SiQ and organosilicon layers deposited by PECVD orEadl Bubstrate was
proposed for OSCs encapsulatidfl’. This was the first multilayer encapsulation apglto
OSCs. Organosilicon was deposited in non-oxidiskdnpa with SiQ produced from a
volatile organosilicon precursor under oxidativagsha conditions. The system of five layers
and total thickness of 500 nm kept good transpgremd, in case of encapsulated OSC
devices (MDMO-PPV: PCBM), increased lifetime froewf hours up to 3000 h (Ywas at
about 90% of its initial value) in comparison tdbldn PET coating, which provides 6 hours
lifetime for the device.

Based on the same concept, an hybrid graded orgeriganic ultra-high barrier (UHB)
coating was developed by General Electric. Singbeled SiGQN,-SiOC, alternation layer
deposited by PECVD with total thickness less tharum exhibits WVTR value of
8.6x10° g m? day* (25 °C/50 %RH). The cross-sectional TEM image @ thin film is
shown in Fig.1.11.b.

The same system has been used.lmygenschmied et af* to encapsulat@olythiophene-
based devices. The encapsulated cells composeBHI:PCBM active layer showed a shelf
lifetime of 600h (storage in the dark under ambaant

A SiO,/organosilicon ultra-barrier system deposited oRfI substrate by PECVD was
studied byWu et al.’®. |t was shown that the WVTR of the PET substratated with

3-pairs organosilicon/SiQObarrier structure was decreased to 4%f0m? day®, which was
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one order of magnitude smaller than that of thessabte coated with 1-pair of
organosilicon/SiQ multilayer barrier structure. For the barrier stame with six pairs, the
WVTR was achieved below the detection limit of theed permeameter (MOCON
Permatran-W3/61, 1g m?day?).

SiO/SiNy /parylene

The benefit of Sil over oxide or oxynitride as an effective transpatie@organic barrier
coating material is that in the deposition prodestoes not require reactive oxygen atoms,
which could react with the substrate. Depositionpafylene smooths inorganic layers by
masking surface defects and consequently, imprpgaseation resistance. A SiNx/parylene
multilayer structure was introducei® and WVTR and OTR of the two pains of
parylene/SiNx coating on the PC substrate can hirtaiged at a level near T@y m? day*
and 10' cm® m? day’ respectivey*®®. This indicates a good potential of this system fo
future use for encapsulation of organic electranics

Calcium test performed b@henet al.*®*” showed that a system composed of one parylene
and three SiOx/SiNx layers exhibit a WVTR of 2.5¥1§ m? day* (25 C, 40 % RH for
75 days of experiment).

The first results of the deposition of parylenegtenayer showed insufficient protection of
P3HT:PCBM based devices even atuhd thick layer'®®. In order to improve the protection
of the cell, a multilayer made of alternating pang (5um) and AbOs (=350 A) layers has
been developed. It has been shown that paryles@/Ainultilayers encapsulated device
displays 50% in efficiency loss occurred after 4Qiis of exposure to air, meanwhile, a non-
encapsulated cell was completely degraded aftgr®hburs of keeping them in air.

Lately, the multilayer system based on 100 nm ti§B, or SiN, layer (PECVD) followed
by a layer of 10-50 nm ADs; (ALD) and 1 um thick parylene layer (chemical vapour
deposition (CVD)) has been used for encapsulatiopentacene/§ solar cells™®. The
WVTR of this encapsulation reached (2+1)¥1§ m*day* (at 20 °C/50 % RH) (it is worthy
to note that encapsulated cells showed no decreasmversion efficiency after 5800 hours

of exposure with a xenon lamp (Fig.1.12.)).
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Fig.1.12. Normalised power conversion efficiency asfunction of irradiation time of
encapsulated and non-encapsulated pentaceng{Solar cells. Irradiation source: xenon

lamp 10€].

Polymer/clay

Priolo et al. [*07]

proposed a different approach of barrier improvwemetroducing a
layer of nanoparticles into encapsulation. The psgkation based on quadlayer of
superposed polyethyleneimine (PEI), poly(acrylidp¢PAA), PEI and montmorillonite clay
have been obtained by layer-by-layer (LBL) deposibf agueous ionic mixtures (Fig.1.13.).
The inorganic particles of montmorillonite were qad in between the layers of polymers.
The obtained multilayer coatings contains 26.2 w{fé6 5 quadlayers) of particles which is
nearly one order greater than most conventiondl baimposites. The optimal composition
of four quadlayers deposited on silicon substratd & total thickness of 51 nm displayed
oxygen permeabilityx5x10% cm® cm cmi? st Pal, which is at least 2 orders of magnitude
below that reported for completely inorganic Si®arrier thin films and 4 orders of

magnitude lower than a 286n EVOH copolymer film.
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Fig.1.13. (a) Scheme illustration of layer—by—layedeposition and (b) the nanobrick
wall structure resulting from the alternate adsorpton of PEI (blue), PAA (green), PEI,
and MMT (red) onto a substrate*”.

Polymer/nanoparticles

Another approach is to use a layer of nanopartielesapsulated by a polymer in a
multilayer system as it has been developed by Beraer Films (TBF) Pte Ltd}%®. This
layer on 95 wt % consist of nanoparticles whichereapsulated into a polymer matrix (5 wt
%) where polymer covers the particles on 80-100f %hair surface and plays basically fixing
function. These sealing layer exhibits high packaemsity of particles and strong bonding
between them. It is placed between aluminium fod &ansparent oxide film (barrier layer)
and plays the role of gap for permeants (Fig.1.T4hg nanoparticles (Al or Zn oxide based)
coated by a polymer through crosslinking /curingsabs and reacts with water and oxygen
molecules to trap them, thus further lowering theant of moisture and air passing through
the film. The particles may also penetrate eff@tyivnto the pores or the defects of barrier
oxide and plug the defects. An amphiphilic croskdble multi-unsaturated fatty acid based
polymers or their derivatives were used as polyni@rgarticles coating, and a 60-70 nm

thick Al,O3 or SiQ, layer as a barrier.

Trapped HaO Manoparticle
molecules @& sealing layer

Sealed defects Plastic substrate

Fig.1.14. Schematic block mechanism of permeantsfidision by nanoparticle sealing

layer 10,
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One of the investigated structures made of two slyadltistack of AlOs layer (sputtering
manufacturing process)/ encapsulated,QAl nanoparticles on PET substrate exhibits
1x10* g m?day* WVTR at 60 °C and 90 % RH. The layer showed goadsparency (85 %
of transmittance). It was claimed that foils progdiavith using such a sealing layer can reach
WVTR more than 1x18g m?day* 2!

2.2.2.3. Polymer/nanocomposites

One of the strategies to increase the barrier ptiegeis to incorporate nanofillers
capable of interacting with moisture and/or oxygemnetard the penetration of the moisture
and/or oxygen. In order to keep the transparencthefcoating the particles size must be
typically 1/2 and preferably 1/5 of the solar ligimavelength. Typically, these ratios
correspond to particles size less than 200 nm eafénably less than 100 nm.

Another approach to improve the gas barrier proggeits to include inorganic nanofillers
into the polymer, which gives nanocomposites. Caegpao the previoustly described
example, nanocomposites have low inorganic loadingsvt %Y. It has been shown that
inclusion of inorganic nanoparticles at a small antoresults in enhancement of different
properties, such as heat resistdiht®¥ thermal stability**!, mechanical*®, electrical*®’
and other properties. Another very significant Geat especially for nanolamellar structured
particles, is their ability to enhance the barpesperties®¥, which can be explained by the
creation of tortuous diffusion pathways in the namoposite layer.

PVA/Na-MMT

The optimisation of sodium-montmorillonite clay @N&MT) loading into poly(vinyl
alcohol) (PVA) matrix in order to obtain suitableatarial for OSC encapsulation have been
performed byGaume et al*'”). The nanocomposite layers were processed by @olatisting
of aqueous solutions. Further, the cells were cbhtePVA or its nanocomposite deposited
onto PET substrate. Fig.1.15. demonstrates th#tencase of PET encapsulation, PCE of
organic solar cells decreased by 80 % within léss t70 h of exposure in sun simulator.
Whereas, in the case of a PET film with a PVA namnqgosite coating encapsulation, PCE

remained about 40 % of its initial value after #aene exposure time.
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Fig.1.15. Normalised power conversion efficiency (E) of organic solar cells
encapsulated in a PET film, a PET/PVA (Jum) and a PET/PVA-MMt (5 wt %) (1 pm) 27

Another nanocomposite based on poly (ethylene-oghalcohol) (EVOH) and MMT filler
have been proposed Bgethamraju et af**®. As determined from the Ca test, the WVTR of
the nanocomposite with 5 wt % MMT loading was lowgrmore than one order than that of
the neat polymer. The EVOH/MMT composite films éited WVTR in the order of
10° g m?day* (Fig.1.16.).
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Fig.1.16. Influence of MMT loading into EVOH matrix on WVTR linked to time of
Ca-corrosion test: neat polymer (EVOH 0) and compates (EVOH 1, 2, 3 compositions
represent 1, 2, and 5 wt% of MMT in EVOH, respectiely) films 18,

2.3. Conclusions

Different materials and strategies have been pexpésr the encapsulation of OSCs. The

inorganic layers were used in majority of analypeblished papers to provide good barrier
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performance. However, such materials endangerdhieelto fail due to the cracking risk and
the defects growth under bending working conditidiiereover, single-thin film layers are
limited in performance due to defects and pinhdlesice, they cannot reach the permeability
levels more than three orders lower than thosebé®hi by bare polymer substrafe¥. At
last, common fabrication methods like PECVD and Aldguire expensive and complicated
vacuum deposition systems.

Alternating organic-inorganic multilayer system svdemonstrated to be an effective
solution to achieve coating with improved flexityili surface smoothing, thermal and barrier
properties. These encapsulants can already reachiRMequired for OSCs. Nevertheless,
these coatings have restrictions due to high-cabtidation processes and the issues of
production in large-scale. In general, the majodftybarriers were initially developed for
OLED protection, which is extremely moisture sdusit Unfortunately, the stability under
sunlight, which is an important issue for OPV degichas not been taken into account.
Hence, commonly these materials exhibit limited athility under sunlight exposure
(A> 300 nm) in the presence of air and humidity.

Mixing of inorganic particles with polymer has besimown to be an effective solution for
polymers to enhance the material properties de$iredoating applications. Nanocomposites
exhibit improved barrier properties, thermal st#pilmechanical reinforcement, and etc. In
addition, the possibility to apply simple and loast processing method for their fabrication
opens scalability for roll processing in compariston deposition techniques applied for
inorganic layers. Through, the single nanocompdaiger cannot reach the requirements to
barrier levels for OSC. But, it can be used to iovpr the barrier properties within a
multistack, and therefore, brings more potential réplace the organic layer. It may
significantly reduce the difficulties with encapstibn production, and thus, decrease the

price of end-product.
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3. NANOFILLERS

The purpose of this work was to develop a new namposite in order to improve the
initial properties of commercially available, cheapd widely used polymer into packaging,
for its further integration into organic multilayencapsulation for OPV. Regarding to the
aggressive environment of OSC operation, particudtention has to be paid on
nanocomposite durability under light exposure aachjol heat conditions.

Polymer nanocomposites are particle-filled polymerswhich at least one dimension of
the dispersed particles is in the nanometer rabgedQ nm)™*'> 1! Nanoscale particles can
be classified in three groups depending on theongsry: nanoparticles, nanotube, and

lamellar nanofillers (Fig.1.17.).

Nanoparticles Nanotubes/nanofibres Lamella nanofillers

. ‘/T\: 100 nm )
P . -‘/Tl 00 nm

< 100 nm

Fig.1.17. Types of nanofiller reinforcements/geomees.

When all the three dimensions are in the orderasfometres, and the aspect ratio (the
highest dimension divided by the lowest) is arodnthey are referred as nanoparticles such
as silica nanoparticles. Usually, these fillers@sed due to their specific optical, electrical or
magnetic properties.

Particles characterised by two dimensions in theometer scale, and the larger third
forming an elongated structure, are generally dalle“nanotubes” or
nanofibers/whiskers/nanorods. The most interesting carbon nanotubes (CNTs) and
cellulose whiskers, which are extensively studigdeanforcing nanofillers yielding materials
with exceptional properties.

The third type of fillers, distinguished by onlye@xdimension in the nanometre range, is

related to nanolayers/nanosheets and is usuallgdcimella nanofillers. They consist of
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layers with an aspect ratio of at least 25. In taise the filler is present in the form of sheets
of one to few nanometres thick and hundreds to saods nanometres long. For such
materials, clays (layered silicates) and layeredbtio hydroxides (LDHs) are the most
studied.

The most commonly used nanofillers for the develepinof polymer nanocomposites are
clays (phyllosilicates, natural cationic clays likentmorillonite, and synthetic anionic clays
such as layered double hydroxides) and carbon nbhest

a. Phylosillicates,also called layered silicates, are constituted bstaek of layers of
tetrahedral (T) and octahedral (O) structure forrineth oxygen on the sides and the central
ion (Si or Al). A central octahedral sheet of alamiis fused to two external silica
tetrahedrons by the tip, so that the oxygen atomth@ octahedral sheet also share the

tetrahedral sheets, as it is shown in Fig.1.18.

Al Fe, Mg, Li
() Al Fe, Mg,

@ oH

Tetrahedra

®c

@ Li,Na,Rb,Cs

Octahedral

Tetrahedra

Fig.1.18. Structure of a phyllosilicaté*?.

Montmorillonite (MMT) is one of the most studied members of phgilicates. Its layered
structure results from partially substituting tiheee-valent Al-cation in the octahedral sheet
by the divalent Mg-cation. The negative chargehef ayer is balanced by Na and Ca ions
located in the interlayer space. Due to weak foraesich keep layers together, polar
molecules can penetrate in the interlayer gap, #walling all molecules (for dehydrated
MMT the interlayer distance is about 1 nm).

Besides MMT, hectorite and saponite have a gretrdst in the field of electrical

insulating material manufacturing owing to theigtiaspect ratio (up to 1000) and peculiar
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intercalation/exfoliation capability, which can legploited to improve polymer electrical,
thermal and mechanical properties.

Layered double hydroxides (LDHsalso known as hydrotalcite-like materials, ardass
of synthetic two-dimensional nanostructured aniahays which structure can be described as
brucite-like layers, where a fraction of the divdlecations coordinated octahedrally by
hydroxyl groups have been replaced isomorphouslyrivglent cations, giving positively
charged layers with charge-balancing anions betweem. Chemical composition of LDH
(Fig.1.19.) is generally expressed as following:

[M**2.x M7 (OH)I™T (A™ )om X NHO]*
where,M* andM** are divalent and trivalent cations,is an interlayer aniom is the

charge of interlayer ion.

. st
, = ot fl=p M M (OH),]

o
— [A7 nH,0]

Basal spacing (d)

Interiamellar space

® H.0 @ 2nion, A™ MM

Fig.1.19. Chemical structure of Layered Double Hydoxide (LDH) 2%,

Different metal ions can be used to form positiveiarged layers, divalent such asZn
Ni?*, CU/*, Co*, F&*, and trivalent, like Cf, AlI**, F€*, Mn**, G&". Regarding the interlayer
space, LDH can be characterised by their anion amgdh capacity, where anions can be
inorganic, complex, organic or polymeric anionswile range of chemical combinations of
metal oxide layers and negative interlayers all@ngineering a hybrid LDH that may be
compatible with polymer matrices.

b. Carbon nanotubesre long cylinders of covalently bonded carborme8?* 2% Two
basic types of CNTs exist: single-wall carbon nahes (SWCNTs), which have the
fundamental cylindrical structure, and multi-walirbon nanotubes (MWCNTS), which are
made of coaxial cylinders (Fig.1.20.), having itager spacing close to that of the interlayer

distance in graphite (0.34 nm). These cylindridcabgures are only few nanometres in
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diameter, but the cylinder can be tens of micramg] with most end-capped with half of a

fullerene molecule.

SWOCNT MWCNT

Fig.1.20. Schematic diagrams of single-wall carbomanotube (SWCNT) and multi-
wall carbon nanotube (MWCNT) #22]

CNTs have exceptional mechanical and thermal pteger Moreover, they can be
electrically conductors, semiconductors or insukatdepending on their chirality. The most
common problem is their poor dispersion in the pwy matrix. Hence, chemical
functionalisation treatment of CNTs is a commoncprure, which includes functionalisation
of defect groups, covalent functionalisation ofeswdlls, non-covalent functionalisation, e.g.,
formation of supramolecular adducts with surfactamtpolymerst??.

c. Nanopatrticles.There are many types of nanoparticles. In this gragh, we focus on
zeolites, which were used in the present studyttierr water barrier properties. Zeolites,
materials with ordered porous structure, can behggmsed in the nanometre range and are
classified as nanopatrticles in terms of geometry.

Zeolites are a class of crystalline aluminosilicate materibuilt from an infinitely
extending three dimensional network of [giDand [AIQ)]° tetrahedrals connecting to each
other by the sharing of oxygen atoHfé *?° The structure formula of zeolite is based on the
crystallographic unit celf?:

My [(AIO2)x(SIOy)y]- WwH20,

whereM is an alkali or alkaline earth catiamjs the valence of the catiow,is the number

of water molecules per unit cel,andy are the total number of tetrahedra per unit eld
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the ratioy/x usually has values from 1 to 5, though for theaikeolite,y/x can be ranging
from 10 to 100.

Zeolite is an open-structure framework that cossistf many channels and/or
interconnected voids of discrete size (in the ra@@?20 A). Each AlQ tetrahedron in the
framework bears a net negative charge that is bathby a cation. Typically, these counter

ions are elements from the IA and 1A groups of pleeiodic table. Some zeolite structures are
shown in Fig.1.21.

c) . d)

e
= A gi A S

b’ Y K
[ i A
3 3 '.“ ) )
j b
<M < ﬁ"i d"' 1}
78,78 %
*Nv$ ”‘.l' Ly
i ) I =
4 & ) ) ;,‘ 7

B

Fig.1.21. Representative zeolite framework (with pore openings): a) zeolite A (3D,
4.2 A): (b) zeolite Y (3D, 7.4 A); €) zeolite L (1D, 7.1 A); @) ZSM-5 (silicalite) (2D, 5.3 x
5.6 A, 5.1 x 5.5 A7,

Numerous types of synthetic zeolites with varialoéenework type structures with one-,

two- and three-dimensional pore systems can behsgised. Table 1.2. gathers the typical
oxide formula of some synthetic zeolites.
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Table 1.2. Typical oxide formula of some synthetizeolites

Zeolites Typical oxide formula
Zeolite A NaO-Al,03-2Si0;4.5H,0
Zeolite N-A (Na, TMA)O-Al ,034.8SiQ-7H,0O
Zeolite H KO Al ,03-2Si0,4H,0
Zeolite L (KoNap)O-Al ,05-6Si0,:5H,0
Zeolite X NaO-Al,05-2.5SiGQ-6H,0
Zeolite Y NaO-Al,034.8SiG-8.9H,0
Zeolite P NaO-Al,03-2-5SiG-5H,0
Zeolite O (KNaz, TMA)O-Al,05-7Si0,-3.5H,0
ZeoliteQ (Na, TMA),O-Al ;03 7Si0,5H,0;
Zeolite ZK-4 0.85Ng0-0.15(TMA)O-Al ,05-3.3SiQ-6H,0
Zeolite ZK-5 (R,N@)O-Al,05-4-6Si0,6H,0

Zeolites are classified in four groups based ornr there size: ultra-large (more than
14-membered ring), large (12-membered ring), mediLl®membered ring) and small (eight-
membered ring) pore molecular sieves. In geneedllites with medium and large pores are
mostly used in catalysis in order to ensure thg ddision of the molecules to the catalytic
active sites in the zeolite pores. On the othedh#imose with high concentration of cation
exchange sites and small pores are suitable fptisarprocesses due to the molecular sieving
effect.

In addition to the classical applications in iorcleange, separation and catalysis, zeolites
are attractive for novel technologies including hiyg selective membranes, host—guest
chemistry, chemical sensors, etc. About 170 tygezeolites exist'?®, and among them 40
types are natural. Most of the zeolites are mi@ees but they can also exist in a nanometric
range.

Zeolites are highly hydrophilic sorbents due tairtledectrostatic charged framework and
the abundance of extra-framework cations. Almokto&lthe zeolites show type | water
sorption isotherm, which indicates a high affinibywater at low partial pressure. The water
sorption capacity is generally proportional to thiee of the pores, therefore large pore
aluminosilicate zeolites with 12-membered ring h#we highest capacity for water. Higher
water capacity is served for aluminium rich zeslitdue to their high concentration of
hydrophilic active sides. These zeolites are ugusled as desiccarité®.
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3.1. Processing of nanocomposites with clays

Polymer nanocomposites with clays are synthesisadvarious methods that can be
categorised into four major routés® 12

1. Solvent method (exfoliation adsorptionplso called polymer or pre-polymer
intercalation from solution, is based on a solventvhich the polymer or pre-polymer is
soluble. Thus, a solvent system consists of swqlkicles and solubilised polymer or pre-
polymer. When the polymer and layered silicate tsmhs are mixed, the polymer chains
intercalate and displace the solvent within therlatyer of the silicate. Upon solvent removal
or precipitation in non-solvent media, the inteate#l structure remains, resulting in
polymer/layered silicate nanocomposite. This methe®dgood for the intercalation of
polymers with little or no polarity into layeredrgttures and facilitates production of thin
films with polymer-oriented clay intercalated lager

2. In situ polymerisationUsing this technique, polymer formation can occetween the
intercalated sheets of layered silicatessitu polymerisation is based on the prior swelling of
the layered particles within a liquid monomer or neonomer solution and further
polymerisation. The polymerisation reaction isiatéd between the intercalated sheets by
radiation, heat, the diffusion of a suitable iriia or by catalyst fixed through cationic
exchange inside the interlayer before the sweffittg™*”! At first, this approach was applied

in manufacturing of nylon—montmorrillonite nanocawsite (Fig.1.22.5.

clay mineral

caprolactam alayer ofclay nylon6

Fig.1.22. lllustration for synthesis of Nylon-6/clg nanocomposites'3.

This method can be used for both, thermopladstitand thermosetting® polymers with
different nanofillers, e.g., metallic oxides oréagd silicate.
3. Sol-gel method (or template synthesighis approach involves the formation of the

inorganic filler in an aqueous solution or gel @ning the polymer and the filler building
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blocks. It consists of hydrolysis of the constituenolecular precursors and subsequent
polycondensation to glass-like form. Different dodis can be easily introduced into the
glassy network at room temperature during procgsdduring the process, the polymer
contributes to the nucleation and growth of crygstalhich are entrapped in the matrix. This
method can disperse fillers in a polymer in a srggép.

4. Melt blending.Solvent free and thus, environmentally friendlys ttechnique involves
annealing the polymer matrix at high temperatuaesling the filler, and finally kneading the
composite to achieve uniform distribution. Meltardalation is the typical standard approach
for synthesising thermoplastic polymer nanocompssilt is also considered compatible with
industrial processes such as injection moulding amttusion, which makes it more
convenient to use. However, the high temperatused in the process can damage the surface
modification of the filler. Therefore, optimisationf the processing conditions is a very
important factor that plays a big role in achievigpgod dispersion and exfoliation. Weak
electrostatic forces among the filler interlayersl a&ompatibility with the polymer matrix
allow the polymer to crawl into the interlayers rfong intercalated or exfoliated
nanocomposites.

The in-situ polymerisation and the melt blending methods &eerhost commonly used
techniques for manufacturing thermosetting andnlogtastic nanocomposites, respectively.

3.2. Properties of polymer/nanocomposites

Since Toyota group has developed nylon/MMt nanoasite >, the tremendous

research interest for nanocomposite materials dstradad the improvement of the material
properties'? 5137 mechanical*> 13249 thermall*'* Y optical**?, electrical [**¢ 243
barrier!!'® 138 144 Taple 1.3. displays different examples of incoaped into polymer matrix

nanofillers and their reinforcement effect on miatgsroperties.
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Table 1.3. Examples of nanoscale fillers incorporatl in polymer composites for other

property enhancement than reinforcement**”!

Nanofiller Property enhancement(s) Application/utiity

Flame resistance, barrier,

Exfoliated clay compatibilizer polymer blends

SWCNT: MWCNT Electrical conductivity, charge EIectricaI/eIect.ronics
transport, optoelectronics
Nanosilver Antimicrobial
Zn0O UV adsorption UV screens
Silica Viscosity modification Paint, adhesives
CdSe, CdTe Charge transport Photovoltaic cells

Electrical conductivity, barrier,

Graphene Electrical/electronic
charge transport
Improved stability, flammabilit
POSS P . Y y Sensors, LEDs
resistance
Zeolites Improved permselectivity, dessicant Membranes,
properties, ion exchange absorbents

Changes inmechanical propertiescan be related to the fact that with nanoparticle
incorporation, nucleation with crystallisation catcur. Nucleation effect resulted in
increased onset temperature and a decreasedrhalbficrystallisation has been observed in
different nanocomposité&>**"! However, at higher levels of nanoparticle additia delay
for crystallisation was noticed. This delay wasspré even in the systems where nucleation
was observed at low content of nanoparticles ansl mvantioned to occur due to diffusion
constraintd'4’149

Another “nano-effect” reported in the literatureh® change in theglof polymer matrix in
the presence of nanoparticles. Both, an increase decrease in thegWalue have been
reported depending upon the interactions between ghrticles and the matri’®”.
Nevertheless, modest changes g{J10 °C) are observed.

Common reason for adding nanofillers to polymerdoidncrease strength, modulus or
stiffness via reinforcement mechanism of well dispd particles™®. However, an opposite
effects can occur in case of poor adhesion ofitlee fo the matrix.

It was shown that fillers such as magnesium hydi®xiorganically modified MMT,
polyhedral oligomeric silsesquioxane (POSS), LDHhwgood dispersion can successfully

serve adlame retardant improved properties for targeted high-temperafymglications**".
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The barrier propertiesof polymers can be efficiently improved by addingrtcles with

sufficient aspect ratio to alter the diffusion paih permeant molecules as illustrated in
Fig.1.23.

T N

Fig.1.23. Representation of (a) path of permeant necule in composite with

completely aligned platelets; (b) misaligned platets .

- Permeability
Different theories are developed for the predictiminthe barrier properties through
nanocomposites. For example, Nielsen theory isdbasethe reduction in the permeation

through the compositd?{) as a function of filler volume fractiogx and filler aspect ratia

described as follows:

e Ou (Eq.1.1)
P~ a- g.1.
P, 1+ 2<Pf

WhereP,, andg, are the permeation through polymer matrix and ipelyvolume fraction

respectively. Other modified finite elements mogwlsdicting the permeation reduction exist,
such as the Cussler-Aris model, the FredricsonfBrae model, the Lusti-Gusev model, and
etc. From all of them it can be based on the slfappect ratio) of the nanoparticles and
hence, their dispersion degree and just secondarytheir size. The difference in the

orientation of particles was taken into accounBbgradwaf'*3! who introduced the variable of
orientation §) into Nielsen equation:

Pnano _ 1- @
Ppoly 1+

(Eq.1.2)

1
where S = 5(3 cos?6 —1)
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- Sorption

The introduction of selective zeolite, which actsraolecular sieves, in a polymer film
generally enhance the permselectivity propertiemembrane separatidtt®. Nevertheless,
due to well-known high sorption capacity of zedjttheir nanocomposites exhibit high water
uptake, which has been used to develop the furatimod packaging for humidity control

[155. 158 |t was find that zeolite at 5 wt % loading cascaénhance water-retention properties

of the filled material$®"],

3.3. EVOH copolymers and nanocomposites

Ethylene-vinyl alcohol copolymer (EVOH) relatesgemi-crystalline random copolymers
of vinyl alcohol and ethylene units (Fig.1.24.).

*AECHZ—CHMCHZ—TH]?*
OH

Fig.1.24. Chemical structure of EVOH.

In order to indicate the ratio of vinyl alcohol aathylene in the copolymer, the following
abbreviation is usually used: EVOH X, where X ig ttoncentration (mole %) of ethylene
part.

The polar nature (presence of —OH groups in polystencture) and excellent self-
organisation offer high barrier properties to oxygewith an OTR around
10° cm® m? day’ atmi* for the lower content in ethylene (Table 1.4.).@Y integrates the
good processability of PE with the high oxygen ieanproperty of PVA. The excellent barrier
performance in combination with good transparewcgck resistance, considerable chemical
resistance, lead to a wide use of these copolyasexygen barriers for improved food and
pharmaceutical packaging shelf life and as hydtmmabarriers for fuel tanks.

With an increase of ethylene content in the copelynthe moisture barrier properties
improve and the gas barrier properties decreagdadTa5)*°%,
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Table 1.4. Barrier properties of EVOH (film thickness 25,4um) 59,

EVOH Gases?
(mol% Ethylene) O, CcO, N, He Moisture®
27 0.01 0.04 7 6.8
32 0.02  0.05 0.002  15.5 3.8
38 0.03 0.10 0.003  25.5 2.1
44 0.07  0.20 0.005 40.0 1.4
48 0.11 .032 0.007 52.0 1.4

2in cubic centimeter-mils per 100°ir24 hours per atm at 20 °C at 65 % RH.
®in gram-mils per 100 f 24 hours per atm at 40 °C at 90 % RH

This trend gives an opportunity to tune the chemmamposition of the copolymer
depending on the assigned task. Anyway, to keed baaier properties, a composition in the
range of 25-45 mole % of ethylene is requifd. The barrier properties to oxygen are
extremely sensitive to moisture due to interactbid,O molecules and hydroxyl groups of
the polymer chain. Hence, EVOH layer is designedbéo sandwiched between highly
hydrophobic materials, usually polyolefins. DiffeteEVOH-based multilayer structure
combinations such as PP/EVOH/B®!, PE/EVOH/PE®®, PE/EVOH/EVA®?) have been
developed for packaging applications.

In order to bring better performance to EVOH basederials, different nanofillers can be
introduced into this matrix:

- lamellar nanofillers: organoclays (bentorf&, kaolin!*®*, kaolinite®, cloisite!*55-67]
MMT [118. 166,168,169 ) py 1701 thermal reduced graphehé”;

- Nanotubes: carbon nanotuth€8), cellulose nanowhiskefs™!;

- Nanoparticles: mesoporous silit4”, carbon black and graphfté®.

Due to the good chemical resistance of EVOH, itsosamposites can be processed by
melt-mixing technique'’® or solution mixing™® ¢ 9 or precipitation™®® %7 using
solvents such as dimethylsulfoxide (DM38¥ 172 dimethylformamide (DMFY"Y, toluene,
and water/1-propand®?.

Most of the EVOH nanocomposites have been develapmedg montmorillonite and
cloisite (organically modified montmorillonite) agldrs. Interestingly, EVOH polar nature
allows for improved dispersion and incorporation w&noparticles without using a

compatibiliser.
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EVOH/kaolin

Nanocomposite based on EVOH with 27 mole % of eyl (EVOH27) and kaolin
(Al,Si,Os(OH)s) nanofillers was used as a core layer in 5-layiémss structure™®*. The
multilayer films consisted of polypropylene skinyéas and maleic anhydride modified
polypropylene tie layers were processed by co-sidru The reinforcement of mechanical as
well as barrier properties was observed for maltistwith integrated nanocomposite layer in
comparison to unfilled barrier. The WVTR for EVOl®&In with 5 wt % of nanofiller
content was 0.61 g fnday®, which is two times lower than the WVTR of pristiEVOH.
EVOH/kaolinite

Another type of clays such as kaolinite was usedaafiller in order to improve barrier
properties of EVOH®Y. Kaolinite clay is a very cheap raw material of tile industry that
needed to be refined and chemically modified pteomelt intercalation. To improve the
morphology of nanocomposite, a treatment with dnyisulfoxide, methanol and
octadecylamine was carried out. Consequently, #salbplane distance of the original clay
increased by three times. Transmission electromasdopy (TEM) images showed a strong
adhesion between EVOH (containing 32 mole % of letig) and the clay (Fig.1.25.) and
intercalation (but not total exfoliation) was obsat, respectively, which were correlated with
3 °C to 6 °C higher J values for the nanocomposites and, thus, higlgidity. The
nucleation effect of kaolinite particles resulted increased crystallinity. This resulted in
enhanced barrier properties of the nanocompodite.riieasured OTR for 110n thick films
of the pristine polymer was found to be 0.35°cm” day* what is 4 times lower than
permeability rate reported in Table 1.4. (0.02 enil day* 100 in? after recalculation for the

same units and film thickness gives value of 189 m* day").
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Fig.1.25. TEM image of EVOH/nanocomposites containg 2% of modified kaolinite

clay 84,

EVOH/MMT

Attention was also focused on the incorporatiomaihtmorillonite into EVOH contained
44 mole % of ethylene units. Enhancement of bapiieperties was offered by lamellar shape
of the particles. It has been reported OTR values»f0? cn® m? day* M8 Calcium
degradation test showed a gradual reduction of WM& ~10' g m? day’ to
10*g m*day* with an increase of MMt loading in the nanocompe'3if!.

Thermal analysis of EVOH/MMt nanocomposites shoveedharp decrease of heat of
fusion, melting and crystallisation temperaturethwilay™’” 1’8l As compatibiliser of EVOH
with clay, maleic anhydride grafted ethylene viagktate (EVA-g-MA) or maleic anhydride
grafted linear low-density polyethylene (LLDPE-g-MAwvere used. The addition of
compatibilisers enhances the intercalation levelE\0OH into clay galleries. Depending on
blending conditions and clay content, the obtainedrphology was intercalation,

delamination or complete exfoliation (Fig.1.26.).
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Fig.1.26. Schematic description of clay fracturingand an onion like delamination
process, where thin platelets peel off and blend to the matrix: (a) before intercalation
and/or delamination process, (b) intercalation andlay fracturing, (c) advanced

delamination process!’”.

Nanocomposites with only 0.5 % surface-modified Mblding obtained by extrusion at
200 °C and 40 rpm presented an exfoliated strucndk regardless of the clay content, the
tensile modulus and strength were observed to asereip to 40 % and 30 % respectively
relative to the neat EVOH, highlighting the higlvde of intercalation of the filler with the
EVOH matrix*"".

EVOH/LDH

Carbonate and stearate intercalated LDHs were asddlers in EVOH-nanocomposites
preparation”. Hydrotalcite (LDH-CQ), having sheets with exposed hydroxyl groups,
allows strong hydrogen bonding with the alcoholctional groups present in the polymer.
Differential scanning calorimetry (DSC) showed ttieg presence of the fillers interfered with
the polymer crystallisation processes (Fig.1.2Bdth fillers acted as nucleating agents in
EVOH. The fillers had a reinforcing effect and timepact strength of EVOH increased
significantly (from 4.9 kJ M to 9.7 kJ rif) when 10 wt % LDH-stearate was added.
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Fig.1.27. DSC cooling traces for EVOH polymer comgsite systems'?.

Other EVOH/nanocomposites

Another family of particles, which are used asefdl for EVOH/nanocomposite, is carbon
nanotubes (CNTsf!'* *® EVOH/multiwall nanotube (MWNT) nanocomposites ever
prepared by the incorporation of electron beandiated MWNTSs in EVA/toluene solution
and saponification in an ethanol/KOH, where hyds@yof EVA took place. Scanning
electron microscopy (SEM) indicates that the nanguusite particles had a highly porous,
sponge-like structure of connected matrix polynzers MWNTs!?, With the incorporation
of 10 wt % pristine MWNTS, it was found that theetimal stability improved significantly
and the maximum of degradation temperature shifted 450 °C to 500 °C. The increase in
the degradation temperature of the polymer matgixalddition of CNTs has also been
reported®?,

An effective strategy was reported to fabricate EV@anocomposite with well dispersed
thermally reduced graphene (TRG) sheets in thenpedymatrix via solution mixing method
using DMF"Y. The resulting material EVOH/TRG showed increasethanical properties
(tensile strength and elongation at break and eatiky improved barrier properties
(permeability coefficient decreasing from 3.9 x4@own to 8.5x10" cn® cm cn? s*Pat)
(Fig.1.28.).
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Fig.1.28. (a) Tensile strength and elongation at bek versus TRG loadings;
(b) Permeability coefficients (R,) of O, for TRG/EVOH nanocomposite films as a
function of TRG loading .

Summarising studies dealing with development and aragterisation of
EVOH/nanocomposites, major part of research has lwemcentrated on clays such as
montmorillonite and cloisite. Regarding to the fmdes dispersion and enhancement of
barrier, thermal and mechanical properties, 5 wpa&fgicles loading is considered to be the
optimal filler content. Little attention was paid the nanocomposite stability, in particular to
the temperature, and no information about photdgtalof EVOH nanocomposites was

found.

3.4. Photodegradation of nanocomposites

Stability of nanocomposites determines their usefss and the lifetime of the related end-
product. Thus, the study of degradation and s&atibn of polymer nanocomposites should
be a compulsory issue for industrial and scient#ctors. Understanding the degradation
mechanisms gives an opportunity to predict theilgtalof potential candidates and to
successfully engineer the materials with assigiietilhe. Depending on the use environment,
different ingress factors (temperature, chemical hiochemical environment, mechanical
stresses, UV-irradiation, and etc.) should be takemaccount during durability estimation.
This paragraph describes the influence of differeanofillers on photodegradation and
photostability of polymer nanocomposites.
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3.4.1. Nanocomposites based on nanolayers

Most of the publications dealing with nanocompogtetodegradation are devoted to
polyolefin nanocomposites due to their key appiicet such as packaging in medical and
food industry, electronic appliances, automotived arousehold products. Most of the
attention has been focused on polypropylene (P&lyethylene (PE), ethylene propylene
diene monomer (EPDM) and polystyrene (PS).

Polymer/MMT

The photooxidation studies of montmorillonite basesiocomposites of PB® 181 1821 pp
(18] and EPDM 18188 nolyamide-6 (PA-6)18"1 polycarbonate (PC)*®® epoxy
resins 8919 and PVA R showed that incorporation of nanofillers has a-gegrading
effect, what results in faster degradation of nanguosites in comparison to unfilled
polymer. In addition, it was shown that the pregeoicorgano-MMt decreased the efficiency
of conventional stabilisers such as phenolic ardiemt or hindered amines.

Several causes for the higher level of photooxutatif nanocomposites were proposed:

- interactions between clays and stabilisers;

The catalytic effect of the metal ion impuritieachk as iron, which are present in naturally
occurring clay$'® 192 This effect is based on decomposition of printaysiroxides formed
upon polymer photooxidation (Scheme 1.1.).

ROOH + M"* — RO + M"* 1" L OH™
ROOH + M“*V* . ROO" + M"" + H”

M“‘-'IMM‘“*

2ROOH ——— RO+ ROO" + H,0

Scheme 1.1. Catalytic decomposition of hydroperoxés by metal ionsg'®.,

- photodegradation of alkylammonium surfactant (theganic part of the
organo-Mmt)[8t: 192

- thermal degradation products of alkylammonitith %!

To overcome the prodegradant effect of clays, additsuch as anti-UV*®, a metal
deactivatot*®® °*'and phenolic antioxidaff® addition has been studied.

In order to stabilise EPDM/MMt nanocomposite, an @Wsorber (Tinuvin P) and an
antioxidant (2-mercaptobenzimidazole) have beed B& It was shown that the addition of
either Tinuvin P or 2-mercaptobenzimidazole inlsiptodegradant effect of MMt. This effect
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might result from the combination of ZnO and 2-nagtobenzimidazole, where
2-mercaptobenzimidazole acts as a peroxide decampaswell as antioxidant by donating
hydrogen. ZnO acts as a vulcanisation acceleratdr may also form a complex with
mercaptobenzimidazole [Zn-coordinate complex], Whacts as an antioxidant and a peroxide
decomposer.

The introduction of metal deactivator into PE/MMisglayed good success for the
stabilisation strateg§®* *°®! Fig.1.29. shows that metal deactivator totallyoedled the pro-
degrading effect in comparison to UV stabiliserse Tise of metal deactivator highlighted the
significance of impurities such as metals and l&riaghew knowledge to the development of

efficient stabilisation approaches.
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Fig.1.29. Increase of hydroxyl group absorbance asfunction of irradiation
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Lonkar et al.!* showed more efficient stabilising effect of phéncantioxidant for
EPDM/MMt nanocomposite prepared via extrusion kgyittiroduction of antioxidant into the
polymer before mixing with the particles. It migh¢ explained by avoiding adsorption of
antioxidant along with clay during processing. Imst way, interactions with metallic
impurities present in clay powder and antioxidaeteweduced, hence, antioxidant stabilising
efficiency was enhanced.

Polymer/LDH

Very few papers have reported on the photooxidatekavior of nanocomposites with
synthetic LDHs™ % or hydrotalcite®®. The photooxidative behaviour of the PP/LDH
nanocomposites showed that the presence of LDHwuadify the chemical structure of the
photoproducts accumulating in the matf¥’. The rates of oxidation were influenced by the
nanofiller, depending on the divalent cations @f tiDH layers. LDH phases containing fg
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have a prodegradant effect on the polymer, wherBas$ based on Zfi divalent cations has
no influence on the rate of oxidation of the polyrté®. LDHs containing Mn or Co as
divalent cations were reported to have a prodegtaeffect on PE oxidation, even in very

low amount?°Y,

3.4.2. Nanocomposites based on nanotubes

A lot of attention has been focused on processiiNgy < nhanocomposites of polymers
(polyolefins, polyacrylates, polyenes, polyamidesyurethanes, etc.) due to enhanced flame
retardancy and the improvement of mechanical aectrédal properties. The influence of the
nanotubes on both the photooxidation mechanisntltencdates of oxidation of the matrix was
characterised for EVA/CNT nanocompositéd. On one hand, it was shown that the carbon
nanotubes act as inner filters and antioxidantsichvizontribute to the reduction of the
photooxidation rate of the polymeric matrix. On ther hand, it was observed that light
absorption could provoke an increase of the loehperature and then induce the
photooxidation of the polymer. The competition bedw these effects determines the global
rate of photooxidation of the polymeric matrix. Thibilising effect of CNTs was also
present for PP in condition of photo- and thermadiation??!. Besides antioxidant nature of
CNTs, it was concluded that these particles mightoeb oxygen molecules. Such a
mechanism could be responsible for abstracting exygolecules from the polymer chains
and leads to a decrease of the rate of photoox@atiactions inside the amorphous phase in
the first stages of photooxidative process.

Enhanced photostability was displayed for bisphénepoxy resin?* and PMMA?%!, |n
the case of PMMAZ®®! an efficient light scattering by particles waspwsed to be one of the

explanation of increased durability

3.4.3. Nanocomposites based on nanoparticles

Various nanoparticles such as silit¥, carbon black (CB¥°, metals (CU**™), metal
oxides (ZnO*®?, titanium dioxide (TiQ) 2% 2°% calcium carbonate CaG8' %% and etc.
have been used as fillers for polymers in ordaetoforce targeted functional properties for
assigned applications. All nanoparticle fillers cdme divided into two groups:

photochemically inert and photocatalytic nanopbesit®.
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Photochemically inert nanoparticles

Calcium carbonate (CaGpand silica (SiQ) are considered to be photochemically inert.
The introduction of CaC@into HDPE was reported to result in changes ofyipelr
photodegradation mechanidf”. Contradictory explanations of particles effectrevbased
on an acceleration of chain scission reactionsamd protective barrier effect for UV light
penetration in HDPE. Moreover, addition of nanoCgCl@ads even to more fast
photodegradation of PP in comparison to micro sjzaticles'*'Y. This effect was explained
by the presence of Si, Mg and Al impurities as waslthe formation of defects at the interface
between matrix and filler particles.

Li et al.®? reported that CaCQand SiQ increase the degree of chain scissions in PP
under natural degradation. The influence of the osmed Si@ particles on PP
photooxidation®®®! has been related to,@ermeability or the spherulites size of the
nanocomposites, the smaller spherulites leadingidber stability of the nanocomposites.
Nevertheless, another work showed contradictoryli®svhere Si@ accelerates HDPE
photooxidatior?*,

It brings to the conclusion that the influence'giiotochemically inert nanoparticles” on
photooxidation of polymer nanocomposites is ndifuhderstood.

Photocatalytic nanopatrticles

ZnO and TiQ are well known broad band-gap semi-conducting exi@xhibiting a
photocatalytic activity. It has been demonstratddit tthe photocatalytic effect of
semiconductors such as ZnO, mainly results in trendtion of radicals that are able to
degrade the polymer matris*®. The photoocatalytic effect of ZnO and Ti@ however
counterbalanced by the UV inner filter played begsth fillers, which absorb in the UV range.

At the same time, the stabilisation effect of Zn@nhaoparticles on the photooxidation of
LLDPE was found to be better than that of@\br SiQnanoparticle&*°.

The photostability of PMMA/Ti® nanocompositefilms with different kinds of Ti®
nanoparticles was studied under accelerateficatiageing®*”. The photacalytic oxidation
of the polymer by Ti®provokes the formation of cavities and free voluwvads) between
polymer chains and the ndiiler.

The photochemical behaviour of PLA/Li@nd PLA/ZnO nanocomposites has been
studied #8221 Two opposite effects of UV-screening and photalyats of these two

nanofillers showed that, thefinence of these metal oxides on polymer lifetimencarbe
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corfidently predicted. Photodegradation of PLA/Ti@nocompositélms showed a decrease
of photostability?*e.

Carbon black

Carbon black (CB) was reported to have a stabdisiifiect on epoxy resii’®, PE*! and
PP?22l CB can act as an UV absorber, a free radicalesgger, and as a filler of micropores
and microcracks of the polymer matrix maintainiig toarrier properties of the coatings
during degradatio?®. Schematic influence of CB on epoxy resin coatisgswed in
Fig.1.30. The physical nature of carbon black nyaadcounts for its UV stabilising activity
due to its UV absorption ability that decreases thé dose received by the polymer. In
addition, the termination reactions of free radicggénerated during photooxidation may also
contribute to the UV stability brought by carbonadk. This phenomenon retards the
degradation of the coatings. Besides, CB nanopestiact as obstacles for propagation of
microcracks. It was also approved that CB nanogastican fill micropores in the coating and

limit penetration of water into the coatifgP.

EP Coating
Microcracks
UV Irradiations
Penetration of
corrosive SpCCICS
Free radical

scavenger and
V absorber

Microcracks

Filling
Micropores

CB Coatmgs

Fig.1.30. Schematic illustration of the CB nanopaitles mechanism for preventing UV

degradation of coatingd?%®.

Conclusions

The influence of nanofillers on polymer photodegtémh depends on various factors.
Montmorillonite provokes a faster photooxidationtloé polymeric matrix whereas the effect
of LDH or carbon nanotubes can be tuned. Stahiisaffect can be obtained by adding a

metal deactivator to nanocomposites with naturadlgurring clays (montmorillonite), or by
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using suitable divalent cations into LDH nanoconigss In the case of CNTs,
photostabilisation can be achieved by adding sléitiype and amount of nanotubes. The
competition between the two antagonistic effectZm® and TiQ leads either to stabilising
or prodegradant effects, with heterogeneous degioadasulting from oxidation profiles.

As a conclusion, one can say that there are norgiendes for stabilisation of polymer
nanocomposites. The resulting effect strongly ddpeon the studied system: néfter,

polymer, and additives.

3.5. Polymer/zeolite nanocomposites

Researchers have widely investigated zeolite timmsfwithin the last 15 years, most of
these studies were motivated by the potential epiptin of these materials as separation
membranes and membrane reactors.

Nowadays, zeolite based nanocomposites are useskrigors, cathodes of the cells,
anticorrosive, selective membranes, gas separ&tionfuel cell application&?¥, catalysts,
and selective removal of heavy metal i6718 and other pollutant$®® from sea water and
industrial waste water.

Several aspects are responsible for the uniqueepiep of zeolite nhanocomposites and
their industrial succes€™.: (i) very high and adjustable adsorption capagitycatalytic sites
of different strengths can be generated in the érmonks, (iii) the size of their channels and
cavities is in the range of many molecules of eder and (iv) excellent ion exchange
capacities.

Nevertheless, up to now the application of zedddised nanocomposites does not cover the
packaging and coating sectors.

Unlike traditional fillers, conditions of zeoliteysthesis can be well-matched, and this
provides a broad range of potential propertiesilfanterial properties, selective gases/liquids
adsorption and catalytic properties) and the gbild tailor the functions of composite
materials.

Taking into account the high sorption capacity eblies, these fillers were proposed as
desiccants for electronics in order to protect mooés sensitive devices (like OLEDSF?.
Since 1990, zeolite-resin composite based desiedaate appeared in electroniéd >34
Traditionally, a relatively high quantity of des&d has been used in the non-transparent

bottom side of electronic devices. However, thadparency or the flexibility of the desiccant
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(usually up to 40 wt %) was never an issue unéldbvelopment of top emitting OLEDs, and
further, semitransparent OPVs. To solve this pmobland keep good moisture getter
propertiesWu et al »*2 processed transparent composite moisture geyter fa encapsulate
top emitting OLEDs. Acrylic resin with 10 wt % ofelBa zeolite nanopatrticles was tested as a
moisture getter encapsulation film deposited onttpeof OLED module. Nanocomposites
exhibited WVTR less than T0g mi?day* and water absorption capacity of 3.6 § thighly
dependent of the conditions of previous zeolitevatbn). The resulted material does not
achieve requirements for OLED encapsulation, bahsafilm could match the demands of
less sensitive OPY®!,

Beta zeolite nanocrystals were also tested in a@nothaterial as native starch. They
addition resulted in changed tensile and waterdraproperties of the filnf*3. Water vapour
permeability of films was shown to be slightly desrsed (by 6-20 %). At the same time, Beta
zeolite based nanocomposites exhibited decreanstetstrength and increased elongation at
break. The results showed that zeolite dispersi@aritical point for obtaining reinforcement
effect.

Zeolite based nanocomposites has a great potapalication in the development of
transparent and flexible encapsulations, in terhreiaforcement effect and of great sorption

capacity.
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CONCLUSIONS

The review of the current literature dedicated ®03 degradation and encapsulation, and

the role of nanocomposites, highlights the follogvikey findings:

- The degradation of OSCs is mainly caused by thebamed action of light, oxygen,
water and temperature. Degradation involves evary @f the cell, as well inorganic
(electrodes) and organic components (PAL, PEDOTS)P&s interfaces. Ageing
processes lead to a loss in cell efficiency dua t@orsen light absorption, a drop in
charge carrier transport, morphology changes andmileation. A good barrier
encapsulation is a solution to protect the celinfirexternal ingress of oxygen and water,
which would allow for an increase the device lifeti

- Different strategies and approaches to reach stmarger properties for efficient
encapsulation have been proposed. The most comystenss currently used are based
on altenating multilayer stack, which can achiele permeation level required for
OSCs. However, the drawbacks of high-cost depwositiethods and limitation in large-
scale fabrication hinder OSCs competitivenessemtiarket.

- Summarising the research done in the OPV encapsul@ne can say that it is mostly
focussed on the operation performance of the d=lt it neglects the issue of
encapsulation stability, which is however essealtiab obtain stable device over
lifetime.

- Introduction of the nanofillers into a polymer nwatcan enhance different material
properties, in particular, barrier to oxygen andvemter. The introduction of such
nanocomposite into multilayer encapsulation mayedase the efficiency of barrier
properties, and hence, increases OSC lifetime. ilesless, depending on the studied
materials, the presence of nanofiller can incremseduce the photochemical stability
of nanocomposites, highlighting the need to study photostability of each new
nanocomposite material.

- Zeolites are shown to be potential materials tauged as nanofillers for polymers in
order to improve desiccant properties of the polytager and decrease the ingress of
moisture into OSCs by an efficient trapping of watelecules. Nevertheless, to the
best of our knowledge, no studies of zeolite polypleotostability have been done so

far.
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On the basis of the knowledge from literature date, have chosen to elaborate and
characterise new polymer nanocomposites based @HEdbpolymers as an organic matrix
and on zeolites nanofiller as fillers for their eagetter properties. Considering the various
issues described above, we will focus on the ptmserf the nanocomposites, optical
properties for transparency of the encapsulatioaticg, mechanical properties for the
flexibility of the OSC, water barrier propertiesr fithe protection of the OSC against water
ingress. We also take into account what we considanajor issue, which the durability of

these properties under the stresses of the demiceement.
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Chapter II: Experimental Methods

INTRODUCTION

This chapter concerns the experimental part of mmenuscript. The materials and
processing methods are described, the setup aeteeted ageing conditions are given, and

the methods and characterisation techniques fompal and polymer nanocomposites are
represented.
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1. MATERIALS AND SAMPLE PREPARATION

1.1. Materials

Polymer
Commercial ethylene vinyl alcohol copolymers witii and 44 mole percentages of

ethylene in the copolymer composition (named EVQOHaBd EVOH 44 respectively) were
supplied by Scientific Polymer Products, Inc. Padynspecifications are described in the

following table:

Table 2.1. EVOH copolymer characteristics (providedy supplier)

Density | T | Tqg
EVOH27 1.20 191 72
EVOH44 1.14 165/ 55

Solvents

Dimethylsulfoxide (DMSO) of 99.9 % purity was puased from Sigma Aldrich Ltd (St.
Louris, MO) and used without further purificatio@-propanol, o-xylene (98% grade)
supplied, respectively, by Alfa Aesar and BHD frofiVR International, were used for
preparation of zinc oxide (ZnO) and active laydusons.

Organic solar cells (OSCs)

Poly(3-hexylthiophene-2,5-diyl) (P3HT) and [6,8jgnyl-C61-butyric acid methyl ester
(PC60BM) were supplied by Merck Chemicals and Sdéhen respectively, and were used as

active layer in organic solar cells.

Poly(3,4-ethylenedioxythiophene)-poly(styrenesudfi@d (PEDOT:PSS) from Heraeus
Precious Metals GmbH & Co. KG was used as holesprart layer in OSCs fabrication.

Metallic calcium from pellets of 99.5 % purity from Carl Roth GmbH & Co. were used
for calcium corrosion test.

Silver from pellets supplied by Kurt. J. Lesker weused for electrodes vacuum
evaporation.

Two adhesive bonds have been used in this work. firee an UV-curing based on
modified epoxy resin glue LP655 from DELO IndudtAalhesives, selected as an adhesive
bond, has a WVTR of 6.1 g fday* at 60 °C/90 % RH for the layer thickness of 1 ritne
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second, Dymax 3030 acrylic UV-curable adhesive fidymax Edge with a water absorption
of 1.6 % (25 °C / 24 h).

Ultra-barrier solar film from 3M (WVTR of 5xIhg mi“day* at 23 °C / 85 % RH) was
used as a flexible substrate for calcium sensors.

Zeolites

Synthetic zeolites were supplied by Clariant PradmbH with the trade names Lucidot
NZL 40 LP3533 and Lucidot DISC, abbreviated NZL abdSC respectively. Particle
specifications provided by supplier are reportedable 2.2.

Table 2.2. Specification of the zeolite particlepfovided by supplier)

Specification NZL DISC
Size of primary particles 15-60 nm 0.5
X-ray diffractometry (XRD) LTL stand_ard, additional charagtensthTL standard
properties of nanoscale particles
Water content, wt% 10-13 7-8
Specific surface area (BET) of
the hydrated material, m2/g 150-170 °0-55

Both zeolites are related to L-type particles, L3tandard (Fig.2.1.), with shapes of tube
(NZL) or disc (DISC).

TR I
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L) A
- ™\ \ am — \.. :5 }f_ ‘-IL‘
AL A7 L L AT V=T 2
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(b)

double sawtooth s
chain <

Fig.2.1. (a) LTL framework type viewed normal (upger right: projection down);
(b) Composite building units?*,
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1.2. Sample preparation

Processing of polymer/nanocomposite films

Nanocomposites were processed by two different oaksthsolution mixing (method A) or
melt-mixing using a twin-screw extruder (method B).

Method A.The polymer was dissolved in DMSO at 190 g/I. A& #ame time, a solution of
zeolite particles with concentration of 95 g/l wdaced in an ultrasonic bath for 30 min and
then treated by an ultrasonic processor (a Vibia\g@X 130 PB) for 5 min at a frequency
of 20 KHz and amplitude 75 %, immediately preceding the ngxivith polymer solution.
After sonication, aliquots of zeolite suspensiorrevadded to achieve nanocomposites with
5-30 wt % of particleso the fixed volume of EVOH solution. The nanocosip® solutions
were sonicated for 5 min using the ultrasonic pssoe with the same conditions as for the
zeolite suspension.

Films of pristine EVOH and EVOH/zeolite nanocompesiwere obtained with an Erichsen
Coatmaster 809 MC film applicator by depositing f#wdutions onto glass sheets and their
drying at 40 °C overnight. After solvent evaporafidilms with thickness between 15 and
40 um were obtained and then placed in an oven at 6Qrfder vacuum for one week to
remove solvent trace. Any residual presence ofstiteent was verified by IR spectroscopy
with the IR characteristic bands of DMSO at 950'and 1020 cil. A descriptive scheme of

the deposition process is shown in the following ER2.:

) ==N

Fig.2.2. Principe of film processing using a bar ai.

Method B. A melt-mixing intercalation process was also used hanocomposite
preparation. Polymer and zeolite powders were meded in a twin-screw extruder (Thermo
MiniLab Haake Rheomex CTWS5, Germany) for 15 min2a0 °C and a screw speed of
40 rpm. Films were then obtained from solid polyloeolite nanocomposite pellets using a
hydraulic press with 2 heated plates at a workemgperature of 200 °C and the pressure
200 bar for 1.5 min. Films with thickness betwe@&maind 12Qum were obtained.
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Fabrication of solar cells

Devices with the inverted architecture (see ChglE#4.) based on sequential superposition
of ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag on glass/flexilBIET substrate, as it is shown in
Fig.2.3., were fabricated by the following procezlufFirst, ITO coated substrates were
cleaned by consequent sonication in acetone (5 amd)isopropanol (15 min). ZnO-ethanol
suspension with 2.5 wt % of nanoparticles was dggbslirectly onto ITO by doctor blade at
65 °C and then, thermally annealed at 140f&r 10 min in air. The P3HT:PCBM (1:0.8 by
weight) solution ino-xylene with 5 wt % of 1-meta naphthalene additiaes stirred 1 hour at
80 °C and deposited by doctor blade. The initial absacbaof the active layer at 510 nm was
in a range of 1+0,1 a.u. Then, PEDOT:PSS, dilutedopropanol at 80C, was deposited on
the top of the active layer. Devices were completgl the thermal evaporation of 150 nm of
silver to form the top electrode, carried out inivgx 350G vacuum chamber from Leybold
Vacuum GmbH. The active areas of obtained solds eedre about 27 mmCurrent voltage
measurements were performed using a Keithley 2d0fce meter and a Xenon lamp with an
intensity of approximately 100 nWéMmPrior to testing, devices were annealed at 126of
5 min. The devices were encapsulated by mono-,obithree-layer encapsulation foils
consisted of EVOH polymer or nanocomposite layethwhe thickness about 80-100 pm
and/or 125 um thick PET using epoxy- or acrylicdthsadhesive glue. Thus, different
combinations of encapsulation layers were used: EW@@nolayer, EVOH/PET bi-layer, and
PET/EVOH/PET three-layer. All PET and EVOH layersre/corona treated and then joined
with the cell using adhesive glue, laminated aratgd into an UVACure 100 curing chamber
(Tangent Industries, Inc) for 20 min. P3HT:PC60BMséd flexible devices were
encapsulated in the glove box.

(a) (b)

/ Encapsulation foil

Adhesive bond ] /
Position of the Ag
-
-~

-—# electrodes
PEDOT:PSS ——

layer / P3HT:PC60BM
layer
Zn0 layer
ITO electrode 7/L oﬁL Substrate

Fig.2.3. (a) Layers structure of the inverted P3HTPCBM solar cell; (b) A photo of a
studied device.
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Fabrication of calcium sensors

Calcium sensors were fabricated to study orthogand lateral water diffusion through
EVOH and EVOH nanocomposite films.

Sensors to study orthogonal diffusionThe permeation sensors were prepared as
following: 3x3 cnf square of 500 nm thick layer of calcium was depdsbnto 5x5 cfh
glass/PET substrate by evaporation technique destrabove. Next, 250 nm thick silver
contact pads were deposited to contact calcium tegh board to measure the conductivity
changes. The fabricated calcium sensor is showii2.4.

(@) (b)

Silver electrode Metallic Calcium
4@

E Encapsulation foil

Adhesive bond ﬂ\
Ag electrodes
Metallic —E
calcium

/ '—/ Glass substrate

Fig.2.4. (a) Layers structure of calcium sensor tstudy orthogonal water diffusion; (b)

A photo of calcium permeation sensor encapsulatedytpolymer foil.

Finally, the sensors were encapsulated with theemadd of interest (neat EVOH or the
nanocomposites) with the area of 4x4 ¢ufly covering the area of calcium filfThe sensors
were encapsulated by EVOH and its composite filsiagithe epoxy glue and then, cured
during 10 min in the UV chamber.

Sensors to study lateral diffusiorf.o study lateral water diffusion through the miaisr a
glass plate (3,5x3,5 dnwas deposited on a top of calcium sensor alreadied with EVOH
based film (3,5x3,5 cf (Fig.2.5.). The sealing was performed using #mes epoxy-based
adhesive. As a reference, a sensor with the samneige but without polymer encapsulation

layer was used. As a substrate, a glass plate segbin this experiment.
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_f'f ’—/7 Glass substrate
L J
Adhesive bond —E

E— Encapsulation foil

Adhesive bond —E

.:.___.:F Ag electrodes
e —
calcium

/ o—/— Glass substrate
i

Fig.2.5. Layers structure of calcium sensor to stly lateral water diffusion.

All processing steps, including the encapsulatiegre performed in a glovebox system.

2. ACCELERATED AGEING

2.1. Accelerated photoageing

Samples were submitted to UV-Visible irradiation300 nm) in a SEPAP 12/24 unit
from Atlas®®** at 60 °C in the presence (photooxidation) or abséphotolysis) of oxygen.
This apparatus is equipped by four medium-pressueecury lamps (a Novalamp RVC
400W) disposed vertically at each corner of a sgudwamber. Wavelengths below 300 nm
are filtered by the borosilicate glass envelopdahef lamps. The emission spectrum of the
lamps is represented in Fig.2.6. The carrousebhaspacity of 24 samples, placed at a 20 cm
distance from the lamps axis, turning 4 times paénute. The chamber temperature is
maintained at 60C during all experiments; this is controlled bylatimum probe in contact

with a polyethylene film placed on the carrousel.
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Fig.2.6. (a) The irradiation chamber of SEPAP 12/24nd (b) emission spectrum of

Novalamp RVC 400W lamps measured by radiometer.

Two types of photoageing experiments were performed

- photooxidation experiment, where samples wesaiated in ambient air conditions, and
therefore in presence of oxygen;

- photolysis, where samples were irradiated in dhsence of oxygen, film sample was
introduced inside a tube made of borosilicate glagere first, a primary vacuum P1 Pa)
was applied, and then followed by a secondary vac(® < 10 Pa). The tube was then
sealed and exposed to irradiation in the pertidenice.

2.2. Damp heat experiment

A damp heat test is the most common and cruciafee$?V module qualification testing.
The high temperature accelerates the degradatiopolyineric and metallic compounds,
inducing discoloration, delamination or corrosiand especially the water vapour permeation
into the module with the subsequent degradatioctirees>>°.

In this work, the thermal degradation in controlleagmid atmosphere was applied to the
complete solar cells and calcium sensors encapsuldty pristine EVOH or the
nanocomposites. The experiments were carried cutHorstman climatic cabinet (HS 200 K
46 L) in the presence of air in the dark. For tbenplete photovoltaic device approval the
conditions were fixed at 6% and 85 RH %.
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3. CHARACTERISATION TECHNIQUES

3.1. Spectroscopy

UV-Visible absorption spectra were monitored betw280 and 800 nm using a Shimadzu
UV-2600 spectrophotometer with an integration sphéor analysing the total light
transmission (direct + diffuse).

Infrared spectra were recorded with a Nicolet 760efmo Scientific) spectrophotometer
working in a transmission mode and purged with ary The spectra were recorded with 32
acquisitions and 4 cresolution. Prior IR analysis, the samples wefeddduring 3 h in an
oven at 60 °C under vacuum.

Spectra treatmentThe photooxidation kinetics of the polymer and tl@ocomposites
were followed by IR spectroscopy in the carbonyhdm (1730 cnt) and the region of C-H
vibration (2852 crit) by plotting the absorbance variation from initsmlectrum (AA®) at
1730 cmt" and 2852 ci as a function of irradiation time. The absorptiamd at 1460 cthis
a characteristic band of the polymer, which waslusecompare the same polymer amount.
All spectra at t=0 h were normalised for the saibmoebance at 1460 ¢mand normalisation
coefficients were applied to corresponding spedtrang photooxidation. The values were
taken as an average of three samples irradiatpdrallel. It is worth noting that this allows
for comparison of the degradation rates of the mpelywith and without nanoparticles and

does not correspond to the degradation of the rmanpasite material.

3.2. Chemical derivatisation treatments

Chemical derivatisation treatment is based on arrent of aged sample with reagents
capable to selectively react with degradation petgiuThese reactions lead to the formation
of new products with IR characteristic bands that different from the initial one$*". In
these studies, 2,4-dinitrophenylhydrazine (2,4-DINRiHd ammonia (NkJ have been used as
reagents. In order to distinguish the reactiontedlao photoproducts to those of initial

polymer chemical composition, samples of “non agédis were used as references.

3.2.1. NH; treatment

NH; reacts with carboxylic acids to form ammonia saltsd with esters and anhydrides
to form amide$"! (Fig.2.7.-Fig.2.8.):

67



Chapter II: Experimental Methods

R’ O NH R' )
C — C|:/ + NH,

OH O-

Veo ~ 1695 — 1540 cih
Ve=o ~ 1720 — 1680 crh Veo ~ 1460 — 1335 cih

Fig.2.7. Reaction of carboxylic acids with ammonigorming carboxylate ions.

R' o) '
.~ NH R _0
$/ — . \C|:/ + ROH
OR NH,
Ve=o ~ 1720 — 1710 cih Veo ~ 1690 — 1650 cih
VnH ~ 3215 Clﬁ'
R _0O
. |c —
2 NH, R'_ 0O
o
? — ? + RCO, + NH,'
C
R/ \O NH,
Ve=o ~ 1850 — 1780 cih Veo ~ 1690 — 1650 cih
VnH ~ 3215 Clﬁ'

Ve=o ~ 1760 — 1710 cih

Fig.2.8. Reaction of esters and anhydrides with amomia forming primary amides.

Experiment was performed on reference and agedrnaolyilms placed in a teflon reactor.
First, the reactor was purged with argon duringib ta avoid side reaction of the samples
with atmospheric environment. Then, Nfow was injected into the reactor, firstly at hig
speed during 1 min, and then, at small for 30 Miter treatment, the reactor was again
purged with a flow of argon for 5 min. The treasaimples were analysed by IR before and

immediately after the treatment

3.2.2. 2,4-DNPH treatment

2,4-DNPH is known to react with aldehyde and kettmrening corresponding derivatives

of 2,4-dinitrophenylhydrazone. This method is basedhe following reactionFig.2.9.):
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H
O,N N ~ O,N R’
\

Fig.2.9. Reaction of aldehyde/ ketone with 2,4-DNPH

Formed derivatives have two absorption bands insfiRectra: 1618 cih (stretching
vibration of C=N hydrazone&?) and 1592 cm (stretching vibration of C=C aromatic
ring 8. These products have also a strong UV absorptitha maximum at 365 nm.

Treatment with 2,4-DNPH was performed in a liquidape (methanol) what implies a
possible migration of low-molecular-weight produptesent in the oxidised polymer into the
solvent. Therefore, low-molecular-weight productsrevremoved by first soaking the aged
sample. An aged sample and a virgin sample (aserefe) were placed for 18 h in methanol
in order to extract low-molecular-weight produgigpr to be analysed by UV-Visible and IR
spectroscopies (after drying in an oven). Thenstraples were placed in a saturated solution
of 2,4-DNPH in methanol for 2 hours. The samplesaviben washed with methanol, dried in
oven and then, re-analysed by UV-Visible and IRC8pscopies.

3.3. Chromatographic analysis

3.3.1.Solid phase micro extraction gas chromatography cqiled with
mass spectrometry detection

This technique, abbreviated SPME-GC-MS, was usemlect and to analyse the volatile
compounds formed upon polymer oxidation. The basiaciple of Solid Phase Micro
Extraction (SPME) is the adsorption of chemical poomds in a polymeric phase supported
on a silicon fibre. In this case, the analytesaatgorbed in the fibre from the gas phase over,
meaning that it is employed a Head Space (HS) gordtion. Once concentrated in the fibre,
the chemical compounds are thermally desorbed enGhs Chromatograph (GC) injector.
Then, the mixture is transported through the coldygna carrier gas, where the different

molecules of the mixture are separated on the lwddiseir affinity for the stationary phase
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and the oven temperature. At the column exit, mdéscare analysed by a Mass Spectrometer
(MS) detector.

Experimental conditions

The particular procedure applied to make this aslig described below. A polymer film
was introduced into a 20 ml flask sealed with &@il septum, and then submitted to the
ageing (photooxidation in the SEPAP 12/24). Prmrchromatographic determination, the
flask was kept for 1 hour at 60 °C to ensure a gbesbrption of the photoproducts coming
from the film matrix. Then, the fibre was introddcato the flask and kept there for 2 min to
adsorb the volatile compounds. The fibre was theansfterred manually to the
chromatographic injector where the analyte moleculere desorbed at 280 °C during
2 seconds interval prior to the GC-MS analysis. Hescribed steps are represented in
Fig.2.10.

Sorption step Desorption step
B e =
— —_—
|
Pierce Sample Expose Fiber/ Retract Fiber/ Pierce Injector Expose fiber/ Retract Fiber/
Septum Extract Analytes Remove Fiber holder of GC Desorp analytes from fiber Remove Fiber holder

Fig.2.10. Description of adsorption-desorption proedures used in SPME.

The used SPME fibre is a 75 mm fibre made of cagbepolydimethylsiloxane provided
by Supelco (BelleFonte, PA, USA), and it was candid at 280 °C prior to every use. GC-
MS equipment consists of a gas phase chromatodtapkork System 6890N, from Agilent
Technologies, coupled with a mass spectrometer dtktwlass Selective Detector MSD
5973. The fused silica capillary column has a Caebo20 M (Supelco, Belle Fonte, PA,
USA) stationary phase and dimensions of 30 mx0.8b # carrier gas was helium with a
constant pressure of 38 kPa and 50 mlftew. The column temperature was kept at 60 °C
during the first 5 min, and then, increased up@6 2C at a rate of 10C/min, and the final

temperature was maintained for 15 min. The temperadf the transfer line was kept at

70



Chapter II: Experimental Methods

280 °C, and the ions source temperature was fik@8@°C. The ionisation was produced by
electronic impact with 70 eV energy. The mass speeis well as the reconstructed
chromatograms were obtained by a mass scanniig imterval m/z 20-400.

3.3.2.lonic chromatography

lonic Chromatography (IC) was carried out at Sernv@entral d’Analyse of the CNRS at
Vernaison in order to detect molecular carboxykeda formed and trapped in a polymer
matrix during polymer ageing**.. EVOH films (100 mg), photooxidised during 1000uf®
in SEPAP 12/24 were soaked for 24 hours in 11 mllivhpure water in order to extract the
low-molecular-weight compounds soluble in water.

IC run conditions were next:
- Guard column: Dionex AG11 HC (50 mmx4 mm);
- Analytical column: Dionex AS11 HC (250 mmx4 mm);
- Eluent: gradient of NaOH from 0.5 mmol/l to 25 wifh
- Flow rate: 1.5 ml/min;
- Injection volume: 10@l;
- Detection: a conductivity detector Dionex ED 40;
- Column temperature: 30 °C;
- Suppressor: Dionex ASRS 300-4 mm,;

The machine consists of a pump Dionex GP 50, amnaatic injector Dionex AS 50, and a
conductimeter ED 40 controlled by the acquisitioftvgare.

Calibration. The stock solutions of organic acids were prepardbe ultrapure water with
concentration 1000 mg/l. From these solutions, tleeighter solutions were prepared, and

then injected in the IC upon analytical conditiaiescribed above.

3.4. Microscopic analysis

3.4.1. Transmission electron microscopy

Transmission Electron Microscopy (TEM) images welgained with a Hitachi H7650
microscope equipped by a TN camera Hamamatsu wilkimg voltage 80 kV. The
observations were carried out at Centre Imageriell@ee Santé, University of Auvergne.

The analysis of zeolite particles was carried oaut @ DMSO-zeolite suspensions
(previously treated by the ultrasonic processaranditions used for nanocomposite process)

and were placed over a grid substrate with antbltranembrane.

71



Chapter II: Experimental Methods

TEM imaging of solid films was carried out on polgnor nanocomposite films included in
an epoxy resin. The samples were then cut using@tome in the direction perpendicular to
the film surface to obtain film cross-sections twate deposited over a copper mash.

3.4.2. Scanning electron microscopy

Scanning Electron Microscopy (SEM) images were nestd by a LEO 1550 scanning
electron microscope with the energy of electronnbed 5 keV using an in-lens detector.
Prior observation, films of polymer and nanocomfassiwere coated with a carbon layer.

SEM experiment was performed at International L&sartre in Bratislava.

3.4.3. Atomic force microscopy

Theory. The working principle of Atomic Force Microscopy KM) based on the
measurement of interaction force between the ptigband the sample surface. The probes
consist of an elastic cantilever with a sharp fiptlee end. The force applied to the tip by the
surface, results in bending of the cantilever. VEhide tip—surface interactive force can be
evaluated by the measurement of a cantilever d&ftecA basic set-up of an AFM is

described in the following figure:

Photodiode /
= /

AL-,, R

Fig.2.11. AFM setup with four-segment photodiode fodetection of the laser beam

deflection due to the bending and twisting of theantilever #4°,

AFM operation can be performed in one of threeedéht mode types, according to the
nature of the tip motion:
- contact mode also called static mode. The tip is attachedchtodnd of a cantilever
with a low spring constant lower than the effecspeing constant of the force holding the
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atoms of most solids together. As the scanner gérates the tip across the sample (or
the sample under the tip), the contact force catisesantilever to bend to accommodate
changes in topography;

« semi-contact or tapping moderhis mode maps topography by lightly tapping the
surface with an oscillating probe tip. The cant&eés oscillation amplitude changes with
sample surface topography. The topography imagebisined by monitoring these
changes and closing the Z feedback loop to mininieen. Tapping mode is adapted to
the analysis of soft samples such as polymerstandilims;

» non-contact modgthere is no direct contact between the surfacethadip. The
control system vibrates a stiff cantilever near mssonant frequency (typically
100-400 kHz) with amplitude of a few tens to huddref Angstroms. The topography is
analysed only through interactions distances beiwbe tip and the sample type of
attraction-repulsion, which results in the chanderesonance frequency. Non-contact
mode is another useful mode for imaging soft sedadut its sensitivity to external
vibrations and the inherent water layer on sampieambient conditions often causes
problems in the engagement and retraction of fhe ti

One of the imaging modes used in this workPesakForce Tapping™.This imaging
technique is operated with the cantilever oscitlatesll below resonance. This results in a
continuous series of force-distance curves. By ftiree control to keep the peak force
constant, a multitude of material properties carekieacted and quantified from the force-
distance curve at each pixel within an image, sashmodulus, adhesion force, and etc.
(Fig.2.12.). This analysis is automatically perfedrby the software to obtain corresponded
feedback images.
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Fig.2.12. Schematic force distance curve derived dog mechanical mapping in peak

force tapping AFM mode with derivation of different mechanical parameterE"’”.

Experimental conditions. In this study, a classical tapping mode (carriaat at
International Laser Centre in Bratislava) and Preaidce Quantitative Nanomechanics (QNM)
tapping mode (performed at Institute of ChemisfrZlermont Ferrand) were used to analyse
the samples surface.

To study the changes in the sample roughness aiagaprobe microscope (SolverP47H-
PRO) was operated in tapping mode. Images weredegavith a scan range 10 x 10 um
and 512x512 points using a phosphorous-doped sitipowith a resonance frequency around
280 kHz. AFM measurements were collected from thliéferent areas of the samples for
statistical evaluation. From the measured AFM dataghness (B values were calculated as
the average of the individual values obtained lioee¢ 10 x 10 pfrheight images, recorded at
different points of the sample surface. SPIP 6.4r2l Gwyddion 2.40 softwares were used
for the image processing and roughness calculations

To study the surface morphology of polymer andocamposite films and the particles
distribution, an Atomic Force/Scanning Probe Micaze (AFM/SPM) Multimode from
Bruker orerated in PeakForce Quantitative Nanonm@cha QNM) Tapping was used. The
phosphorus doped silicon AFM probe (TAP-150A frome\o) with a resonant frequency in
the range of 130-180 kHz was used. Areas of jpx5were scanned. The topography images

were processed using 7.20 Nanoscope software. Thlee pwas not calibrated in this
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experiment which did not allow us to extract anyampitative information of material
properties such as modulus and adhesion, butmifgethe relative comparison (contrast of
colour mapping) of data collected for each indialdiap of a recorded image.

The films of EVOH and EVOH/nanocomposite, usedA&M analysis, were obtained by
deposition of polymer solution or polymer-partidaspension in DMSO (obtained as it is
described in 81.2. method A) onto a glass substnadethen, dried in air at 40 °C to obtain

solvent-free films.

3.5. Dynamic mechanical thermal analysi&** +*!

Theory. Dynamic Mechanical Thermal Analysis (DMTA) is a he@ue where an
oscillating force is applied to a sample in a aychanner and the material response to the
deformation is monitored as a function of temperator time (Fig.2.13.). This allows the
material response to stress, temperature, frequandy other values to be studied. The

deformation can be applied sinusoidally, in a camisfor step) fashion, or under a fixed rate.

lied st
applied stress phase lag -5

l 2!
AP

F, . amplitude
Material
response

Fig.2.13. Basic principle of DMTAP*3!,

DMTA provides a direct link between a material’senfical makeup and its mechanical
behaviour. The material is characterised in terrhst viscoelastic modulus, elasticity,
viscosity, damping behaviour, and transition terapges, and the changes of these with
strain, strain rate, temperature, and oscillatoggdency.

Viscoelastic parameterdhe elastic and viscous stresses are related terialgbroperties
through the ratio of stress to strain. A ratiolod elastic stress' to straine is the elastic (or
storage) moduluE’ (Eq.2.1.). A ratio of the viscous stressto strain is the viscous (or loss)
modulusk” (Eq.2.2.). The sum of viscous and elastic modutiabed Young’'s or complex

modulus E*), which shows mechanical overall resistance tomedtion (Eqg.2.3.).
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E'=7/¢=E""cosé (Eq.2.1)
E'=0 /¢ =E* siné (Eq.2.2.)
E*=9/.=E +E" (Eq.2.3.)

The ratio of the loss to storage modulus, calleddilta, is the tangent of the phase angle
or phase shift between applied deformation and uredgesponse.

tand = /.. (Eq.2.4.)

In the case of purely elastic materials (Hookedise=0 °. Contrary, for purely viscous
materials (Newtonian liquicg=90 °.

Loss and storage modulus curves (Fig.2.14.) givenfanmation about the glass transition
temperature (Jor T,) which corresponds to partial chain motions in ploé/mer. Except of
the glass transition, it is possible to scan ataoditions at lower temperaturgstransition
(Tp) is accredited to other changes in molecular mstig-transition is often connected with
side chains or correlated to the motions of sepayaiupsy- ands-transitions (T and T) are
related to stretch/bend and local motions respelgtivConsidering the rubbery plateau,
o’ transition or the liquid-liquid transitions carp@ear in semi-crystalline or amorphous
polymers. Idealised temperature dependence ofgeoaad loss moduli and the effect of

different molecular relaxation are shown in Figf.1
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Fig.2.14. An idealised DMTA scan: (a) temperature ependence of the loss and
storage moduli®®*; (b) effect of various molecular relaxations on te storage

modulus ?%3,

Experimental conditions In these studies, DMTA measurements were perforined
tensile mode using a DMTA Q800 from TA Instrume(iew Castle, USA). The polymer

films with dimensions 10 mm 7 mmx 0.09 mm were analysed in a temperature range from

-50 to 195 °C with a ramp.5 °C/min at a frequency 1 Hz, and a strain 0.06 %. The c¢hose

frequency and temperature ramp of experiment altmmnparing the glass transmition
temperatures obtained from DMTA experiment withstn@btained by differential scanning

calorimentry (DSC).
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For all experiments, in order to prevent sampleklog during heating, the ‘force track’
option was activated and set at 125 % withrdgtnal pre-load force 0.5 N andm@oisons ratio

0.44. Prior experiment, all samples were driedvenoat 60 °C under vacuum during 3h.

3.6. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) measures tlifference in heat flow between a
sample and a reference in a controlled atmosplrer@der to determine various thermal
changes in a sample. These changes include meljiags transition, evaporation and
chemical reactions that can be either exothermandothermic in nature. For example, DSC
detects exothermic (crystallisation) or endotherifmelting) processes of a polymer. All

these phenomena are presented in Fig.2.15.

heat
flow

I Tg iTc Tm

temperature ——=

Fig.2.15. Transitions of a polymer determined by DS: glass transition temperature

(Tg), crystallisation temperature (T¢), melting temperature (Tn).

Experimental conditions.DSC analyses were performed on a Mettler Toled& 332
under an ambient airflow. The thermal charactesstif the films were determined from the
first scan using a heating rate 10 °C/min from @3¢ 225 °C.

Approximately 10 mg of the polymer film was placed an aluminium crucible with
volume of 10Qul. A degree of crystallinity of the samples wascaédted by the ratio between
the enthalpy of melting of the analysed samplld,{() and the enthalpy of melting of a 100 %
crystalline poly(vinyl alcohol)4H® = 157.8 Jgf [24% 246},
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3.7. Water permeability 247 248!

Theory of permeabilityGenerally, the transportation of gas, water andtielcompounds
through a polymer (non-porous) system can be ctearsed by three phases:

- dissolution and sorption in the membrane fromsilde corresponding to the higher partial
pressure of the gas in question (upstream facejisor

- diffusion through the membrane under the infleen€ concentration gradient (chemical
potential);

- evaporation in the gaseous state on the dowmstfaee: desorption.

The general phenomenon of permeation results dethiibree stages is presented in
Fig.2.16.
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Fig.2.16. General mechanism of gas or vapour permtan through a polymer film 248,

Diffusion is the process by which a small molecideransferred into a system due to
random molecular motion. This is a term express#nagkinetic mobility of permeant. These
phenomena are described through the laws of ordoliEfusion established by Fick. The first
Fick’s law establishes a proportional relationshgiween the amount of permeant diffusing
through the membrane per unit area J and the ctratien gradient in conditions of steady
state AC=constant).

According to the first Fick’s law, the diffusionuit of permeant (gas or vapour), indicated

by J, is described by the following equation:

J=Dx=2 (Eq.2.5.)
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wherel is a thickness of the polymer filri€; andC; are the permeant concentrations linked

to permeant respective partial pressypesindp, in the Henry's Law equation described
below:

C,=PB, xS (Eq.2.6.)

whereSis the solubility coefficient of the substancematerial.
The permeability coefficienP is the product of a kinetic parameter, the diffasi
coefficient D (m’s?), and a thermodynamic  parameter,  solubilityS

(M permeant M membranXP "amoun) and is described by equation below:

P=DXxS (Eq.2.7.)

Table 2.1. reports the various units of the perntigglwhich are commonly used.

Tab.2.1. Different units of permeability

Dimension Units
OTR [Quantitypermeant] Cm3
[Time] m? - day
WVTR [Quantitypermeant] L
[Surfacememprane] - [Time] m* - day
Permeability [Quantitypermeant] * ThicknesSmembrane g(or cm3) - cm
coefficient,P [Surfacemempranel - [Time] - [Pressure mount] cm? - sec - Pa

For practical reasons, one often uses the transmisates, oxygen transmission rate and
water vapour transmission rates (OTR and WVTR m&spy). They are often normalised
by the surface and are directly linked to the esakgtion device. Other quantities, such as

permeability coefficientF), normalise the flow relative to the thicknesstté encapsulation
as well as the partial pressure upstream.

Water absorption models.

The cases when diffusion causes the concentraiichange with time can be modelled by
the second Fick’s law:
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dc(x,t) 9] _D_azc
at ~  9x = ox?

(Eq.2.8.)
Sorption measurements
The sorption by polymeric membrane derived fromseond Fick’s law for the conditions

of infinite slab which permit the weight variatio; to be measured as a function of time,
and according to the literature described by (Bq #4°.

- _D@2n+1)’m
Z —Zn T [ 2 ] (Eq.2.9.)

‘:1|OO

M.,

wherel is the thickness of the polymer film sample orlgnggth of the diffusion patih) is
the effective diffusion coefficient artds the timeMgqis defined as the weight at equilibrium

state. In this equatiorM is calculated by EQq.2.10., witkly, being the initial weight of the
sample before moisture absorption.

M = Mt - MO (Eq.z.lo.)

At the short time, it can be simplified to descdlzlow:

M 4 |Dt
=— ’_ Eqg.2.11.
Meqg L m (Eq )

By constructing a sorption curvé{(M.,, versusvt), the effective diffusion coefficient for

the short-time sorption can be calculated fromittigal slopeb, and the final equilibrium
state of the curve using the following equations:

2

— — l 2
= \/_\/_ (Eq.2.12.) D=mn_b (Eq.2.13.)

Regarding Eq.2.7. and EQ.2.13., the permeabilityrfokian behaviour case can be calculated

as follows:

7T(Iweq _MO) p lz
P=—F" <~ ph? Eq.2.14.
M, AP 16 (Eq )

Where solubility is described by the following etjoa:

_ Meq = Mo) 1
M, AP (Eq.2.15.)
p
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In this equationMy andMeq are defined as the relative weights at the beggofrsorption
and equilibrium statefP is the pressure difference amds the density of polymer.

However, the diffusion process does not alwayewFick’'s laws. Different models were
developed to describe non-Fickian behaviour of pellyand composite materials. One of the
most common models, proposed by the Carter andekib” ¥ was used to describe
moisture uptake within composit€s'?*® These models assume the existence of “mobile”,
free to diffuse, and “bound” diffusant molecules. this model, the solution for moisture
uptake can be approximated as:

M
M

Byt _ By eTKCMVNY B gyt gt (Eq.2.16.)
5y © [1 n22n=0 D)’ +B+y(e e ") + (1 —e FH

Where n represents the number of mobile molecyles ynit of time) with a probability
(sY) to become boung (s is the probability that bound molecules becomebiteoto

become mobilek is related to the diffusion coefficient descriisdEq.2.17.

k= n22 (Eq.2.17.)
l2

For the cases when the sorption time is short khd 0.7, EQ.2.17. yields the

approximation:

(Eq.2.18.)

M, 4 ; B \VDt
M_oo:ﬂl/z(,8+y> l

The diffusion thus behaves as a Fickian proceds avitapparent /%% such as:

Dapp = D (ﬁ)2 (Eq.2.19.)

In the case of long-time exposure wheis large compare to unitkt(>> 1), the following
approximation holds:

& — 1 — (L) e_ﬁt

Mo, B+v (Eq.2.20.)

3.7.1.Gravimetric immersion water uptake (IWU)

Experiment descriptionWater uptake experiments were performed to inyatst the water
sorption capability of polymer and nanocompositademals. Films of pristine EVOH and

EVOH/zeolite nanocomposites (with the samples wegjharound 80 mg) were soaked in
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distilled water at ambient temperature under shpkiith an orbital shaker Biosan OS-10 in
30 ml of distilated water. The water sorption cagyawas monitored by a difference of

weight of sample after soaking in water up to anildaium state with a constant weight and
weight of a moisture-free film (virgin film afterging 2 h at 120 °C under vacuum) and the
same film.

Films of EVOH polymer and nanocomposites were megbay melt-mixing in extruder.

3.7.2.Dynamic vapour sorption

Dynamic Vapour Soption, also known as DVS, perrfitsamount and rate of absorption
of a solvent by a sample to be measured. This mpetvic technique measures the change in
mass of the sample. The sorption isotherms are tieated to obtain the diffusion and
permeability characteristic of the samples.

Experiment description.Sorption isotherms were obtained using a benchiygmardic
vapour sorption analyser (IGAsorp, Hidenlsochemariigton, UK) with ultrasensitive
balance (resolution of 0.1 ng) measuring the maiseosample as a function of time at fixed
relative humidity and temperature. Controlled hutgidvas maintained using a lamintow
with wet-dry vapour mixing.

The polymer and nanocomposite films with thicknesgye of 70-80 um were prepared by
method B, and then cut to obtain a mass around0B60sig. Samples, were initially held at
0 % RH at the temperature 40 °C until the massaaiple is stable over the time (72 hours).
This mass was used as a reference nigsf¢r the mass uptake calculations. After, the RH
was increased up to 85 % at 38 °C. The mass wag¢erded as a function of time.

The isotherms were treated according the procedeseribed for second Fick's law in
paragraph 3.7. Diffusion coefficient, was calcethtising Eq.2.13.

3.7.3.Calcium test

Theory. Calcium test is today the most commonly used tragtterise flexible substrates
for encapsulation purpos&8® #°°! This test relies on the chemical conversion ¢dicen to
calcium hydroxide or calcium oxide in the preseatevater or oxygen. Accompanying this
chemical change is a change of the metal prope#diese calcium is conductive and opaque
and calcium oxide and hydroxide are nonconductivel #&ransparent. Therefore, the

permeation rate can be calculated from the chamhgseotrical and optical properties of a
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calcium layer, which is deposited on the test sangpld encapsulated hermetically on the
backside.

The Ca-test can be used in different geometries ¢gample in Fig.2.17.). The calcium
film can be applied directly onto a barrier (ldft)be tested and seated or it can be fabricated

on a separate carrier that is then joined withotreier (centre figure).

Test C:D lllumination Test <2 lllumination Test Atmosphere
Atmosphere.”" ™. Atmosphere.” ™. o o o

60 O &0 © 00 G0 % %o ©

[ ]
‘—FW s ——
SealedL o Sealed
Volume >~ < Volume . = . Top->Down Sealed Volume
g!s;t]:d? g Oxidation %
~— Pinholes
CCD . -, CCD . -,

Fig.2.17. Different Ca-test setups where the convaon of Ca can be monitored by
optical transmission (left and centre) or by electical resistance

measurements (right)?°.

In the current work, calcium corrosion has beenectetd by change of the calcium
conductivity.

Assuming homogeneous corrosion of the calcium ldy@n the substrate surface, the
resistanceR is inversely proportional to the heightof the remaining metallic calcium (the
oxidised Ca salts are insulatét¥) as it is described in following equation:

R=y7 (Eq.2.21.)

wherep denotes the Ca resistivitlyis the length and is the width of the Ca layer. The
permeation rat® through the foil is then proportional to the slapfethe conductance curve
1/R, plotted versus measured tithe (Eq.2.22.)

n M(reagent ) 5 id(l/R)

p=
Mco Pb dt (Eq.2.22.)

wheren is the molar equivalent of the degradation reac{g®e below)MeagenyandMca)
are the molar masses of the permeating reagenCandespectively, and is the density of

Ca. The degradation reactions in humid air closegemble the ageing mechanisms of the
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cathode in a device. The important chemical reastf calcium with air are assumed to be
the following:
2Ca+0,—Cal
Cat+H,0—CaO+H,
CaO+H,0—Ca(OH),

Therefore, each calcium atom can react with adfadkkygen moleculen=0.5) or up to two
water moleculesnE2).

Experimental conditions.The Ca-test experiment was performed at Belectiy On
Nuremberg Lateral and vertical water vapour diffusion ratesrevdetermined by Ca-test
carried out in a Horstman climatic cabinet (HS 20@6 L) via controlled environmental
conditions (65 °C / 85 % RH). The Ca sensors (seesamples fabrication in Ch. 11 § 1.2.)
were connected to a Keithley 278Wltimeter by four-point-probe technique to monitoeir
resistance under damp heat conditions. The peromeatites were calculated according to
Eq.2.22.

3.8. Time-of-flight secondary ion mass spectrometry

Time-of-Flight Secondary lon Mass Spectrometry (BIMS) is a surface analytical
technique that focuses a pulsed beam of primary @rio a sample surface, in result of a
sputtering process, the secondary ions and nesp@ties are formed (Fig.2.18.). These
species are then accelerated into a "flight tulnel'their mass is determined by measuring the

exact time at which they reach the detector (nee-tof-flight).
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Fig.2.18. Working principle of ToF- SIMS. Adapted fom 2°7,

SIMS process requires a vacuum environment. As grgimons for the secondary
emission, a pulsed ion source is necessary. This source can work on the base of liquid
metal ion gun (LMIG) principle using different elemts species (usually atomic, small
cluster or polyatomic).

Due to the mechanisms of the secondary ions foomathe positive and negative ions
are mostly singly charged. Positive ions specteadaminated by electropositive species and
negative ions spectra by electronegative speciésnatal clusters and fragment ions can
appear in both polarities with different intenstieelatives according to their oxidation
degree. Therefore, many factors may influence tiaining of a high intensity of the emitted

secondary ions as shown by the following equdfih

Ly=1,Y, a6, 1 (Eq.2.23.)

wherel,, is the secondary ion current of element ,is the primary particle fluxyny is the
sputter yieldp” is the ionisation probability to positive iort, is the fractional concentration
of the chemical fragmenn in the surface layer angl is the transmission of the analysis

system.
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ToF-SIMS has a capability to provide high molecwdpecificity, high spatial resolution
and high sensitivity to surface (<0.5 nm). The seleoy ions analysis gives the information
about molecular and elemental species presenteasulface. In case of polymer analysis
following information can be extracted: moleculeausture (branching), saturation or
unsaturation, conformation of chain, functions odugps, molecular weight distribution, ends
groups etc!?®%,

Three operational modes are available using ToFSSIM

1-study of surface morphology by mass spectra alld@termination of the elemental and
molecular species at surface with a high massugenl>10 000;

2- Surface imaging forward information to visualtbe distribution of individual species
present in the surface (XY) with a lateral res@nt<500 nm;

3- Depth profiling which is used to determine thistribution of different chemical
species as a function of depth (2) from the surfate depth resolution is inferior to 1 nm
and very thin layer ranging from 1 nm up to 10 pan be analysed.

Analysis conditions ToF-SIMS experiment was performed at Internatidrzaer Centre in
Bratislava. ToF-SIMS analysis was conducted usmgToF (GmbH) (SIMS V) in dual
beam mode. A Bf liquid metal ion gun operated at 25 keV was usedraanalyser gun and
Cs at 2 keV as a sputtering gun for the depth prafidquisition. To minimise charge build-
up at the surface the flood gun was used. The @gtravas operated in both, negative and
positive ion mode, regarding the specific condsgionThe schematic view of used

experimental setup is shown in Fig.2.19.
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Fig.2.19. Experimental setup for TOF-SIMS measurenrgs.

To analyse the composition of EVOH44 and EVOH44/N#e mass spectra of the film
surfaces were analysed in both, positive and negain fields. The positive mass spectra of
samples were recorded in interlaced mode and ongpstel randomly rastered with
resolution of 128x128 pixels during 1147 s.

To study EVOH44 and EVOH44/NZL-20 film ptotooxidati, the negative ion field was
analysed. 150 x 150m’ scan area of sample surface was bombarded by myrimas for
1574 s. All images were obtained in interlaced medi randomly rastered shots and
resolution of 512x512 pixels where 3 shorts pet s@ve applied.

For quantitative analysis of ions areas, each bigres normalised against total ion
intensity (counts) to avoid any possible instrumeffects. In order to compare relative
composition between samples after the approprialieration process, a common peak list
was applied to each analysis. Then, the averadatafobtained from two analysed areas was
calculated. SurfaceLab 6 software package fromT@#k was used for the processing of
obtained mass spectra.

Samples

All the analysed samples were processed by meliagnix twin-screw extruder in order to
avoid the additional fragmentation of the solveRrior the ToF-SIMS analyses of
photooxidased film, the samples were exposed dutiffeyent times to light irradiation in air
in SEPAP 12/24.
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Chapter 1II: Initial Characterisation of EVOH/nanocomposites

INTRODUCTION

The aim of this work is to achieve stable matenelth durable properties, which could be
applied for encapsulation coatings of organic soddls. Before studying the behaviour of the
materials under the various stresses that areylikelprovoke their degradation (UV light,
oxygen, water, temperature), the characterisatibntheir initial properties has to be
performed. This is the aim of this third chaptehjaeh is devoted to the characterisation of the
initial properties of EVOH copolymers and their naomposites with up to 20 wt % of
zeolite nanoparticles or microparticles. These ertgs concern as well the chemical
structure of the materials, as the morphology, phgsico-chemical properties, with the
optical, thermal, mechanical and water sorptiorpprbes.

Two EVOH copolymers with 27 and 44 mole % of ethglgpart were used as polymer
matrix, with two different kinds of zeolite partgd: micro- and nanosized particles
(respectively DISC and NZL zeolites). The (nano)posites were elaborated by two
different methods: solution mixing (method A) orltmaixing in extruder (method B). The
dispersion of the nanofillers was characterisedliffgrent microscopic analysis: SEM, TEM
AFM. The influence of zeolite on the transparen@swnonitored by UV-Visible absorption
spectroscopy, the mechanical and thermal propekiedDMTA and DSC, the surface
properties by AFM and ToF-SIMS and finally the wagerption properties by gravimetry and
DVS.

The final goal of this chapter was to determine cvhmaterial would be the “best”
candidate for encapsulation of organic solar cellderm of the required properties, e.g.
transparency, flexibility, surface roughness, andparticular, water permeability/sorption

properties.
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1. CHARACTERISATION OF ZEOLITE PARTICLES

Firstly, the zeolite particles that we used aefdlwere characterised. The morphology and

chemical structure of zeolites named NZL (nanogizel DISC (microsized) are presented
in this paragraph.

1.1.Morphology

In order to determine the particles morphology M3D solution used for nanocomposite
processing, TEM observations were carried out orlL MAd DISC particle suspensions
(Fig.3.1.).

Fig.3.1. TEM images of zeolite particles dispersed

in DMSO (95 g/l): (a-b) NZL and (c-d) DISC.

The images show the specific morphology of the igdad related to zeolites of
LTL-type %%, NZL particles display nanoscale dimensions inrérege of 30-55 nm in length
and 15-20 nm in diameter (Fig.3.1.a-b). In contrdi&c shape particles, abbreviated DISC,

have micrometric size in the range of 0.3-lu8 in diameter and 0.2-0.,8m in thickness
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(Fig.3.1.c-d). One observes that both zeolite glagiform aggregates in the solvent in the
size range of 70-200 nm and 242® for NZL and DISC respectively.
The results obtained from TEM images of the pasiclare consistent with the

specifications given by the supplier (see Ch.llI€&h2.).
1.2Chemical structure

1.2.1. Elemental composition

The chemical composition of zeolite particles (NAihd DISC) was determined by
elemental analysis (Service Central d’Analyse & (DNRS at Vernaison) (Table 3.1.).
According to the analysis, the zeolites have thieviong formula: [Ko(H20)16] [Si27AlO74]
with Si/Al ratio close to 3, which is typical for-type zeolites. The results indicated the
presence of iron impurities in both samples, antentlements were detected in trace

amounts% 20 ppm).

Table 3.1. Elemental analysis of zeolites

Chemical element
H Si Al K Fe Zn Cu Co Mn Na
(%) | (%) | (%) | (%) | (ppm) | (PPM)| (PPM) | (PPM)| (PPM) | (PPM)
NZL | 1.20| 24.75|9.07| 13.31] 63 <20 <20 <20 <20| <20

DISC | 1.33| 28.87| 8.80| 12.00| 610 | <20 | <20 | <20 | <20 39

1.2.2. IR analysis

FTIR spectra of NZL and DISC zeolite powders intdrioellets are shown in Fig.3.2.
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Fig.3.2. FTIR spectra of NZL and DISC zeolite nanoarticles (in KBr pellets).

This figure shows that the spectra of both zeoldes similar, which was expected
considering their similar chemical compositions{féa3.1.) and structures (LTL-type). IR
spectra display absorption bands in 900-1208,&860-800 crit, 540-640 crit, and 400-500
cm® regions, which are characteristic for aluminoatiicmaterial&®-25%!

The most intense bands at 1033'camd 1093 cm are assigned to asymmetrical stretching
vibrations of Si-O bond. The 540-650 ¢ifrequency domain is called the region of "chalnlet
vibrations and it corresponds to the chainletetthedrons in the mixed silicon-aluminium-
oxygen skeleton. The absorption band with a maxirawaind 478 citt corresponds to T-O
bending mode, and the shoulder band around 435isroharacteristic of the pore opening of

external linkage&®*,

2. EVOH/ZEOLITE NANOCOMPOSITES CHARACTERISATION

The initial properties of EVOH/zeolite nanocompesitvere characterised and compared to
those of the neat polymer. Different methods amthriejues were used to characterise the
morphology of the nanocomposite and to determimdr thptical, mechanical, thermal and

sorption properties. Their chemical composition saslied by ToF-SIMS.

2.1.Spectroscopy analysis

2.1.1. IR analysis

Fig.3.3.a shows the IR spectra of the pristine EV&dolymers, EVOH27 and EVOH44
(respectively with 27 and 44 mole % of ethylenets)niFig.3.3.b shows the spectrum of the
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NZL zeolite nanopatrticles, and the spectrum ofrtheocomposite of EVOH44 with 20 wt %
of NZL loading (EVOH44/NZL-20) films. The spectruof the pristine EVOH44 is also
reported on this figure. The characteristic IR sasgsigned to EVO®>2%! and to zeolite

L-type particled®®** have been previously described and are summarisgable 3.2.

(a) (b)
2,5 2,54 —NZL
—— EVOH27 — EVOH44
—EVOH44 1 —— EVOH44/NZL-20
2,0 2,0
[} [}
(8] (8]
g g
S 1,54 S 1,54
S S
o} o}
.8 1,0 -8 10
< - < 7
" k\oj/\]\@f\ﬁ >
0,0 . . : . : : : 0,0 : . . ; . : :
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers [cii) Wavenumbers [cii

Fig.3.3. FTIR spectra of (a) EVOH44 and EVOH27 filns, and (b) NZL, EVOH44 and
EVOH44/NZL-20 nanocomposite films.

Table 3.2. Assignments of IR bands of EVOH/L-zeokt nanocomposites

Wavenumber [cmi’] Attribution Origin
3350 v(OH) stretching
2930 vad CHy) stretching
2852 vsym(CHy) stretching
1460 v(OH) skeleton vibrations Polymer
1715 v(C=0)
1120 v(C-C) stretching
1822 vad Si-O) stretching Zeolite
23? v(CHy) rocking Polymer
763 Symmetric stretch of internal tetrahedrg as  Zeolite
723 well as for external linkages Polymer + Zeolite
643
609 Vibration of tetrahedral structure Zeolite
575
478 T-O bending vibrations Zeolite
435 Pore opening of external linkages Zeolite
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EVOH copolymers

The prominent IR bands of both EVOH copolymers FRa) are those of hydrogen-
bonded O-H stretching (3350 &y asymmetric (2930 cif) and symmetric (2852 ¢ CH,
stretching, the C-O and C-C stretching (1715'@nd 1120 cil respectively). The synthesis
of EVOH being based on the hydrolysis of ethylengylvacetate, the presence of acetate
groups with a low intensity band at 1715toan be noted in the IR spectra.

Comparison of EVOH with 27 and 44 mole % of ethglemits indicates differences in the
relative intensities of the absorption bands (F&&. The (OH)/(C-H) ratio is higher in the
case of EVOH27 than for EVOH44, which was not umeted if one considers the relative
amounts of vinyl alcohol and ethylene groups ohlmpolymers.

Nanocomposites

The IR spectrum of EVOH44/NZL-20 nanocomposite filwas presented above in
Fig.3.3.b, and the corresponding IR band assigrsremetdescribed in Table 3.2. It shows the
expected contributions of the IR absorption bahds are related to the polymer (2850-3350
cm™) and to the zeolite structure (430-650Grh000-1200 ci).

Fig.3.4.a shows the IR spectra of EVOH44/NZL namggosites with different NZL
loadings. The absorbances of the IR bands at 478 &nd 1093 cthincreases with the
zeolite content (Fig.3.4.b). and can be used taotifyathe amount of zeolite (see insert). As
expected, the intensities of those bands in the cAEVOH27/NZL nanocomposites (see

appendix Fig.A.1.) follow the same trends as foidHA4.
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Fig.3.4. (a) FTIR spectra of pristine EVOH44 and E\XDH44/NZL nanocomposite
films with different particles content (7-30 wt %); (b) Subtracted IR spectra in the
400-1500 crit region. Inset: absorbance at 1033 cth) 1093 cnt', and 476 cn as a

function of particle content in EVOH44/NZL nanocomposites.

2.1.2. UV-Visible analysis

The optical properties of both pristine EVOH filmagere characterised by UV-Visible
spectroscopy (Fig.3.5.a). The influence of NZL nzarticles on the EVOH/NZL
nanocomposite films transparency was also evaluaedJV-Visible spectroscopy for

nanocomposites with increasing amount of zeoliteoparticles (Fig.3.5.b).
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Fig.3.5. UV-Visible spectra of: (a) EVOH44 and EVORY7 films; (b) EVOH44/NZL

nanocomposite films with different zeolite contents

The UV-Visible spectra of EVOH44 and EVOH27 filnfad.3.5.a) show little absorption
in the visible domain (400-800 nm), which confirtiee transparency of the films. The
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maximum at 230 nm, which is more intense in cade\H?27, and the shoulder at 285 nm,
could result from residual processing additive.

Due to the nanometric size of the NZL particleg #VOH/NZL nanocomposite films
maintain good transparency even with 30 wt % particading (Fig.3.5.b). This may bring
the opportunity to include relatively high amouritparticles into the polymer matrix and,
hence, this allows the water scavenger propertfeth@ material to be increased while
maintaining the optical properties required for @®@capsulation.

2.2. Morphology characterisation

2.2.1.Surface morphology

SEM images were recorded with the aim to studyitfileence of the zeolite particles on
the EVOH surface morphology. SEM images of theaagfof pristine EVOH44 film and the
nanocomposite films with NZL and DISC particles ggeed by DMSO solution mixing
(method A) are shown in Fig.3.6.

= 5.00 kVg
alA=InLens ‘%

.

Fig.3.6. SEM images of film surfaces of (a-b) EVOH¥A), (c-d) EVOH44/NZL-
20(A), and (e-f) EVOH44/DISC-20(A).

Both the nano- and micro-composites exhibit a rgdistribution of zeolite filler at the

film surfaces. At the same time, the polymer filmvghout particles displays voids and
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irregularities, which could result from solvent pwaation (Fig.3.6.a-b). Additionally, the
morphology at the surface of the composites isctdte by the particles. It depends on the
shapes and size of NZL and DISC where the largerai DISC microparticles leads to more
irregular surfaces (Fig.3.6.e-f)

SEM images of the surface of EVOH44/NZL nanocomgoBims with 5 and 20 wt %

zeolite loading (Fig.3.7.) show that with an ingeaof NZL content, the particles
concentration at the surface also increases.
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Fig.3.7. SEM images of EVOH44/NZL nanocomposite fit with different zeolite

loading: (a) 5 wt % and (b) 20 wt %.

Further scaling at the EVOH nanocomposite film aces with 20 wt % of NZL and DISC
particles is shown in Fig.3.8.
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Fig.3.8. SEM images of EVOH44 nanocomposites suriaenorphology with 20 wt %
of (a-c) NZL, and (d-f) DISC patrticles.

The SEM images in Fig.3.8. indicate that particZL and DISC, are present at the
surface either covered or uncovered by the polymearix.

2.2.2.Particles dispersion and distribution in film thickness

TEM was used to determine the particles dispersiod distribution in the bulk of
EVOH/zeolite nanocomposites and also in the crestiem of films. The aim was to choose

the best nanocomposite composition (zeolite loadmjprocessing method).
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Influence of processing method
TEM images of EVOH44/NZL-20 of cross-sectioned §lmprocessed by melt-mixing
(method B)(a-c) and solution mixing (method A)(daf shown in Fig.3.9.

Fig.3.9. TEM images of cross-sections of EVOH44/NZ20 nanocomposite films

processed by (a-c) melt-mixing (B) and (d-f) solutn mixing (A).

TEM images (Fig.3.9.c,f) show that with NZL zeolperticles, the specific nanoparticle
morphology was maintained within the EVOH matrixtwa nanometric size of the primary
particles connected to each other to form aggregdieese aggregates are in the same size
range (70-200 nm) as those observed for NZL pagiti DMSO suspension (Fig.3.1.), which
indicates that no aggregation occurs after miximg zeolite suspension and the polymer
solution in DMSO (method A).

The nanocomposites obtained by melt-mixing in ant8drew extruder (Fig.3.9.a-c) leads
to the formation of areas with high particles concation with a 5 — 2Qm diameter.

At the same time, the nanocomposites obtained bysOMolution mixing (Fig.3.9.d-f)
exhibit good particles dispersion and homogeneastsittlition in the whole film thickness.
The same observations and then the same conclusaonise made for nanocomposites with
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EVOH44 and EVOH27 with the various NZL contents sidered in this work (5-20 wt %)
(see appendix Fig.A.2.-Fig.A.3). The best partictispersion and distribution is then
achieved by solution mixing (method A).

Influence of zeolite particle size

In order to compare if solution mixing with microtrie DISC particles is as efficient as it
is with NZL nanoparticles, TEM images of EVOH44 w0 wt % loading of NZL and DISC
were compared (Fig.3.10.).

Fig.3.10. TEM images of film cross-sections of (a}tVOH44/NZL-20
nanocomposite and (c-d) EVOH44/DISC-20 composite t@ined by solution mixing
(method A).

The images indicate that sedimentation occurs dutie drying step of EVOH44/DISC
films (Fig.3.10.c-d). This decreases the disperbrparticles, and as a result, this may
worsen the desired composite performance. The sdoservations can be noticed for TEM
cross-section images of EVOH27/DISC shown in FidL.3.
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2pm

Fig.3.11. TEM images of film cross-sections of EVORY/DISC-20 composite
processed by solution mixing (A).

In contrast, a good distribution of NZL particles EVOH/NZL nanocomposites is
observed for all the NZL loadings considered h&r2q wt %) (Fig.3.12.).

Fig.3.12. TEM images of film cross-sections of EVOHI/NZL nanocomposite processed
by solution mixing (A) with different zeolite loading: (a) 5 wt %, (b) 15 wt %,
(c) 20 wt %.

Influence of ethylene content in EVOH copolymer

To study the effect of the ethylene amount in tbpotymer on the particles distribution,
TEM images of EVOH44/NZL and EVOH27/NZL nanocompesiwere analysed. Fig.3.13.
shows cross-sectioned EVOH27/NZL-20 nanocompobites f
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Fig.3.13. TEM images of film cross-sections of EVORY/NZL—-20 processed by
solution mixing (A).

Comparing the TEM images of cross-sectioned films EWVOH27/NZL-20 (A)
nanocomposite (Fig.3.13.) and EVOH44/NZL-20 (A)g(Bi9.d-f.) with the same patrticles
content (20 wt %), it can be concluded that the Nifdtribution and dispersion are similar
with both EVOH copolymers. Both EVOH44/NZL and EV@HNZL nanocomposites
exhibit good dispersion and distribution in the Vehdilm thickness when prepared by
solution mixing in DMSO.

Surface roughness

The film surface was characterised by AFM analy$ise surface roughness has been
extracted from the AFM images. Two different setwese used. The first one was carried
out in a tapping mode to determine the effect atigas on the surface roughness by
analysing height images. The second one, performpédak force tapping mode, helped us to
distinguish the particles and the polymer at théase as a consequence of their different
interactions with the tip.

Fig.3.14. shows the height images obtained by ARMclassical tapping mode at the
surface of EVOH44 and EVOH27 films and the corresiiog EVOH/NZL nanocomposites
films with different NZL loadings.
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Fig.3.14. AFM 3D height images of (a-d) EVOH44 an(e-h) EVOH27 with different
particles content, wt %: (a,e) O; (b,f) 5; (c,g) 10(d,h) 20.
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Chapter 1II: Initial Characterisation of EVOH/nanocomposites

The images corresponding to EVOH44 and EVOH27 §itnface (Fig.3.14.a,e) show quite
rough surface, which can be attributed due to sthevaporation. Addition of NZL
nanoparticles increases the roughness, which is mege significant in the case of EVOH44.

In order to highlight the presence of NZL nanomdes at the surface of nanocomposite
films, 2D height images of EVOH44 or EVOH27 with 2@ % of NZL nanoparticles are

shown in Fig.3.15. White small spots that exhibitedher value of height indicate the
presence of nanoparticles (shown in black circles).

Fig.3.15. AFM 2D height images of (a) EVOH44/NZL-2Manocomposite and (b)
EVOH27/NZL-20 nanocomposite.

The effect of nanoparticle loading on the EVOH acef roughness is plotted in Fig.3.16.
for both EVOH copolymers.
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Fig.3.16. Evolution of surface roughness with incigsing NZL loading for
EVOH44/NZL and EVOH27/NZL nanocomposite films.

This figure shows that, in the case of the pristimeerials, the roughness of EVOH27 is
slightly higher than the roughness of EVOH44, whieftects the AFM images displayed in
Fig.3.14.a,e.

Fig.3.16. shows that adding NZL particles to EVOHi&ds to a significant increase of the
roughness at the surface. At opposite, NZL zealitdition (5-20 wt %) has no effect on the
film surface for EVOH27 based nanocomposites (Flg.2-h). The highest roughness is
observed in the case of the EVOH44/NZL with 5 wididing (R, =150 nm) but, further, the
roughness decreases with increasing zeolite co(fen8.14.c-d).

Particles distribution

In order to distinguish the particles and the pdaymat the surface, AFM images of films of
EVOH without and with NZL particles were performea peak force tapping mode
(Fig.3.17.).
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Chapter 1II: Initial Characterisation of EVOH/nanocomposites

EVOH44 EVOH44/NZL — 20 wt %

220,0 mm
-15.0 nm
um

B oum

Fig.3.17. AFM 3D images of EVOH44(A) and EVOH44/NZE20(A). Plot type: (a-b)
height, (c-d) height mixed with modulus, (e-f) heilgt mixed with adhesion.

The height images obtained in the case of an EVOfiid#t and an EVOH44/NZL-20
nanocomposite film confirm the results of AFM expernts shown above (Fig.3.16.) with an
increase of roughness.

Further, to observe the contrast between the pestand the polymer, the elastic modulus
at the film surface was characterised in qualitatimode of AFM scanning. The colour
contrast in this mode corresponds to the differasfosalues of the elastic modulus (in white,
high modulus and in black, low modulus). The saoleuwr code is also used for adhesion.

The 3D images mixing height and modulus (Fig.3-4j.allow us to distinguish zeolite
particles and polymer matrix at the surface of wanmgposite film. Fig.3.17.c,e (pristine
EVOH44) displays very low contrast, whereas for tB®OH44/NZL nanocomposite,
Fig.3.17.d-f shows an important contrast (it isatlexl that the white spots correspond to the
zeolite and high modulus regions, and dark areasedated to the polymer).

Fig.3.17.e,f shows 3D images of height mixed widhesion. The same explanation can be

given concerning the height-adhesion images, btlt @pposite colours.
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Chapter 1II: Initial Characterisation of EVOH/nanocomposites

In order to show the differences between the potyara the zeolite nanoparticles 2D

height-modulus image of an EVOH44/NZL-20 nanoconitpddm is presented in Fig.3.18.

A
nanopartlcles », @

" :
nr@ @

Fig.3.18. AFM 2D image of EVOH44/NZL-20 nanocompogs film.

Height mixed with modulus (white circles indicate @rticles).

Particles with high modulus appear in white corliydo the polymer matrix that appears in
black.
These results confirm that nanoparticles are welstriduted in the polymer

nanocomposites.

2.3. ToF-SIMS surface characterisation

Time-of-Flight Secondary lon Mass Spectrometry ((RIMS) analysis was performed at
the surfaces of EVOH44 and EVOH44/NZL-20 films imder to determine chemical
composition and both, positive and negative seagnidas were acquired. This experiment
was carried out at International Laser Centre.

Positive-ion characterisation

Positive-ion mass spectra of EVOH44 and EVOH44/NeDLAIm surfaces were recorded
and are given in Fig.3.19.-Fig.3.20. For bettereobation, two mass windows are displayed,
one below (Fig.3.19.) and one above 55 m/z (Fi§.3.Definitions of labelled peaks are also
added at the right sides of the figures.
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Fig.3.19. Positive-ion ToF-SIMS spectra of (a) EVOKB4 and (b) EVOH44/NZL-20 processed by

melt-mixing. Peak assignments are based on exact ssadetermination. Mass range 0-55 m/z.
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Chapter 1II: Initial Characterisation of EVOH/nanocomposites

The mass spectra of both, EVOH44 and EVOH44/NZle2ibit the presence of fragment
ions resulted from polymer chain fragmentation. Sehéons can be described by general
formula GH," and GH,O;" where last mainly indicates fragments consist —@bups,
present in vinyl alcohol units of EVOH copolymer.

The presence of numerous F-contained ion fragnaarisbe mentioned from the spectra.
High peak intensities of these fragments can béaegd by high relative sensitivity factor of
fluorine detection. The formation of these ions migesult from the fragmentation of
additives, introduced into the polymer during theogessing. It is known that
fluoroelastomers or fluorothermoplastics based taddi are commonly used for LDPE
processing. One of commonly used chemicals is Danah? 7.

Thus, it can be considered that ions with formul&,Cand GH,F," are mainly related to
present in EVOH polymer processing additives. Timigrmation has to be taken into account
during the interpretation of degradation processesEVOH and its nanocomposites.
Comparing mass spectra, Si- and Al-contained pasibns were detected for EVOH/NZL
nanocomposite, in contrast to EVOH44, where thegnsity was comparable to the level of
noise. K, Na" and C& ions are also present in EVOH/NZL and were comsidiéo come
from the zeolite nanoparticles powder. Nevertheldssions related to zeolite fragmentation
cannot be characterised like those of high intgndit addition, the analysis in positive
extractor mode does not detect the presence obtney metallic impurities like Cizn,Co,
Cd, Mn, Ni. This observation is in a good agreemaithh results of elemental analysis of
zeolite powder given in Chapter Ill. § 1.2.

Negative-ion characterisation

Spectra recorded in negative polarity are more eoi@nt to follow such elements as O, C,
H and Si and thus, are more promising for the dtargation of EVOH composition and the
presence of zeolite nanoparticles. Recorded negaiiv spectra of EVOH44 and
EVOH44/NZL-20 are shown in Fig.3.21.-Fig.3.22. Asdase of shown above positive-ion
mass spectra, the obtained after surface bombangigative ions are represented in two mass
windows: 0-55 m/z (Fig.3.21.) and 55-105 m/z (Fig23). The high intensity ions and the
ions of interest (ions related to zeolite nanophkas) are labelled by numbers and described at

the right sides of the figures.
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Fig.3.21. Negative-ion ToF-SIMS spectra of (a) EVO&4 and (b) EVOH44/NZL-20 processed by

melt- mixing. Peak assignments are based on exawass determination. Mass range 0-55 m/z.
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Chapter 1II: Initial Characterisation of EVOH/nanocomposites

Mass spectra obtained in the negative field displaylarities to those recorded in positive
polarity. First, the presence of F-contained fragteGF,, CH,F,, CH,O,F) related to
the introduced processing additives is observedoi®€ GH, and GH,O, ions indicate the
fragmentation of the polymer chain. It can be nmred that higher quantity of the oxygen
contained ions (fH,0,) was detected in negative polarity in contrasthier appearance in
positive field (GHyO;"). Third, Si- and Al-contained ions indicate thelite particles in the
EVOH/NZL.

Summarising both, negative and positive ion masstsp, all detected patterns can be

divided into 5 groups as it is described in Tabi 3

Table 3.3 lon groups determined during fragmentation of EVOH44 and
EVOH44/NZL-20 nanocomposite in positive and negati polarity fields.

Origin Chemical compound(s) lon fragments
Small fragment ions m/z <30
A 9 ) C,O,H,F or their
resulted from sputtering -
combinations
B Oxygen free EVOH chain CxHy
fragments *—ECHZ—CHMCHZ—TH]F* x=2-7,y=1-11
c Oxygen _contalned EVOH OH CxHyOz
chain fragments
D Fragments of processing CxHyF, F-contained ions
additives CoHq CxHy x:(1-2)
) Na;K;Ca
Fragments of NZL zeolite . . T .
E nanoparticles [Ko(H20)16][Si27Al gO77] Si- and Al-contained ions

*determination of fragment for studied mass ran@d.Q5 m/z).

First group (A) includes small fragment ions, am@fing from ToF-SIMS ionisation
processes. It contains H, C, F, O, and their coatluns of some (or all) of these elements.
These elements are mostly located below m/z 40.

Second (B) and third (C) groups can be describegeimgral formula @y and GH,O, and
are dominated by peaks originating from EVOH cHemgmentation. lons from group B can
be detected as well in positive as in negativedfiete mode, while group C is more visible in
negative domain what can be explained by electramnaty of oxygen.
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Chapter 1II: Initial Characterisation of EVOH/nanocomposites

The last group E is resulted from the present teeolanoparticles and is detected just at
EVOH/NZL film surfaces. The fragments of this grozgn be indicated by the presence of Si
or Al in the detected pattern.

2.4. Viscoelastic properties

Viscoelastic behaviour of EVOH

The mechanical properties of both EVOH copolymé&t¥ @H27 and EVOH44) were
studied by dynamic mechanical thermal analysis (D) TTaking into account the OSCs
operation temperature that can rise up to 65 °Qauicular attention was paid to the
behaviour of EVOH copolymers in the temperaturegyesof 30 — 65 °C.

Fig.3.23. shows storage and loss moduli, and téa deéboth EVOH copolymers recorded
in a tensile mode.
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Fig.3.23. Temperature dependence of tan delta, stge and loss moduli in tensile
mode for (a) EVOH44 and (b) EVOH27.

It is observed that the loss and storage moduliedse with the temperature and reach a
zero value, which corresponds to the behaviour ladfuad. On the loss modulus curves, we
can observe three maxima, which are usually cae@lto polymer transition phases. From
tan delta curves it can be observed that both EGpblymers exhibit three transitions being
named a$, o anda’ for increasing temperatur&s? 272

Thep relaxation is usually related to the motions afigieg groups. This relaxation, which
has a relatively weak intensity, appears for EVQigatymers at a temperature below 0 °C
and characterises the behaviour of the polymdrargtassy state. The temperature location of

the peak observed for EVOH copolymers suggests a simiéchanism to that found in the
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Chapter 1II: Initial Characterisation of EVOH/nanocomposites

case of LDPE?" the relaxation corresponds to motions of chaiitsuim the interfacial
region®",

One of the main relaxations in EVOH, labelledis considered to be the glass transition
temperature. As observed in Fig.3.23., theincreases for EVOH27, which is due to the
higher amount of vinyl alcohol groups compared YOEI44. This trend can be linked to the
rigidity of vinyl alcohol groups and to the interfaoular hydrogen bond&’.

The last relaxation observed at the highest tenwperacalledo’ is usually related to the
polymer melting. This relaxation is characteristiié crystalline and semi-crystalline
polymersi?*? and is associated with the slippage between diitessa According toCerrada

et al®”

, o’-relaxation, which corresponds to motions withie tcrystalline phase of EVOH,
is strongly related to the molecular orientationthie polymer, and is caused either by the
relaxation of hydrogen bonds or by the movemenisecto the crystalline lamellar surface
(translational, reorganisational and vibration s within the crystals). Thus, it can be
concluded that this transition can be strongly @éé by the processing conditions and/or
physical ageing. This transition temperature ihérgfor EVOH27 than for EVOH44. This
can reflect the different size of crystallites.

The transition temperatures and values of visctielasoduli at 20°C are presented in

Table 3.4.

Table 3.4. Viscoelastic behaviour of EVOH copolymetr. transition temperatures,
storage, loss and Young’s moduli.

Transition Temperaturel] | Viscoelastic moduli [MPajt 20 C | Young’s modulus
B a | o Storage Loss [MPa]

EVOH44 | -20| 68| 104 2495 100 2595

EVOH27 | -14| 76| 152 3928 138 4066

Table 3.4. gives the values of the transition tenajpees using tan delta curves. These
results confirm the previous observations made ff&ign3.23. From the loss and storage
moduli curves, the viscoelastic moduli at ZDhave been obtained. From these values it is
possible to calculate the Young’s modulus of bo#©OE copolymers. We can clearly see that
EVOH27 presents a higher value of Young’'s moduhg this can be correlated to the higher

concentration of vinyl alcohol groups and therefoydrogen bonding.
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Chapter 1II: Initial Characterisation of EVOH/nanocomposites

Influence of water on the mechanical properties BVOH

It is known that EVOH copolymers are sensitive t@tev molecules that act as
plasticisation agerWS]. Water molecules, at high concentration, disrbptexisting hydrogen
bounds, hence, decreasing inter- and intramoleaoaractions in the polymer. As a result,
understanding the moisture sorption effect on thechmanical performance of EVOH
copolymers is of high interest to predict the podyrbehaviour in service applications. The
plasticisation effect is known to be higher for EN@opolymers containing more vinyl
alcohol in their compositioff’®. Thus, the effect of ambient moisture has beegstigated
on EVOH27. Fig.3.24. shows the storage and lossuingfrig.3.24.a) and tan delta
(Fig.3.24.b) for the EVOH27 films with differentydng time (without drying corresponding
to ambient moisture, 3 and 5 hours under vacuusd 4C).
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—— EVOH27% not dried —— EVOH27% not dried
— —— EVOH27% dried 3h at 60°C 1 —— EVOH27% dried 3h at 60°C
— 50004 == . EVOH27% dried 5h at 60°C [F 250 — ' EVOH27% dried 5h at 60°C
IS S < 0,20
N ) s
= = ] /
4000 F200 = 55 °C 78 °C 85 °C /
= = E 8 0151 | \J
3 =] 7] >
S 30004 150 3 a]
E € g 010
g 0 =
2 20004 100 &
S |
9 1000 - 50 00— _
0 " 0 0,00 T T T T
-50 0 50 100 150 50 0 50 100 150
Temperature [°C] Temperature [°C]

Fig.3.24. Dependence of viscoelastic properties6YOH27 with different drying

conditions: (a) storage (dash line) and loss (dotldine) moduli; (b) tan delta.

Fig.3.24.a shows that between 20 and 100 °C, arease of the storage modulus is
observed with drying time. Concerning the loss nhagluwve can see a shift of the maxima to
higher temperatures with increasing drying timee Bhift of loss modulus peak is related to
the shift of tan delta. In Fig.3.24.b, the maximoftan delta peak is shifted from 55 to 85 °C
upon drying. This maximum of tan delta correspotathe glass transition temperature. As
the glass transition temperature increases witingrythis indicates a plasticising effect of
water in ambient conditions.

Influence of zeolite nanopatrticles

One of the functions of encapsulation layers uswdofganic electronics is to provide
support against the mechanical damage, but aathe §me to keep the flexibility.
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It is well known that nanoparticles can act asfoeting agents for polymer materials, in
particular enhancing/modifying the viscoelastic @abur. The interaction of nanoparticles
with a polymer can be repulsive, attractive, ortreduand depending on these interactions,
the Ty can decrease, increase, or remain constant.

DMTA was used as a tool to observe the changeserhanical properties of EVOH with
zeolite nanoparticles addition. Fig.3.25. compd#hnesviscoelastic parameters of EVOH44 and
EVOH44/NZL nanocomposites with 20 wt % of zeolisnoparticles.
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Fig.3.25. Temperature dependence of storage and sosioduli, and tan delta:
comparison of viscoelastic behaviour of EVOH44 anBVOH44/NZL-20

nanocomposite.

As observed in Fig.3.25. nanocomposite films haighdr storage and loss moduli than
pristine EVOH44 films, which reflects the classiogihforcement effect of nanofillers.

The three main transition temperatures for EVOHdd BVOH44/NZL-20 nanocomposite
are given in Table 3.5. In order to compare thergsimodulus of pristine and filled EVOH

at 20°C, storage and loss moduli are also reported iheTZb.
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Table 3.5. Viscoelastic behaviour of EVOH44 and EVB44/NZL-20 nanocomposite:
transition temperatures, storage, loss and Young'sioduli.

Transition Temperature[] Viscoelastic moduli [MPait 20 C | Young's modulus
B a | o Storage Loss [MPa]
EVOH44 -20| 68| 104 2495 100 2595
EVOH44/NZL-20 | -11| 72| 104 3550 240 3790

In table above, one can observe that fhand a transitions temperatures increase in
presence of particles. This could be linked to pihesence of interactions between NZL
nanoparticles and the polymer. However, no chanigd . is observed suggesting no
influence of zeolite nanoparticles on the crystallphase of EVOH.

In Table 3.5., the Young’s moduli were calculated EVOH44 and EVOH44/NZL-20
nanocomposite. We can see that the nanocompossenis a higher value of Young’s
modulus and this can be correlated to the reinfoece effect of the filler.

2.5. Thermal properties

The effect of zeolite particles on EVOH thermalgedies in nanocomposites was analysed
by differential scanning calorimetry (DSC). The matised DSC curves (corrected for a same
polymer amount in each sample) obtained for firsating and cooling of EVOH44 and
EVOH44/NZL (5-20 wt %) nanocomposites are showRi;3.26.
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Fig.3.26. DSC curves for EVOH44 and EVOH44/NZL nancomposites with different
NZL loading (ramp 10 °C/min): (a) first heating; (b) cooling.

In the heating curves (Fig.3.26.a), an endothenpaiak is observed. This peak with a
maximum at 166 °C is related to the melting of thestalline part of EVOH. Whatever the
concentration of the filler is, the melting temgeara does not change. However, the shape of
the melting peak is modified in presence of zeold@oparticles. A shoulder appears around
169 °C. This can be correlated to the formatiordiffierent kind of crystals. From these
curves the glass transition temperaturg €n also be observed. No evident modification of
Tg is noticed in presence of zeolite nanofiller. Ig.8.26.b, the curves corresponding to the
cooling of the samples show that the presence ofiteedoes not modify the onset
temperature of the crystallisation peak but, it ¢@nseen that the presence of particles

decrease the enthalpy of crystallisation.
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From the melting peak, the total crystallinify of EVOH in the presence or absence of
filler can be obtained. The results are reportetiable 3.6.

Table 3.6. Thermal properties of EVOH44 and EVOH44NZL nanocomposites during
first heating run: temperatures of onset, endset ashmaximum of melting peak (Tn),

crystallinity .

Tyonsell°C] | Tmonsel°C] | Tw[°C] | Tmendse°Cl |7 [%]

EVOH44 54+1 159+1 166+1 17711 4541
EVOH44/NZL-5 wt % 53+2 159+1 166+1 178+1 45+7
EVOH44/NZL-10 wt % 54+1 157+1 166+1 176+1 44+1]
EVOH44/NZL-15 wt % 55+1 158+1 165+] 173+1 44+7
EVOH44/NZL-20 wt % 54+2 157+1 166+1 176+1 44+7

*each value is average of two measurements; catledlfor the weight of EVOH in the sample
**sing 100% pure crystalline PVA withH °=157.8 J/F*°!

In this table, it is shown that there is no evauatof both the crystallinity and the transition

temperature. It can be concluded that the adduibthe zeolite filler does not modify the
thermal properties of the EVOH polymer matrix.

The results obtained for the cooling are presemdable 3.7.

Table 3.7. Thermal properties of EVOH44 and EVOH44NZL nanocomposites during
cooling: temperatures of onset, endset and maximuwf crystallisation peak (Tc),

enthalpy of crystallisation (AH,).

Tenase°Cl | Tc[°C] | Tonset[°C] | AHc [J/g]
EVOH44 145+1 138+1 119+1 70+1
EVOH44/NZL-5 wt % 145+1 137+1 118+1 70+1
EVOH44/NZL-10 wt % 144+1 135+1 11442 70+1
EVOH44/NZL-15 wt % 144+1 134+1 112+1 67+1
EVOH44/NZL-20 wt % 144+1 133+1 11141 65+2

*each value is average of two measuremeaisulated for the weight of EVOH in the sample

Table 3.7. shows that the addition of particles masffect on the endset temperature of

crystallisation. However, the presence of zeolimaparticles results in a decrease of the

122



Chapter 1II: Initial Characterisation of EVOH/nanocomposites

onset (Tnse) and maximum (J) temperatures of the peak. It can be explainethéylifferent
populations of crystals formed during cooling forv@444 and EVOH44/NZL
nanocomposites.

It can also be noticed that the cooling peak fer ntanocomposite samples does not have
the second shoulder that had been observed dugatinj. Additionally, the presence of

particles leads to a decrease of crystallisatidhadpy AH.).

2.6. Water sorption properties

Zeolites exhibit good water sorption characterssticsplaying Langmuir sorption isotherm,
and are commonly used as desiccant materials. Taierwsorption properties of the
EVOH/zeolite nanocomposites were characterised fayimetric immersion water uptake

(IWU) and were compared to those of pristine EVOH.

2.6.1.Gravimetric immersion water uptake (IWU)

The influence of particle content in EVOH44/NZL oaomposites on water sorption was
studied by performing water uptake experiment bgnarsion of films into water at ambient
temperature.

Water sorption of EVOH44

At first, we present the water sorption curve alediin the case of an EVOH44 film with a
thickness of 104 microns and a dry mass of 79.6Thg.water sorption curve obtained from
the gravimetric data of an EVOH44 film is preseniedrig.3.27. The water mass gain was
obtained by dividing the measured mass gain bylthenass of the sample before immersion
and was plotted as a function of immersion timey.@=27.a). The relative water sorption
(M/M¢g) was obtained by dividing the water mass by theemaptake My and was plotted as
a function of the square root of time (Fig.3.27%d)characterise the diffusion behaviour of

water in this EVOH44 copolymer.
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Fig.3.27. Water sorption curve of an EVOH44 film Weight 79.6 mg) in water at
25 °C: (a) water mass gain as a function of timé€b) normalised water sorption as a

function of the square root of time.

As can be seen in the Fig.3.27.a, water mass tmits $0 increase linearly with time. After
this first initial stage, the rate of water uptalecreases gradually until it reaches the
asymptotic constant equilibrium valudg).

From Fig.3.27.a, the water uptake (%) of EVOH44 lsardetermined at the plateau, giving
Meq value of 5.7 %.

Fig.3.27.b shows that the curve presents a linkapesin a first phase. This reflects a
Fickian behaviour, as reported in the literatdf8. Assuming that classical Fickian diffusion
takes place, water diffusion coefficient may becgkited from the initial linear part of the

curve shown in Fig.3.27.b using Eq.2.13.

D= ”i‘ibz (Eq.2.13.)

whereb is the slope of the linear portion of the curvette beginning of the sorption
phenomena. The measured slope was 4:31x4%. Considering a sample thickness of
79.6 microns (79.6xIHcm), this gives a diffusion coefficient of 3.6xFa&nfs™.

Influence of zeolite loading on water sorption byWB®H44/NZL nanocomposites

The influence of zeolite loading on the water sorpproperties of the nanocomposites was
then studied in the case of EVOH44 copolymer wiitreasing NZL loadings ranging from
5 wt % to 20 wt %. The obtained data were processibalving the same way as described

just above and are plotted in Fig.3.28. The watassrgain as a function of time is given in
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Fig.3.28.a and the relative water sorption as a&tfan of the square root of time is given in
Fig.3.28.b.
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Fig.3.28. Water sorption curves of EVOH44/NZL nanoomposite films (with NZL
loadings from 0 to 20 wt %) in water at 25 °C: (awater mass gain as a function of

time; (b) normalised water sorption as a function bthe square root of time.

Adding zeolite nanoparticles to EVOH44 has an ¢ftecthe water uptake EVOH44/NZL
nanocomposites (Fig.3.28.a). The water uptake pssgrely shifts from 5.7 % in the case of
neat EVOH44 up to 7.3 % for 20 wt % NZL loading.eTibehaviour observed in the case of
nanocomposites can be attributed to both the waitake by the polymer and the water

uptake by the zeolite water getter.
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Fig.3.28.b shows a Fickian behaviour for all thalgsed samples at least in the first period.
One can then determine the diffusion coefficieotsdll the nanocomposites. The results are
gathered in Table 3.8. This table also indicatestltickness of the samples and the sample
dry mass (M), (in the case of the nanocomposités jg the weighted mass of the sample).

For NZL loadings higher than 5 wt %, the relativater sorption curves show two different
linear slopes, the one used to calculate D (shamarsion times) and a higher slope for time
t>>> 100 &> which did not receive any explanation.

After prolonged exposure beyond the time for theildgium state, certain polymer
systems are known to start losing mass due to da¢méegradation. In such case, there is an
additional stage in the curve which is for a lowgrin M after “equilibrium”. This mass loss
is mainly caused by decomposition of the low-mol@cweight constituents leading to

leaching of species (ions) into the water medium.

Table 3.8. Water uptake and diffusion coefficientdr EVOH44/NZL nanocomposites
(25 °C, 100 % RH).

EVOH/NZL | [um] | M[mg] | Water uptake [%] Slope. P
nanocomposites b [10°s%9 | [10"cnfsT]
EVOH44 104 79.6 5.7 4.1 3.6
EVOH44/NZL-5 96 80.0 59 4.3 3.4
EVOH44/NZL-10 79 78.4 6.1 6.7 5.5
EVOH44/NZL-15 80 81.7 6.4 6.9 6.0
EVOH44/NZL-20 92 80.5 7.3 6.9 7.8

The results given in Table 3.8. indicate a weakeaase of the water diffusion coefficient
with NZL loading. At the same time the water uptakso increases with NZL loading, which
reflects the water getter property of zeolites.sThesults from a faster trapping of water
molecules in the case of nanocomposites. It hasehewto be mentioned that the results
obtained in the case of the nanocomposites refhectransport of water in both the polymer
and the zeolite, which should be treated usingecfit theoretical models. This needs further

experimentations (determination of sorption isati@rand complementary concepts.
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2.6.2.Dynamic vapour sorption analysis (DVS)

The water sorption properties of EVOH44 and nanquusites with 5 % and 20 % of NZL
nanoparticles were also studied by dynamic vaporpti®n analysis at 38 °C/85 RH %. The
DVS analysis was very recently performed, becasdlV/S apparatus was set up at the end
of this PhD work. The experiments were not repeatatishould be considered as preliminary
results and will not be discussed in this manusc@mly the results obtained in the case of
EVOH 44 will be presented in the manuscript and geek of clarity, this issue will be
presented in Chapter IV § 2.3, which deals withittieience of photooxidation on the water

sorption properties and will not be discussed is thanuscript.

127



Chapter 1II: Initial Characterisation of EVOH/nanocomposites

CONCLUSIONS

This chapter was devoted to the characterisatiorthef properties of EVOH/zeolite
nanocomposites, based on two different copolymex&OH27 and EVOH44) with various
amounts of zeolites nanoparticles (NZL) and micrbglas (DISC).

The characterisation by UV-Visible absorption spesstopy has shown that EVOH/NZL
nanocomposites films remain transparent in thebMsdomain, which, considering the
required optical properties, makes these matesiatable for encapsulation of OSCs.

SEM and TEM observations have shown that NZL narimpdes are well dispersed and
and homogeneously distributed in the whole filntkhess up to 20 wt % loading processed
by DMSO solution mixing (method A). At opposite EWWIDISC composites exhibit poor
dispersion and sedimentation occurs with method A.

DSC analysis did not reveal any observable nudeatffect of the zeolite nanoparticles on
the polymer matrix, but at the same time attradtineractions between particles and polymer
can be observed by DMTA. Introduction of zeolitexoparticles led to a reinforcement with
an increase of the viscoelastic moduli, the recgorent being an important parameter for
maintaining structural support of OSCs encapsuiatio

AFM analysis has shown that the presence of NZLéawong influence on the surface
properties of film, and in particular, by increagiie roughness.

Experiments described in this chapter show thetipisisig effect of the water. Adding
20wt % of NZL particles in EVOH matrix results increased water uptake and diffusion
coefficient, which leads to a faster trapping oftevanolecules. These observations bring to
the conclusion that EVOH/NZL nanocomposite can lgoaed material as a water getter for
encapsulation coatings of water sensitive OPV.

To achieve an EVOH/zeolite nanocomposite with fpansncy, mechanical and water
sorption properties, 20 wt% of NZL zeolite nanojales dispersed in EVOH44 through
DMSO solution mixing (method A) gives nanocompasiitms with the required properties,

although EVOH27 would give smoother surfaces.

The next step is then to study the photochemicddavieur of EVOH and zeolite

nanocomposites to determine the "best" nanocongosiinposition and processing method
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on the point of view of durability of the propedieThe strong and the weak points of the

materials and possible failure mechanisms willtbeisd in the next chapter.
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Chapter IV: Photochemical Behaviour of EVOH and Nanocomposites

INTRODUCTION

This chapter is devoted to the study of the phaoubal behaviour of EVOH and
EVOH/zeolites nanocomposites exposed to UV lighthipresence of oxygen, in conditions
of artificial accelerated weathering. It aims talarstand the impact of the zeolite particles on
the photochemical behaviour of the materials. Feogeneral point of view, a drawback to the
use of nanopatrticles is their negative impact enpimotostability of the polymer. The addition
of particles to polymers has been indeed shown rtiargs to affect the photostability of the
nanocomposites. While inorganic particles rarelpesience significant photodegradation
under sunlight exposure, they can change the mestharand/or the rate of photooxidation of
the polymer matrix and must therefore always beoastd for when determining the
photostability of the nanocomposite.

In a first part, we will focus on the photooxidati@f EVOH under UV-Visible light
irradiation f > 300 nm). The main objective is to identify drffat products of oxidation, as
well the macromolecular products as the molecuégpted in the solid polymer matrix or the
volatiles migrating to the gas phase surroundiegntiaterial. For this purpose, measurements
involving spectroscopic analysis (UV-visible and),IBPME (solid phase microextraction)
and ionic chromatography will be performed. Two @ymers were investigated, EVOH44
and EVOH27, which allowed us to highlight the idfihce of the ethylene content. On the
basis of the identification of the photoproducts, will propose a comprehensive mechanism
accounting for the photochemical degradation of EM@polymers.

In a second part, the photochemical behaviour @f B& OH nanocomposites based on
zeolite particles processed by solution or meltingxwill be reported. The attention was
mainly focused on composites with EVOH44. The ieflce of zeolite particles with different
size (nano vs. macro) and loading increasing l@pdin the photooxidation of EVOH is
studied, using the analytical techniques repomistiabove. This study was completed by the
analysis of the consequences of ageing on thecsurfeorphology of the materials, using
SEM, AFM and ToF-SIMS. The modifications of thernm@chanical, thermal and water
barrier properties resulting from photoageing walso followed, using DMTA, DSC and
DVS analysis.

The work reported in this chapter aims to propae®nomposite coatings for flexible solar
cells taking into account the photostability of tegriers used for encapsulation.
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1. PHOTOCHEMICAL BEHAVIOUR OF EVOH

To study the photochemical behaviour of EVOH in gresence of oxygen and the
influence of the ethylene content on the mecharmschrate of photooxidation, films of both
EVOH (EVOH44 and EVOH27) with thickness of 20-ath (prepared by solution mixing

(method A)) were irradiated under artificial accated photoageing conditions in presence of

air (see Ch. 11 § 2.1.).

1.1. UV-Visible analysis

The UV-Visible spectra of EVOH44 and EVOH27 filmsosv a shift in absorbance to
longer wavelengths without any defined maximum @&if). The increase of absorbance is
however limited below 400 nm, and even after 758f exposure, both EVOH films do not
show any absorption above this wavelength, in otxens no yellowing is observed and the
samples remain transparent in the visible domain.

One can notice that differences between the twcemadd in term of kinetic evolution,
since the modification of the spectrum of EVOH44ws at a higher rate than for EVOH27.
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Fig.4.1. UV-Visible spectra of EVOH films during plotooxidation: (a) EVOH44;
(b) EVOH27.

1.2. IR analysis

The chemical changes resulting from irradiatioc9OH44 and EVOH27 were studied by
infrared spectroscopy (IR). IR spectra during pbgidation for films of both samples are

shown in Fig.4.2.
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Fig.4.2. FTIR spectra of EVOH films during photooxdation: (a) EVOH44; (b)
EVOH27.

Irradiation of EVOH44 in presence of air provokeandatic modifications of the IR spectra,
as shown in Fig.4.2.a after 750 h of exposure, edsefew changes appear in the spectra of
EVOH27 (Fig.4.2.b) after the same irradiation timMidle main modifications observed for
EVOH44 are in the hydroxylated and the carbonylatechains, which reflects the oxidation
of the polymeric matrix. Fig.4.2.b shows that tRespectrum of EVOH27 is also modified in
these domains, but at a lower extent. EVOH27 is semsitive to photooxidation, which can
be linked to the higher concentration of ethyleng, UPE unit”, in EVOH44. It is known that

PE degrades much more faster upon irradiation Ehak 2",

135



Chapter IV: Photochemical Behaviour of EVOH and Nanocomposites

1.3. Identification of photooxidation products

In order to elucidate the photooxidation mechaniemEVOH copolymers, different
methods and techniques were applied to EVOH44 filmmsdentifying the photoproducts

formed during exposure.

1.3.1.IR analysis

Fig.4.3. displays the subtracted IR spectra of B4® photooxidation in the hydroxylated
(3650-2750 cnl) and the carbonylated domain (1850-1550"rmafter various irradiation
times between 0 and 750 h. This facilitates obagrihe modifications of the spectra

resulting from exposure.

(@) (b)

0.7 1730 cnit 1715 cnit

0.6 \

0.5+ 750h

0.4+

Absorbance

0.3
150h

Absorbance

0.2+

1640 cni
0.14

-0,8- 750h———0

0.0+ =
T T T T T
1850 1800 1750 1700 1650 1600 1550

T T T T T
3600 3400 3200 3000 2800

Wavenumbers [cif} Wavenumbers [ciT]

Fig.4.3. FTIR subtracted spectra of EVOH44 film duing photooxidation:
(a) 3650-2750 cn; (b) 1850-1550 crit.

The main changes correspond to a decrease of R3350 (cnt) and C-H (2930, 2910,
2852 cm) vibration bands (Fig.4.3.a) and an increase ie tarbonylated domain
(1600-1800 cnl) (Fig.4.3.b) related to the formation of a broaghdb with a maximum at
1715 cnirand two shoulders with maxima around 1730'@nd 1780 crl.

These modifications of the infrared spectra fittguivell those reported in the case of
polyethylene photooxidatiod®® 2! Formation of absorption bands at 1640 cand
910 cm' can also be noticed and can be attributed to dobibhds, as also observed in the
case of PE photooxidatidff®. These results indicate that the photooxidatioE\8OH44 is

similar to that of PE.
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1.3.2Chemical treatment

In order to identify the carbonylated photoproduaitserved by IR analysis of the films,
chemical derivatisation treatments by ammonia 4{NH(Fig.4.4) and 24-
dinitrophenylhydrasine (2,4-DNPH) were performedy(#5. and Fig.4.6.) on photooxidised
EVOH films. As described in the experimental p&hépter 1), NH reacts with carboxylic
acids and esters, and 2,4-DNPH reacts with aldehydketone§>",

NHstreatment

The IR spectra recorded after treatment by; MHa photooxidised EVOH44 film (after
155 h of exposure) are displayed in Fig.4.4.

— before treatment
— after NHtreatment

1710 crif — Substracted spectra
0,25+ 1757 cnt

1640 crit
0,20

1565 cit
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0,15
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Wavenumbers [ci}

Fig.4.4. Derivatisation treatment with NH; of a photooxidised EVOH44 film (155 h of
photooxidation). FTIR spectra before (black) and aker 1h of NH3 treatment (red),

subtracted spectra after-before (blue).

A decrease of absorbance at 1710"cassociated with the appearance of an absorption
band at approximately 1565 ¢nis observed. On the basis of the numerous pulditabn
NH; derivatisation treatment&’®2¢! these modifications reflect the reaction of casftic

acids in the dimer form (observed at 1710%mvith NH; to form carboxylates (1565 ¢h

2,4-DNPH

Reactions with 2,4-DNPH of either aldehydes or hkefo give derivatives of
2,4-dinitrophenylhydrasoré®®. The spectral modifications in IR and in UV-Visibklomains
after the treatments of photooxidised films of EV3Hand EVOH27 can be observed
respectively in Fig.4.5. and Fig.4.6.
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Fig.4.5. FTIR spectra of 2,4-DNPH treatment of (aEVOH44 and (b) EVOH27
photooxidised 230 h and 380 h respectively. FTIRbsctra before irradiation (blue),
before treatment (black), after 18 h of socking irMeOH (read) and after 2,4-DNPH

treatment (green).
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Fig.4.6. UV-Visible spectra of 2,4-DNPH treatmentio(a) EVOH44 and (b) EVOH27
photooxidised 230 h and 380 h respectively: beforeadiation (blue); before treatment
(black), after 18 h of socking in MeOH (read), afte2,4-DNPH treatment (green).

As explained in Ch. Il, the DNPH treatment was @enfed following two successive phases:
at first, an immersion in MeOH to extract the loveletular-weight soluble products, trapped
in the polymeric matrix, and then immersion in atmaeolic solution of DNPH. The
modifications of IR spectra observed in Fig.4.%wla decrease of the whole carbonyl band,
which indicates that some MeOH soluble productsewemoved. Then, a small decrease of
the absorbance is observed with the simultanecosasgnce of two absorption bands at 1618
cm* (C=N in hydrazone) and 1592 &rv(C=C) of aromatic ring), which reflects the reantio
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of ketones and/or aldehydes. The observed decoéabe carbonyl absorbance resulting of
the treatment by DNPH is rather weak and it comadp to the decrease of the absorbance
around 1717 cih

We verified in parallel that no modifications oktspectra were observed in the case of non-
irradiated samples.

Fig.4.6. displays the UV-Visible spectra followitlge same procedure. In this case, MeOH
socking only gives a weak modification of the spatt, whereas the reaction with DNPH
gives the characteristic band at 365 nm indicatiegreaction of ketones and/or aldehydes.

Based on the results obtained in this paragraphtandesults previously described for PE
photooxidation, the attribution of band maxima srbonyl domain can be summarised in
Table 4.1.

Table 4.1. Assignment of photooxidation products iinared bands of EVOH44 in the

carbonyl domain

Wavenumber (cif) Photooxidation products Source
1710 Carboxylic acids Nftreatment
£1717 Ketones 2,4-DNPH treatment,
1730 Esters [27¢. 281
1780 Lactones/ anhydrides 27¢ 281)

1.3.3. Analysis of volatile products by SPME-GC-MS

EVOH copolymers consist of ethylene and vinyl atdalmits. The IR analysis of EVOH44
film after 750 h of photooxidation reveals the atidn of the PE units. However, previous
studies on PVA photooxidatio®® have shown that a non negligible part of the PVA
photoproducts are volatile and consequently carbetdetected by IR analysis of the
photooxidised film, due to their migration out detpolymer matrix. Analysis of gas phase
formed during EVOH photooxidation has then to befgened to detect any degradation
products coming from the PVA units of EVOH. To datae the influence of the relative
content of ethylene and vinyl alcohol groups on thgantities of detected products,
SPME-GC-MS experiments were performed on EVOH44EWO®H27. The composition of
the gas phase of EVOH44 and EVOH27 photooxidisdahsfiis represented by the

chromatograms in Fig.4.7.
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Fig.4.7. SPME-GC-MS chromatograms of gas phase of\EDH photooxidised films: (a)
EVOH44 irradiated for 180 h and (b) EVOH27 irradiat ed for 280 h.

Several compounds were identified using this tegheiand are described in Table 4.2.
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Table 4.2. Photoproducts of photooxidised EVOH fihs detected in gas phase
by SPME-GC-MS

. . . Area, Pct

Ne | Retention time (min Compound

EVOH44 EVOH27
1 2.3 Acetone 17.1 8.8
2 3.3 2-Butanone 5.8 3.5
3 3.7 2-Propanol 8.1 3.9
4 4.9 2-Pentanone 3.7 1.7
5 21.2-22.7 Acetic acid 31.5 51.1
6 22.3 2,5-hexanedione 2.2 2.5
7 22.8 Propionic acid 2.7 8.1
8 23.8-24.0 Gamma valerolactone 2.9 9.1

The results reported in Table 4.2. show that prtedsech ag-valerolatone, acetic and
propionic acids were found in higher amounts indagse of EVOH27, whereas the quantities
of acetone, 2-butanone, 2-propanol, and 2-pentamamre higher for EVOH44. Previous
work carried out in our grouf5® has shown that the same products as those obsierved
Table 4.2. were identified in the gas phase sudmgnphotooxidised PVA, except hexan-
2,5-dione, propanol and pentanone. These three wamag are present in both EVOH
copolymers, the last two being detected at higbacentrations in the case of EVOH44.

The presence of-valerolactone can be also detected in the solas@lof EVOH film
by the absorbance at 1770 tmhere an IR absorption band developed upon phiztaten
of EVOH film.

1.3.4.lonic chromatography
To propose more comprehensive mechanism of phataten of EVOH, ionic
chromatography (IC) was performed to analyse thenwlecular-weight photoproducts that
were trapped in the film. A photooxidised film wssaked in water and the aqueous solution
was analysed to identify the extracted moleculat@broducts. By comparing these products

with standards, the primary released products vderified (Table 4.3.).
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Table 4.3.Carboxylic acids extracted from irradiated EVOH and detected by ionic

chromatography
C [mg/l]* C [mg/g]*™*
Compound Formula
EVOH44 | EVOH27 | EVOH44 | EVOH27

Formic acid H-COOH 14 14 1.3 1.1

Acetic acid H3C-COOH 48 38 4.5 3.0
Pentanoic acid CH(CH,);-COOH 8.4 3.9 0.8 0.3
Glutaric acid HOOC-(ChH3-COOH 6.4 6 0.6 0.5

Malic acid HOOC-CHCHOH-COOH 10.8 10.4 1.0 0.8

* concentration detected in water extract

** recalculated concentration in polymer film

The presence of acetic acid, formic acid, malidapentanoic acid and glutaric acid have
been detected. Acetic and formic acids can be @dsected in the case of PVA, pentanoic
acid, glutaric acid andi-hydroxylated malic acid were only observed in tase of the
EVOH copolymers. Their formation can be explaineg @ mechanism involving the
oxidation of different vinyl alcohol and ethylenaiusequences ( “PVA-PE-PE” or “PVA-
PE-PVA”), which is detailed in the paragraph below.

1.4. Photooxidation mechanism of EVOH

The results obtained by analysis of the solid fiinfrared spectroscopy), by analysis of the
gas phase (SPME-GC-MS) and by analysis of extiactolution (ionic chromatography)
show that carboxylic acids are the main photoprtedfarmed by irradiation of EVOH in the
presence of oxygen. Others classes of compounds,asuketones and esters, have been also
detected.

EVOH photooxidation mechanism involves the formatid photoproducts similar to those
obtained in the case of PE and PVA (Scheme 4.h)l also specific for EVOH
photooxidation due to alternation of PE units aN@\RInits.

The photooxidation mechanisms of the PE and PVAdpmtymers can be summarised on

the basis of previous studies and published pdfetseeme 4.1.).
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Scheme 4.1. Mechanisms of photooxidation of P#%and PVA 1284,

The photooxidation of PE (Scheme 4.1. left) lead$he formation of hydroperoxides as
primary photoproducts. Hydroperoxides decomposgcission of the O—O bond, which gives
a macro-alkoxy and a hydroxyl radical HOhe macro-alkoxy radical can react by several
routes:p-scission with cleavage of the main chain to fotdehydes, abstraction of hydrogen
without cleavage of the chain to form alcohols,ecegaction between the formed radicals, i.e.
macro-alkoxy radical and hydroxyl radical HO he latter reaction produces chain ketones,
which then photochemically react by Norrish typ® type Il reactions. Photolysis of ketones
by Norrish 1l processes results in the formationvofyl-type unsaturated fragments, and
produces a chain-end ketone, which also reacts Ngrash Il reaction and forms a vinyl
unsaturation and acetone. The formation of carboxadids, esters and lactones comes from
the various reactions involving both the aldehyded the keto radicals formed by Norrish |
reactions. The formation of vinylenes results frite mesomerism of allylic radicdfé®.

Regarding the photooxidation of PVA (Scheme 4.ght)i the main photoducts are
carboxylic acids and ketones. Depending on theo$iteydrogen abstraction (©r G), a- or
B-hydroxy carboxylic acids can be formed.

Two types of chain scissions may take place in dlkexy radical obtained from the
oxidation of G:

- cleavage of the C-O bond leading to the formatioain ketone and a hydroxyl radical;
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-cleavage of the C-C bond causes the formationogghic acids and chain alkyl
macroradical.
The alkoxy macroradical formed after reaction imigy C, can lead to the formation of

a-carboxylic acids as a result of subsequestission.

EVOH photooxidation mechanism
A comprehensive mechanism of EVOH photooxidatiam lwa proposed on the basis of all the
detected photoproducts and taking into accountptictooxidation mechanisms of PE and
PVA. This mechanism involves photoproducts formgavall in the case of the PE units as in
the case of the PVA units, but also specific phatdpcts that are only formed in the case of
EVOH due to alternating sequences of PE units &l ihits. This mechanism is given in
Scheme 4.2.-Scheme 4.4.
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146



Chapter IV: Photochemical Behaviour of EVOH and Nanocomposites

1| , CH, >
OH
Cl
hv,0,, A
O-
CH
/ \{/ N
OYCHZ / CHZ\
2
OH
/ hv, O, A\
@ HO o HO-
o CH CH H
2 7 2
o, o CH CH\ /CH
OH l t
o) CH, _CH, o) CH,
CH, “CH, Y CH,
OH OH
Pentanoic acid Propionic acid

Scheme 4.4. Mechanism of photooxidation in PVA-PEEunit.

The identification of the various formed producigeg evidences that the photochemically
induced oxidation of EVOH involves the oxidatiother on the tertiary (§ and/or on the
secondary carbon {(Cand G) in a- and p-positions to hydroxyl group (Scheme 4.2.-
Scheme 4.4.) as well in the PE units, as in the RMAs, and that the PVA-PE-PVA and
PVA-PE-PE sequences have also to be consideredn@&bleanisms are based on the classical
sequences hydroperoxidation/decomposition of hyehmpdesp-scission of alkoxy radicals,
which have been reported many times in the liteeato explain the oxidation of organic
polymers?®¥. The molecular carboxylic acids identified by iochromatography are formed
by two oxidation steps. Glutaric acid is formeddxydation on two tertiary carbon atomsg C
on a PVA-PE-PVA segment unit (Scheme 4.2.). Thersgary carbon noted,Ceacts as in

PVA photooxidation and leads to arhydroxylated acid, this reaction being followed dry
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oxidation on a secondary carbonfifposition atom (@). This leads after chain scission to
malic acid (Scheme 4.3.). Oxidation on a tertiasybon atom ¢€in a PVA-PE-PE segment

unit leads to a carboxylic function and an oxidatom a G carbon atom can give after chain
scission pentanoic acid or propanoic acid depending which PE unit is oxidised

(Scheme 4.4.).

Formation of photoproducts such as 2-pentanondresgiine presence of sequence of three
ethylene groups in EVOH, which is not the case VWAPA higher relative amount of
pentanoic acid is detected in the case of EVOHaWpared to EVOH27, this is consistent
with more PE-PE sequences in the case of 44 wt 8thgfene units.

To summarise, the mechanism of EVOH photooxidaithmolves oxidation on secondary
and tertiary carbon atom, both in PE and PVA uihitg,also in specific alternating sequences
of PVA-PE-PVA or PVA-PE-PE due to the chemical stiwe of EVOH copolymers.

2. INFLUENCE OF ZEOLITE NANOPARTICLES ON EVOH
PHOTOOXIDATION

The behaviour of EVOH/NZL nanocomposites irradiaiadpresence of oxygen was
studied in order to evaluate the influence of zeatin the photochemical reactivity of the
polymer. This study was carried out on nanocompssiased on EVOH44 (with 44 mol % of
ethylene unit). To start with, EVOH/zeolite nanogmsites with 20 wt % of NZL
nanoparticles were studied and then, the influehd®th zeolite type (NZL or DISC) and the
influence of the zeolite content (from 5 wt % to\®20%) was investigated. The influence of
processing methods, solution mixing (method A) amelt-mixing (method B), on EVOH

photooxidation rate was also studied.

2.1.Photooxidation of EVOH/NZL nanocomposites ai > 300 nm

At first, the photochemical behaviour of EVOH44/NZI0 wt % nanocomposite films

processed by solution mixing (method A) was ingzdgd.

2.1.1.UV-Visible analysis

The UV-Visible spectra of an EVOH/NZL-20 nanocomip®dilm during photooxidation
are displayed in Fig.4.8.
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Fig.4.8. UV-Visible spectra of EVOH/NZL-20(A) nanoomposite film during
photooxidation.

A shift of the absorption front towards the longevelengths is observed. As previously
observed for pristine polymer, the absorption du@soverlap the domain of the visible light.
Thus, the nanocomposite film remains transparetitusacoloured. This is an important issue

for encapsulation of electronic devices such as©SC

2.1.2.IR analysis

The modifications of the IR spectra during photdation of EVOH/NZL-20
nanocomposite film (Fig.4.9.) are similar to thosk pristine EVOH (Fig.4.2.-Fig.4.3.)
showing a decrease of band intensities in the kytlidomain corresponding to R-OH and C-H
vibrations, and an increase in the carbonyl doméims indicates that zeolite particles do not
modify the photooxidation mechanism of the polymidn changes of the IR bands that
correspond to zeolite particles are observed, whsciggests that the particles are

photochemically stable.
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Fig.4.9. (a) FTIR spectra of EVOH/NZL-20(A) nanocornposite film during
photooxidation, (b) in carbonyl region (1550-1900r™).
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In order to look at the influence of the partictntent, the changes in subtracted IR spectra

in carbonyl domain for EVOH44/NZL nanocompositehitifferent zeolite content (0-20 wt

%) are shown in Fig.4.10.
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Fig.4.10. FTIR subtracted spectra of EVOH44/NZL fim photooxidation in carbonyl
domain with different NZL particle contents, wt %: (a) 5; (b) 10; (c) 15; (d) 20.
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One can see an increase of a broad band with amaaxiat 1715 ci, which shifts to
1730 cnt at longer irradiation time, and a shoulder at 1@80. This indicates that NZL
particles do not modify the photooxidation mechangf EVOH in the whole range of NZL
content. However, these figures show that the curaton of oxidation photoproducts
formed increases with the particle content, indigata prodegrading effect of zeolite
particles on EVOH44

2.2. Influence of zeolite on photooxidation rate of EVOH

2.2.1.Influence of zeolite type

To investigate the effect of the morphology and $iee of the zeolite particles on the
polymer photostability, two types of zeolite pdeg (DISC and NZL, which are microsized
and nanosized, respectively) were included intoptblgmer matrix (20 wt %) by method A.
Fig.4.11. presents the oxidation kinetics evaludtgglotting the increase of absorbance at
1730 cm' and the decrease at 2852 tras a function of irradiation time, for pristine
EVOH44 and EVOH44 loaded with 20 wt % NZL or DIS@pared by solution mixing.
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Fig.4.11. (a) Formation of carbonylated products ath (b) a decrease of C-H bands

intensity of EVOH44 and EVOH44/composite during phtooxidation: pristine
EVOH44(A) (black), EVOH44/NZL —20(A) (red), EVOH44DISC —20(A) (green).

It is interesting to note that in presence of bztblite particles, the induction period for

oxidation is shortened (100 h vs 150 h) and thelation rate is higher than in the case of

pristine EVOH. This result suggests that both zegdarticles have a prodegradant effect on

EVOH. Regarding the composite stability in termspatfticles type, DISC has a slightly
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higher prodegrading effect than NZL, (Fig.4.11.al &fig.4.11.b).One can also notice a
slightly higher oxidation rate in the case of thienm-zeolite (DISC).

Such behaviour can be explained by the presenicerofmpurities that are present in both
zeolite particles, with an even higher amount ie #ase of DISC (10 times higher
concentrations). Iron is known to induce the phetminposition of hydroperoxidés? 2
28 producing radicals that can initiate oxidation the polymer. This effect has been
reported in the case of natural clays such as numiitomite (176 192 219, 287-290] Thg
photoinducing effect of iron impurities is not posponal to the amount of iron, since it is
expected that iron acts through a catalytic cy8lether parameter that has to be taken into
account is the specific surface of the particlesces nanoparticles (NZL) have a higher
surface interaction than microparticles (DISC). iEifethe amount of iron is lower in the case
of the NZL nanopatrticles, the observed effect agblymer oxidation very certainly reflects

the high specific surface of the zeolite nanoplasic

2.2.2.Influence of zeolite loading

The influence of the zeolite loading on the photdaton rate of EVOH was studied with
increasing amount of NZL nanoparticles by plottthg increase of absorbance at 1730'cm
and the decrease at 2852 tms a function of irradiation time (as describedCimIl § 2.1.)
for EVOH44/NZL nanocomposites with particles frombto 20 wt % (Fig.4.12.).
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Fig.4.12. (a) Formation of carbonyl products and (pa decrease of C-H bands
absorbance for EVOH44(A) and EVOH44/NZL(A) nanocompsite films with different

NZL particle contents (5; 10; 15; 20 wt %).

The kinetic curves clearly show that the prodegnaddfect of NZL increases with the

NZL particles content. Increasing the particle amalightly decreases the induction period

and increases the oxidation of the polymer

2.2.3.Influence of processing method

To evaluate any effect of processing method onptieostability of the EVOH polymer

matrix, we compared the formation of carbonyl ppotolucts for pristine EVOH44 films

obtained through evaporation of DMSO solution (Apg press (B) (Fig.4.14.).
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Fig.4.13. Formation of carbonyl products for (a) EMOH44(A) and (b)EVOH44(B). Film
thickness: (a) 15um and (b) 52um.

Fig.4.13. shows differences in the band intensibesarbonylated photoproducts, which
results from the different initial thickness of thiens (the IR spectra were not corrected by
sample thickness). The increase of the normalisgsbraance at 1730 ém(absorbance
divided by the absorbance of an IR band of therpelyat 1460 ci) is plotted for EVOH44
obtained by method A and B in Fig.4.14.
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Fig.4.14. Formation of carbonyl products as a funabn of irradiation time: EVOH44
film processed by solution (green) and (b) by pregsed).

The kinetic curves in Fig.4.14. show a higher oftatarate in the case of the EVOH44 film
prepared by press. This might be explained by samabbunt of chromophoric degradation
products resulting from the extrusion at 210 °C &aotl pressed at 200 °C. However after
250 h of irradiation, the oxidation rate of the EN@! film prepared by press decreases,
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which corresponds to the shift of the absorptioximam seen in Fig.4.13.b. This probably
reflects the impact of the thickness on the oxadatsince film processed by method A was

about 15 um thick while film prepared by method »Bibited 3.5 times higher thickness
(52 um).

2.3. Surface morphology

The morphology changes of film surface for pristii®@/OH polymer and the
(nano)composites during photooxidation were folldviiyy SEM and AFM analysis. All the
studied films were processed by solution mixingtfod A) (polymer-particle suspension in
DMSO and solvent evaporation).

2.3.1. Scanning electron microscopy (SEM)
EVOH films

Fig.4.15. shows the SEM images obtained at thedunface of a neat EVOH44 film before
and after ageing.
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Fig.4.15. SEM surface images of EVOH44(A) films (&) before (0 h) and (c-d) after
1200 h of photooxidation.

One can observe that irregularities, voids and dsulipat were formed during film drying
became smaller and the surface became smootheda@e h of photooxidation. The formed
holes almost disappeared after 1200 h of irradiatio

EVOH44/NZL nanocomposites

The influence of NZL nanoparticles on the surfacerphology of nanocomposite film
upon photooxidation can be evaluated from SEM imagd=VOH44/NZL-20 nanocomposite
film surfaces given in Fig.4.16.
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Fig.4.16. SEM surface images of EVOH44/NZL - 20 (A)ims (a-c) before (0 h) and
(d-f) after 1200 h of photooxidation.

Different trend is observed for nanocomposite fisurface with 20 wt% of zeolite
nanoparticles than thus for unfilled EVOH. It seethat after 1200 h of light exposure,
particles remain at the surface meanwhile a logsobfmer from the surface is noticed. The
loss of the EVOH polymer matrix can be explainedtby photooxidation mechanism of

EVOH involving chain scissions (as previously shawrthe photooxidation mechanism in
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Ch.lv 81.4.) and subsequent migration of low-molacweight products in the gas phase (as

previously observed in the case of PVA degradatidh. Consequently, zeolite agglomerates
became more visible at the surface (Fig.4.16.1).

SEM images also indicate the formation of crackd woids during photoageing at the
surface of EVOH44/NZL-20 nanocomposite film (Fid.A).

EHT =.5.00kV. Mag= 299KX
Signal A =InLens = }P= 4mm

Min Mag=, €2 X

Tid A'_-§ig'rfal h-—: InLen's i ‘,‘;ﬁ

Fig.4.17. Formation of cracks and voids at the sugice of EVOH44/NZL-20(A) film
after 1200 h of photooxidation.

2.3.2. Atomic force microscopy (AFM)

The photooxidation of EVOH44 and EVOH27 films ahd torresponding EVOH/NZL-20
nanocomposites obtained by solution mixing (metAddvere also characterised by atomic

force microscopy (AFM). AFM images obtained for EM® and EVOH27 film surfaces
during photooxidation are shown in Fig.4.18.
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Fig.4.18. AFM 3D height images of (a-d) EVOH44(Aand (e-h) EVOH27(A) during
photooxidation: (a,e) 0O; (b,f) 300 h; (c,g) 500 Kgd,h) 1200 h.
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Fig.4.18. shows that for both EVOH copolymers, EMAHand EVOH27, the film surfaces

become smoother with the degradation time. Thisoissistent with observations made in
SEM images (Fig.4.15.).

The AFM images of EVOH44/NZL-20 and EVOH27/NZL-2@nocomposite films were
recorded and are presented in Fig.4.19.
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Fig.4.19. AFM 3D height images of (a-d) EVOH44/NZI20(A) and (e-h)

EVOH27/NZL-20(A) during photooxidation: (a,e) 0; (b,f) 300 h; (c,g) 500 h;
(d,h) 1200 h.
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Fig.4.19. shows that the morphology of EVOH44/NAL-ZAand EVOH27/NZL-20
nanocomposite film surfaces changes during polymoeidation, resulting in surface
roughness changes, but different images are obtdmesame irradiation time depending on
the EVOH copolymer. AFM images of EVOH44/NZL-20 ovanomposite film (Fig.4.19.a-c)
show that initial irregularities, introduced by weht evaporation process disappeared with
degradation time, leading the surface smoothingvéder, at the same time, the presence of
NZL nanopatrticles leads to higher roughness fogéondegradation times (Fig.4.19.d,h).
This effect is less pronounced in the case of EVONZL-20 nanocomposite that is less
oxidised for the same irradiation time comparedEdOH44 based nanocomposites (as
observed from IR analysis on pristine EVOH copolygheln order to better observe the
effect of nanoparticles loading on photooxidatioh ampolymer surfaces, the surface
roughness (B of pristine EVOH44 and EVOH27 copolymers and tlieinocomposites with
20 wt % of NZL nanopatrticles are plotted versusrddgtion time in Fig.4.20.
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Fig.4.20. Evolution of surface roughness during ptiooxidation: (a) EVOH44(A) and
EVOH44/NZL-20 (A); (b) EVOH27 and EVOH27/NZL-20(A).

As it is observed in Fig.4.20., the roughness dilled polymers (EVOH44 and EVOH27)
shows a slight decrease with degradation time, hwhgflects the smoothing effect of
photooxidation observed in AFM images (Fig.4.194d also in SEM images (Fig.4.15.).

At the same time, the jRevolution is different for nanocomposites of EVGHand
EVOH27. In the case of EVOH44/NZL-20 nanocompo§lta, the roughness decreases up
to 800 h of photooxidation, the last roughness evaduprobably an artefact as films present
voids and cracks for such long irradiation time ¢aserved in SEM images Fig.4.17.). In the

case of EVOH27/NZL-20 nanocomposites, the roughnakses are lower than in the case of
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the EVOH44 nanocomposites and display rather alsmatease in roughness upon
photooxidation in presence of zeolite, a differdnetic rate of polymer oxidation can lead to
different morphology of particles agglomeratiorited surface.

Particles distribution

AFM images of an EVOH44/NZL-20 film before and aff®0 h of photoageing were also
performed in peak force tapping mode (Fig.4.21.9rder to distinguish the presence of the

particles and the modification of their distributiduring photooxidation.

EVOH44 EVOH44/NZL — 20 wt %

200,40 nm
15,0 nm
um
um

200,0 nm
15.0 nm
urm
um

200,0 nm
15,0 rm
ur

urm

Fig.4.21. AFM 3D images of (a-c) EVOH44(A) and (d{EVOH44/NZL-20(A) after
500h of photooxidation. Plot type: (a,d) height, (J&) height mixed with modulus, (c,f)
height mixed with adhesion.

Fig.4.21. displays 3D height images (Fig.4.21.aadh),height mixed with elastic modulus
(Fig.4.21.b,e) and height mixed with adhesion @&Rfl.c,f). As it was previously explained
in Ch.lll § 2.2.2., the colour code in the mixedames (Fig.4.21.b-f) corresponds to the value
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of the elastic modulus or adhesion (in white-higllues and in black-low values for the
modulus and opposite for adhesion).

The 3D height images of EVOH44 and EVOH44/NZL-20awomposite after 500 h of
light exposure show a higher surface roughness h@a tase of EVOH44/NZL-20
nanocomposite, as it was previously observed by Akperiment (Fig.4.18.-Fig.4.19.).

The 3D images of height mixed with modulus (Figl4?e) show that the image contrast is
different for neat polymer and nanocomposite. Th&MA image in Fig.4.21.e of
EVOH44/NZL-20 nanocomposite shows clearly the preseof particles that exhibited high
modulus (bright colours), which cover all the aisaly nanocomposite surface. Based on the
observations in Ch. lll, Fig.3.18., where a cleantcast between zeolite (white spots) and
polymer (dark areas), it suggests that in Fig.€.2dre mainly present NZL zeolite particles
and only traces of remaining polymer. The sameamqilon can be given for height-adhesion
images but with opposite colour (dark colours -ipkas; bright polymer) (Fig.4.21.c,f).

In order to better observe these differences, 2kethiAFM images of EVOH44/NZL-20
film before and after 500 h of photodegradationcmapared in Fig.4.22.
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Fig.4.22. AFM 2D image of EVOH44/NZL-20 nanocompot film(A) (a-b) before and
(c-d) after 500h of photooxidation. (a,c) Height mied with modulus; (b,d) height mixed
with adhesion.

2D images confirm the decrease of polymer quanaty the film surface after
photooxidation. AFM images of photooxidised EVOHYZL-20 nanocomposite
(Fig.4.22.c-d) indicate polymer traces (in whiteles).

2.4. ToF-SIMS surface analysis

The changes of chemical composition at the surfat&svVOH polymer and EVOH/NZL
nanocomposite were followed by time-of-flight sedary ion mass spectrometry (ToF-
SIMS). This experiment was performed at Internatiobaser Centre in Bratislava. This
method allows the chemical analysis of material position by the detection of secondary

ions resulted from molecules fragmentation durindaxe bombarding by primary ions. The
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evolutions of detected ions were achieved fromrdarimation of ion peak areas extracted
from the mass spectra of films irradiated durin§@), 900, 1200 and 1500 h.

As it was mentioned in Ch.llI, negative field ohidetection is more promising for analysis
of samples contained O, C, H, Si in sample compositThis phenomenon is based on
higher ionisation probabilities in the negative gray of these elements. The evolutions of
intensities of negative secondary ions during ptxattation are shown for EVOH44 and
EVOH44/NZL-20 nanocomposite films in Fig.4.23. aRi).4.25. respectively, where the
mass spectra of samples degraded during 1200 dispiayed and the ion evolutions during
photooxidation (an increase or a decrease), bas#ueacalculated normalised ion peak areas,
are indicated by arrows.

EVOH44

The negative-ion mass spectra of EVOH after 1206f tphotooxidation is given in
Fig.4.23. The ions of interests are labelled bynbers placed next to corresponding peak of
the spectrum. Peak descriptions are located aigheside of the figure. The arrows next to
the ion peaks indicate the evolution of the peala avith the degradation time, whereneans
an increase anglindicates a decrease of ion peak area with phatatgn time. No arrow is

shown for peaks without consequent increase/dezmagution of peak area.
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Chapter IV: Photochemical Behaviour of EVOH and Nanocomposites

The fragments with different number of carbon atqiinem 1 to 7) are detected in the
studied mass range (0-105 m/z). It suggests nafspelain length fragment is dominantly
formed during bombarding. Observed high intensityFanvolved ions, considered to be
related to processing additives, can be explaiyedidh relative sensitivity of detector to this
element. The evolutions of both, oxygen involvedtgras (GH,O,) and those without
oxygen (GHy), are observed during photooxidation. In genéZgd, ions are mainly related
to non-oxidised carbon atoms of polymer moleculdeMd,H,O, corresponds as to oxidised
fragments as to non-oxidised parts of polymer iatiing vinyl alcohol group fragment(s).
Basically, up to three oxygen atoms were detectede included in @4,0, fragment
compositions. With an increase of number of oxyggms, the probability of this ion, related
to the product of photooxidation, increases. Fitfidshow the normalised peak areas of the

oxygen-contained ions plotted versus photooxiddiime.
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Fig.4.24. Negative ion normalised peak areas asunttion of irradiation time.

From Fig.4.24.a, one can observe that the coratent of all displayed three types of ions
(CxHyO,, z:[1-3]) increases with degradation time butH{" concentration at 1500 h
decreases while other ions concentrations remahreatame value range as those at 1200 h. It
might be explained by higher order of polymer chaiidation caused by long-term
degradation what results in the reduced formatidh@ions contained just one oxygen atom.

More general view on oxidation processes takingela polymer chain can be represented
by Fig.4.24.b. The evolutions of peak areas ofa Q  have similar trends and increase
with degradation time up to 1200 h. It shows thielevce of present photooxidaton processes.
At the same time —OH ion does not show clear evaludrend.
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Concluding, the concentration of numerous fragmergtated to the polymer matrix
fragmentation, increases with irradiation time wpl1200 h of exposure and then, either
decreases or remains similar as this for 1200 h.might be due to the high level of
crosslinking in the polymer chain what hindersithreformation.

EVOH/NZL analysis

In order to investigate the nanofiller effect, TBAMMS mass spectra of EVOH44/NZL
nanocomposite, degraded in the same conditiondhe@pristine EVOH44 polymer, were

recorded. The negative-ion mass spectra of EVOH24/RD after 1200 h of irradiation are
shown in Fig.4.25.
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Chapter IV: Photochemical Behaviour of EVOH and Nanocomposites

Similarly to pristine polymer, the list of ions géven and their evolutions are displayed by
arrows as in case of mass spectra of pristine EMOHMHAe same groups of ions than those
observed for pristine EVOH fragmentation are obseérin EVOH/NZL spectra. The ions
related to F-cotained processing additives, simii@r previously described in Ch.llI
Dynamaf additive *’%, exhibit high intensity and are represented byellad numbers
3,6,8,19,20.

As for EVOH44, GH,O, fragments were evaluated for EVOH44/NZL nanocorpass a
function of the irradiation time. In order to coamp the evolutions obtained for pristine

polymer, the plot of ¢H,0, ions with 1-3 oxygen atoms is shown in Fig.4.26.
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Fig.4.26. GHyO, normalised ion peak areas as a function of irradigon time.

It is shown that the ions contained two and thneggen atoms exhibit more or less the
same evolution trends (an increase and then aatecief the peak areas with the time) as
those of pristine polymer. NeverthelesgH(D" decrease during all period of photoageing. As
it was said before, this ion can be related to boxidised and non-oxidised fragments of
EVOH. Suggesting that it basically characterises ithtial state of the polymer, different
evolutions of this ion for EVOH44 and EVOH44/NZLrche explained by the remaining of
zeolite nanoparticles at the film surface duringtphageing while the polymer is oxidising
and consequently removed from the surface in tha fof volatile photoproducts. Thus, less
and less polymer matrix can be exposured by primang and lower quantity of the

fragments related to polymer can be detected. t€hid can be confirmed by Fig.4.27., which
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represents the sum of peak areas of detected wegatis related to the polymer(CCHy

and GH,O, where x>2) as a function of irradiation time.
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Fig.4.27. The total ion peak area of polymer relatkions detected during EVOH44
and EVOH44/NZL surface sputtering as a function ofrradiation time.

The figure above confirms differences caused byptnréicles presence. In case of pristine
polymer the total ion area increases up to 1200ntt #hen slightly decrease due to
fragmentation hindering. But, in case of nanocontppshe areas drop is observed already
after 900 h and is more significant. It can be aipmd by accelerated polymer degradation
caused by zeolite nanoparticles as it was showdhitVvV 82.2.2. Nevertheless, based on the
previous observations of AFM and SEM experimengsatiect of particles remaining is more
probable.

Moreover, an increase of \OOH and Q ions can be observed from the mass spectra
(Fig.4.25.). Better observation of ion area evolsi is shown on the plots presented in
Fig.4.28.
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Fig.4.28. O, OH and O, normalised ion peak areas as a function of irradiabn time.

Displayed in Fig.4.28. ions can be related to p@yas well as to zeolite fragmentation. It

is observed that areas of QKD and Q ions exponentially increase with the time. In the

contrast to the ion peak area evaluations of timse displayed by pristine polymer can be

caused by the presence of zeolite particles, whicitentration at the surface increases with

the degradation time.

Next, it was interesting to compare &d Q ions with carbon contained ions which were

considered to be mainly formed from oxidation preiduThe evaluations of GGand CHQ

ions are shown in Fig.4.29.
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Fig.4.29. CHGQ'and CO, normalised ion peak areas as a function of irradiabn time.
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One can see that G@&nd CHQ  ions do not follow the same trends asa@d Q ions. A
decrease of COand CHQ  ion areas at high irradiation times indicates @ese of polymer
fragmentation mainly linked to a decrease of itsoemtration at the film surface.

Another ion group of interests of this study wageup related to the zeolite nanoparticles.
It can be mentioned that more significant evolutiomere observed for Si-contained ions
while fragment ions with Al in general exhibitedMaelative peak areas. Thus, more attention
was paid to ions contained Si. Fig.4.30.a. showeseWolution of Si-involved pattern. The

ratio of total ion peak areas related to polymet nparticles is presented in Fig.4.30.b.
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Fig.4.30. (a) Normalised peak areas of Si containgéohs as a function of irradiation
dose; (b) Ratio of total ion peak areas related tBVOH polymer and NZL particles.

It is observed that the formation of Si@nd SiIHQ ions rise after 900 h of photooxidation
and indicates an increase of particles concentratiohe surface with irradiation time.

At the same time, Fig.4.30.b. shows that the rbdbwveen polymer and nanocomposite
particles remains constant up to 900 h and thenhabsed during 900-1500 h degradation
time range.

Nevertheless, it is not possible, based on the edtacted from mass spectra, to conclude
anything about the exact mechanism and the exaagttste changes appeared upon
photoageing.

Summarising, ToF-SIMS confirms the assumption afiglas remaining at the composite
surface during photoageing. Thus, it is hard to mam the ion peak areas of pristine
EVOH44 and EVOH44/NZL-20 as the initial concentatiof polymer matrix at the surface
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is different and also evaluates differently durdeggradation due to present inorganic filler in

nanocomposite composition.

2.5. Influence on viscoelastic properties

Ageing processes into polymers can impact theicogkastic properties including
flexibility, stiffness, and elongation at break.€Be properties are important for the assigned
application as flexible encapsulation. Thus, thengfes of mechanical properties were studied
by dynamic mechanical thermal analysis (DMTA).

Degradation of neat EVOH44 copolymer

The changes of mechanical properties of EVOH44 erhusy photooxidation can be
observed in Fig.4.31. Fig.4.31.a represents the dosl storage moduli, and tan delta of an
EVOH44 film before and after 900 h of photooxidatiéig.4.31.b shows the evolution of tan
delta curves with the degradation time.
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Fig.4.31. (a) Temperature dependence of tan deltstorage and loss moduli of
EVOHA44 before (solid) and after 900 h of photooxid@on (dash); (b) Tan delta with

exposure time.

Fig.4.31.a shows that 900 h of irradiation of EV@H4dads to a decrease of storage and
loss moduli in the domain below room temperaturedNication of tan delta curves is also
observed. This is shown in Fig.4.31.b, which digpldne curves at different irradiation times.
The evolution ofi-transition with degradation time, as shown indefia curves, (Fig.4.31.b)
shows a progressive shift of the glass transitiohigher temperatures with irradiation time.
This transition is no more observed after 900 hrafliation. At the same time, an increase of

tan delta at the temperature of tietransition is observed as it was already notifeain
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Fig.4.31.a. It seems that the whole area of tatadeimains more or less constant during
irradiation.

The storage and loss moduli at ZDand the calculated Young’'s modulus are reported i
Table 4.4.

Table 4.4. Viscoelastic behaviour of EVOHA44: storag loss and Young’s moduli

measured at 20C.

Irradiation time | Storage modulus* Loss modulus*| Young’'s modulus
[MPa] [MPa] [MPa]
0 2495+200 100£10 25954210
300 28381400 110+15 29481415
500 3220+150 115420 3335+170
900 29004500 121+32 30214532

*each value is an average of two measurésnen

Table 4.4. shows that at room temperature, thegtoand loss moduli values are nearly
constant with irradiation time.

Degradation of EVOH44/NZL-20 nanocomposite
Fig.4.32.displays the viscoelastic behaviour of EVOH44/NAL-2anocomposite before

and after photooxidation. Fig.4.32.a. displays lthes and storage moduli and tan delta of

EVOH44/NZL-20 nanocomposite before and after 906 photoageing. And Fig.4.32.b is
focused on the evolution of tan delta plots.
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Fig.4.32. (a) Temperature dependence of storage atass moduli, and tan delta of
EVOH44/NZL-20 nanocomposite before (solid) and afte900 h of photooxidation

(dash); (b) Tan delta with exposure time.

Comparison of Fig.4.31.-Fig.4.32. indicates similshaviours for the EVOH44/NZL
nanocomposites and the pristine polymer. Therbgressively shifts to higher temperature
and the corresponding peak is progressively hiddgnthe peak of theo'-transition
(Fig.4.32.b). However, Fig.4.32.a shows a decredidbe storage and loss moduli at room

temperature.

The storage, loss moduli and the calculated Youngdulus at room temperature (20 °C)
are given in Table 4.5.

Table 4.5. Viscoelastic behaviour of EVOH44/NZL-2@ianocomposites:

storage, loss and Young’s moduli measured at 20 °C

Irradiation time | Storage modulus* Loss modulus*| Young’s modulus
[MPa] [MPa] [MPa]
0 3550+300 240150 3790+350
300 3480+200 200+70 36801270
500 4010270 190+40 4200+310
900 28204600 186+30 3006630

*each value is average of two measurements

These DMTA experiments reveal that the temperatiréhe a-transition progressively

shifts to higher values, independently of the pmeseof NZL nanoparticles. After 900 h of
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irradiation, theo-transition is no more observed, the tan delta femikg convoluted with the
one of thew'-transition. The difference between the nanocontpand the pristine EVOH44
deals with the storage and loss modulus at roonpeesture, which decrease in the case of

the nanocomposite, whereas they remain constaheicase of the pristine polymer.

2.6. Thermal properties

Degradation of neat EVOH44 copolymer

The impact of photooxidation on the thermal prapsrof EVOH was also studied by DSC
analysis of EVOH44 films at different photoageingés.

The results are shown in Fig.4.33., which displagsfirst heating and cooling curves.
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Fig.4.33. Normalised DSC curves of EVOH44 at diffemt photooxidation time: (a) first
heating; (b) cooling.

The first heating DSC curves show that the melpiegk temperature as well as its intensity
decreases. At the same time, the onset and emspéertatures of melting also decrease. All
these observations suggest a decrease of polyrysakinity and a decrease of the size of
crystallites giving rise to a new crystal populatithat can be formed with ageing. By the
cooling curves, it can be confirmed that the changfecrystallisation peak follow the same
trends as those of melting.

Additionally, it seems that intensity of glass saion peak becomes weaker and glass
transition cannot be anymore observed after 300 photoageing. This trend confirms the
evolution of glass transitiom{transition) shown by DMTA experiment.

The values obtained for the melting and crystalbsatemperatures, enthalpies and relative

crystallinity of EVOH44 during photooxidation areported in Table 4.6.

179



Chapter IV: Photochemical Behaviour of EVOH and Nanocomposites

Table 4.6. Thermal properties of EVOH nanocompositeluring first heating and
cooling: onset, endset and temperatures of meltin@ ), crystallisation temperature

(To), enthalpies of melting AH ;) and crystallisation (AH), relative crystallinity yc

Tg onset Tmonset Tm Tm endset T AH. X:

[°C] [°C] [°C] [°C] [°Cl | gl | [%]
EVOH44 - 0Oh 54+1 159+1 166+1 177+1 138+1 70+l  45%1
EVOH44 — 300h 60+2 150+1 167+1 177+1 125+]1 44+]1  42x1
EVOH44 — 700h - 151+1 166+1 174+1 123+1 40+1 41+
EVOH44 — 900h - 1461 166+1 1731 119+1 36+x1 4241
EVOH44 - 1500h - 141+1 158+1 168+1 112+1 18+2 36%1

*each value is average of two measurements
*+calculated using 100% pure crystalline PVA withl,°=157.8 J/&*®

The values in Table 4.6. support the observatiooms fFig.4.33. T, decreases from 166 to
158 °C after 1500 h of photoageing leading to thiesequent decrease of onset and endset
temperatures by around 18 and 9 °C respectivelg.r&tative crystallinity drops from 45 to

36 % after 1500 h.
Data from cooling run are in a good agreement whth first heating run, displaying a

decrease of the cooling temperature from 138 to°Cland of the cooling enthalpy from 70
to 18J/g

Degradation of nanocomposite
The thermal analysis was also carried out on fibh&VOH44/NZL-20 nanocomposites

degraded in the same conditions as for pristine B¥Opolymer in order to investigate the

nanofiller effect. The obtained DSC curves are giveFig.4.34.
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Fig.4.34. Normalised (to the amount of EVOH44 polyer in the sample) DSC curves of
EVOH44/NZL-20 during photooxidation: (a) first heating; (b) cooling.

Similar evolution trends as those observed for B84DH are detected. All three values of
temperatures of onset, endset and melting peakdaceeasing during photooxidation
indicating a decrease of crystal sizes. The shapeetiing peak also changes. The second
peak/shoulder at around 169 °C disappears afteh3@ich can result from reorganisation in
the polymer upon light exposure when the tempegatuset up at 60 °C and polymer is close
to its glass transition and therefore exhibits hgbbility of the polymer chain. Cooling plots
confirms the decrease of crystallinity and sizeystals. The data of thermal properties of

EVOH44/NZL-20 nanocomposite are given in Table 4.7.

181



Chapter IV: Photochemical Behaviour of EVOH and Nanocomposites

Table 4.7. Thermal properties of EVOH/NZL-20 nanocmposite during first heating
and cooling: melting (T,) and crystallisation (T¢) temperatures, enthalpies of melting

(AHR) and crystallisation (AH), relative crystallinity yc

Tgonset | Tmonset | Im Tmendset| Te AHy | AHe | %

[°C] [°’C] | [°C] [°C] [°Cl | [/g] | [/d] | [%]
EVOH44/NZL - Oh 542 157+1 166+1 176+1 133+l  61+2 65+2 4412
EVOH44/NZL - 300h - 151+2 166+1 17442 12941 601 60+1 4422
EVOH44/NZL - 700h - 152+1 164+1 1751 124+2 58+] 382 38zl
EVOH44/NZL - 900h - 150+1 163+2 174+1 12441 5641 361 37zl
EVOH44/NZL - 1500h - 143+2 163+1 172+1 1201 501 2941 3521

*each value is average of two measurements
*+calculated for the EVOH amount according to 10@#re crystalline PVA withH,°=157.8 J/&*®

Table 4.7. reflects the trends observed in the R8@es (Fig.4.34.). The crystallinity of
EVOH44 in the nanocomposite decreases during pkimtation, from 44 to 35 % after
1500 h of irradiation. Melting and crystallisatitmperatures decrease from 166 to 163 °C
and from 133 to 120 °C respectively.

Summarising, similar evaluations of thermal projsrtvere observed for EVOH44 with and
without particles addition. The germination procasshe EVOH44 copolymer is becoming
more and more impeded, the crystals are becomimglesmand are formed in smaller
quantities. These phenomena have already beernvebdserthe case of PVA photoageiity’

and were attributed to chain scissions occurriminduight exposure. It might be the case for

EVOH where photooxidation mechanism involves mamirt scissions (Ch. IV § 1.4.).

2.7. Influence on water sorption properties

The impact of photooxidation on the water sorpjooperties of EVOH44 was studied by
DVS. The DVS analyses were very recently perfornbetause the DVS apparatus was set
up at the end of this PhD work. The experimentaikhthen be considered as preliminary
results and only the results obtained in the cés$keopristine material EVOH44 are reported
in the manuscript. The experiments were performeidre and after 200 h and 500 h of
irradiation. The curves were treated as in Ch§216.1 using second Fick’s law (described in
Ch. 11§ 3.7).
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The water sorption curve obtained from the DVS expents of an EVOH44 film after

different irradiation times is presented in Fig®la&8 The water mass gain was obtained by

dividing the measured mass gain by the dry magsheobample before immersion and was

plotted as a function of immersion time. The refativater sorption (M/M,) was obtained by

dividing the water mass by the water uptakg, lélt the plateau and was plotted as a function

of the square root of time to characterise theudifin behaviour of water in this EVOH44

copolymer at the various irradiation times consdenere.
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Fig.4.35. Water sorption curves of EVOH44 films oldined by DVS (85 % RH /38 °C)

after different irradiation times: (a) water mass @in as a function of time;

(b) normalised water sorption as a function of thesquare root of time.

Fig.4.35.b shows a Fickian behaviour for all thengles at least in the first period. One can

then determine the diffusion coefficients. The hessare gathered in Table 4.8. This table also

indicates the thickness of the samples and thelsasimp mass.
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Table 4.8. Water uptake and diffusion coefficientdr EVOH44 at different irradiation
times (0, 200 and 500 h)

Irradiation

Marysample | Meq | Water uptake|  Slope, D
time [hours] | [pm] [mg] [mg] [%] b [10%s%% | [10° cnfs™]
0 83.6 58.7 61.2 4.2 1.0 1.4
200 71.2 63.4 65.9 4.0 1.7 2.9
500 92.8 54.7 56.9 4.0 2.4 9.7

The slopes of the curves (Fig.4.35.b.), which arked to water diffusion rate, change with
irradiation time and an increase can be noted. cHanges of morphology reported above
(crystallinity, presence of interfacial groups, semtal mobility, formation of cracks and

voids) can explain the increase of the slope aed the increase of the diffusion coefficient.
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CONCLUSIONS

In this chapter, we have studied the photooxidatioBYOH44 and EVOH27. The analysis
performed by UV-Visible absorption spectrometry lsh®wn that the polymers remained
transparent under irradiation, which confirm thaatentiality for applications as encapsulant
coatings for OSCs.

The identification of the macromolecular and vdéatioxidation photoproducts revealed
that the oxidation involves the oxidation eithertba tertiary and/or on the secondary carbon
in a- andp-positions to hydroxyl group as well in the PE aras in the PVA units and that,
the sequences PVA-PE-PVA and PVA-PE-PE have albe tmonsidered. On the basis of the
identification of the products, a comprehensive ma@tsm accounting for the photooxidation
of EVOH44 and EVOH27 was proposed.

Concerning the role played by zeolites on the piwatation of EVOH44, we have shown
that the nanocomposites remained transparent invigiele. The molecular analysis has
shown that the photooxidation of EVOH mechanismaieed unchanged in the presence of
zeolites. However, our results indicate that the od oxidation of EVOH was modified in the
presence of zeolites, which act as prodegradanaecelerate the photochemical oxidation of
EVOH. This effect was mainly attributed to the irompurities in the zeolite particles. This is
a reasonable assumption, as iron ions are knowmdoce the photodecomposition of
hydroperoxides, which in turn increases the ratexdation of the polymer. Moreover, as
shown in the case of nanoparticles, this effegraportional to the amount of zeolite in the
composite (from 5 wt % to 20 wt %).

Photoageing was shown to slightly smooth the sarfzcthe films, as well in the case of
EVOH as for nanocomposites. The loss by evaporabbnthe low-molecular-weight
photoproducts allowed for the observation of zesliparticles at the surface. This was
confirmed by ToF-SIMS experiments.

The thermo-mechanical analysis that were perforrmedhe case of EVOH44 and
EVOH44/NZL nanocomposites indicate a shift arouldd°€ of thea transition to higher
temperatures, but did not evidence any modificabbrthe Young's modulus at ambient

temperature.
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The preliminary experiments performed for measutivgwater barrier properties indicate
that the diffusion coefficient increases with ptageing, which confirms the necessity of a

photostable polymer for developing encapsulatiotenals with durable barrier properties.
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Chapter V: Materials testing in damp heat conditions

INTRODUCTION

This chapter is dedicated to the studies of bamieperties of the developed materials and
their testing as encapsulant coating for organiarsells. All the experiments reported in this
chapter have been performed at Belectric OPV ireMioerg, Germany

Three different kinds of experiments are describdtlis chapter:

- first, an electrical calcium test was carried wubrder to determine the performance and
applicability of EVOH and EVOH/NZL nanocompositeslaarrier coatings.

- second, the films were used for encapsulatio@9€ to test the device performance and
lifetime in damp heat conditions.

- third, the experiment of different layer multiska containing EVOH film and materials
used for OSCs processing (substrate, glue, additiemcapsulation layer(s)) was performed
in damp heat conditions with the aim to model andeustand the behaviour of EVOH films
in conditions of OSCs device testing.
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1. Calcium test

Electrical calcium test was used to determine watansmission rate of EVOH44 and
EVOH27 and their nanocomposites. This experimeriiaised on the principle that water,
permeating through a barrier film, reacts with rietacalcium layer converting it into
transparent unconducive calcium hydroxide. As aultesf this reaction, the drop of
conductivity can be detected and water permeatitmaan be calculated from the slope of the

conductance decrea$fR plotted versus timeas it is described in Ch.ll Eq.2.22.:

1
nM(reagent)5 id( /R) (Eq.2.22.)

P=-
Mcq) p b dt

where n=23(Ca dencity)=1.54g/cfn p(Ca resistivity)=4.09x180cm (at 75 °Cf*** and
Mp20/Mc=0.4495.

The descriptions of sample preparation and theuwalt¢est are given in Ch.ll 8§ 1.2. and
83.7. respectively.

Orthogonal (perpendicular to film surface) andratevater diffusion have been studied by

Ca-test and are described below.

1.1. Orthogonal diffusion

The calcium sensors encapsulated by a single lajeEVOH or of EVOH/NZL
nanocomposite were used to investigate the effeekolite content on the stability of the
sensors. The conductance of the calcium film wasitoied during all lifetime of sensors,
which was indicated as the time when all the metallcium has reacted with permeant
forming unconducive product. Two types of substatiexible ultra-barrier (from 3M) and a
glass plate, were used to investigate films bapieperties. As an adhesive, UV-curing based
on modified epoxy resin glue was used.

a. Flexible substrate

The results of the calcium test performed on thepdas with flexible substrate can be
represented by plotting the normalised conductasca function of damp heat exposure time,

as shown in Fig.5.1.
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Fig.5.1. Normalised conductance of sensors on flele substrate versus damp heat

exposure time (65°C/85 % RH). Encapsulation foilSPET (e=125um), EVOH44 (e=82

um) and EVOH/NZL nanocomposites with different particle content: 5 wt % (e=72um);
10 wt % (e=80um); 15 wt % (e=70um); 20 wt % (e=116um).

The conductance curves shown above exhibit chaistateshapes. The conductance versus
damp heat exposure time shows no variation initeeHours, which is often interpreted as a

“time lag” [292]

. This time can be explained as a “reservoir effaxft the polymeric
barrier®*3!, by a long tortuous path of,8 molecule$®”, or by high resistance of samples
2941 'Next, the conductance rapidly drops within 1-2ifsoof damp heat exposure and then
reaches zero. This “fall off’ region is mainly redd to the interaction of diffused water with
calcium film causing its transition into hydroxideime at zero conductance corresponds to
sensor lifetime. Fig.5.1. shows that all the stddiamples exhibit time lags between 2 and 3.5
hours. Unexpectedly, neat EVOH as well as EVOH/Miabhocomposites show lower barrier
performance than the PET film.

To better understand the mechanism of fast sermslord, the photos of sensors taken

during the damp heat experiment are shown and sethlyelow.
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Fig.5.2. Pictures of calcium corrosion during elecical calcium test: PET, EVOH44 and EVOH/NZL before and after 4 and
7 h of damp heat exposure (65°C/85 % RH).
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Firstly, it can be noticed from Fig.5.2. that tlenductance drop is not related to the lateral
water diffusion. In the sensors covered by EVOHedadms, the calcium reaction with water
randomly appears in the whole area of the metair]aas well at the edges of the sensor as in
the central area. After 4 hours of experiment,dileium layer in all the samples, except for
PET and EVOH44/NZL-20, was significantly oxidisechibiting transparent areas of calcium
film. At the same time the remaining opaque areegresent the metallic calcium.
Nevertheless, the contact between electrodes alwilroahas already been lost due to
isolation of metallic areas by formed calcium hydde. This observation is in good
agreement with the conductance plot, which showsgansors covered by pristine EVOH44
and EVOH44 with 5, 10 and 15 wt % of NZL nanopdescexhibit zero conductance after
4 hours. The better stability of sensors coveredPBY and EVOH44/NZL-20 films can be
explained by different reasons, one of the maisaea being the higher thickness of these
two encapsulation layers in comparison to EVOHherdthers nanocomposite films.

To better observe the changes on calcium sendersdaimp heat exposure, Fig.5.3., given

below, represents the pictures of calcium sendtes ah in damp heat experiment.

(@) ’

Fig.5.3. Calcium sensors after 7 h of damp heat eepment: bright areas on the
sensor display the barrier-calcium films delaminaton. Samples encapsulated by (a)
EVOH materials and (b) PET.

193



Chapter V: Materials testing in damp heat conditions

These pictures suggest that the drop of conductartgall off” region for sensors covered
by EVOH and EVOH/NZL (Fig.5.3.a) is mainly causeddelamination processes appearing
between the encapsulation film and calcium layertHer, by visual analysis, it was found
that delamination mainly takes place at epoxy glaleium interface.

Although not presented in this chapter, the eleakrcalcium studies on the sensors sealed
with EVOH27 and EVOH27/NZL nanocomposites with 5¥0% of particles content were
also performed. All the samples displayed the sdef@mination problems as those observed
with EVOH44. Due to this reason, the extractionhaf representative water barrier properties
of those films was not done.

The observed phenomenon can be related to the watption property of EVOH and
EVOH/NZL nanocomposites, which leads to importaater uptake by the samples in damp
heat conditions of experiment and thus, to an asmeof their volume at the expense of the
bending. To support this assumption, one can merkiat the polymer exists in its rubbery
state under experimental conditidfi§' 2°! At the same time, no notable delamination was
observed between calcium layer and PET (Fig.5.@&high is commonly used as a substrate.

b. Glass substrate

In order to improve the stability and to determihe impact of the substrate on the sensor
behaviour, the flexible substrate was replaced loyaas plate. EVOH/NZL nanocomposite
films with increasing amount of zeolite nanopaéscfrom 0 up to 20 wt %) were used to
encapsulate glass based sensors. As in the clsgible sensors, a sensor encapsulated with

PET was used as a reference. The correspondingiciamte plots are displayed in Fig.5.4.
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Fig.5.4. Normalised conductance of sensors on fibbe substrate versus time.
Encapsulation foil: PET (e=125um), EVOH44 (e=80um) and EVOH/NZL
nanocomposites: 5 wt % (e=8@m); 10 wt % (e=85um); 15 wt % (e=89um); 20 wt %
(e=89um).

Unfortunately, the obtained curves of normalisedidemtance show that the substrate
replacement does not improve the stability of #wessers, as indicated by the sensor lifetimes
detected in the range of 1-2 h (Fig.5.4.) which ewen shorter than those observed for
sensors on flexible substrates.

This fast failure of the sensors was also attribute the delamination due to volume
expansion as observed on the flexible substrates ddnclusion can be supported by an

example comparing sensors covered by EVOH and REcalcium test shown in Fig.5.5.
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(b)

Fig.5.5. Calcium sensors after damp heat experimenibright areas on the sensor
display the delamination and bending of encapsulaiin layer. Samples encapsulated by
(a) EVOH materials and (b) PET.

It can be mentioned that significant bending preessappeared for EVOH polymer while
PET remains flat.

Summarising, the results obtained during calciust te® not represent the water barrier
properties of the EVOH films, but reflect the delaation processes that appeared between
the encapsulation and the calcium layers of theswen This experiment highlights the

problem of dimensional stability of the polymer ithgrageing in damp heat conditions.

1.2. Lateral diffusion

In order to estimate the water diffusion througla EVOH films, an alternative approach
was used and the lateral water diffusion into cafcisensors was studied. For this

experiment, the sensors composed of substrateinaleiectrodes-EVOH film were

196



Chapter V: Materials testing in damp heat conditions

additionally encapsulated by a glass plate on dpeof EVOH layer using the same epoxy
glue. It was expected that this top glass plateegmeed the EVOH films from bending and
delamination. A scheme giving the different layefshis “glass —Ca-sensor” has been shown
in Ch.Il 8 1.2. Fig.2.5.

Assuming that water cannot come from front or i@des of the sensor (protection by a
glass plate), the decrease of calcium conductivauld be assumed to result from the water
ingress through the lateral side. This lateralugiffn includes the impact of barrier properties
of EVOH film and of the adhesive (epoxy glue) usedseal glass substrate-calcium-silver
electrodes part of the sensor with EVOH film andnttby top glass plate. As a reference
sensor, a multilayer stack without internal EVOleawas studied. In the case of reference,
the lifetime of Ca sensor depends on the water @ation through the adhesive. This
investigation will help to separate the contribotmf the adhesive and EVOH to estimate the
process of water diffusion through EVOH films, atslimpact on the stability/degradation of
the device with integrated encapsulation layer.

Photos obtained during the damp heat test (Fig.8i6play the different stability of all
three types of sensors. While the reference doéslisplay any corrosion of the calcium
layer, sensors encapsulated either by the neat EMQpblymer or nanocomposite with

20 wt % zeolite nanopatrticles indicate the reactibmetal with water.
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Reference EVOH EVOH44/NZL-20
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Fig.5.6. Pictures of calcium corrosion during lateal diffusion of water into the sensors
studied by electrical calcium test.

In the case of EVOH44, the calcium corrosion tgblese at the edges of Ca layer, while
for EVOH44/NZL-20 the corrosion of entire layer arés observed. This difference is
illustrated by the scheme given in Fig.5.7., whicticates the different water permeation
rates through EVOH44, EVOH44/NZL, and epoxy glusspectively abbreviated®S S'
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and S. It is hard to compare;Sand $ as the thickness of the glue layer is unknown.

However, it can be postulated thaf;$>S";.

EVOH

Se. |
Hzo% 1 Adhesive

S2 >
Glass

EVOH/NZL

nc
H20 (5%} S _) I Adhesive

Glass

Fig.5.7. Schematic cross sectional view of watertémal diffusion into calcium sensor
encapsulated by (a) EVOH and (b) EVOH/NZL-20 films.S; - water diffusion rate of
EVOH or EVOH/NZL, S ;- water diffusion rate of epoxy glue.

The normalised conductance as a function of timaiobd for the calcium sensors sealed
with EVOH44 and EVOH44/NZL-20 nanocomposite filnssshown in Fig.5.8.
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Fig.5.8. Normalised conductance versus degradatidime of sensors encapsulated by

EVOH44 or EVOH44/NZL-20 and a glass plate.

The characteristic values extracted from the cugiesn in Fig.5.8. are summarised in
Table 5.1.

Table 5.1. Characteristics of calcium sensors undefamp heat conditions. Lateral
diffusion studies: time lag, sensor lifetime and wiar permeability rate

Time lag [hours] | Lifetime [hours]| Permeabilityedg mi” day']

Reference Stable up to 260 h of experiment
EVOH44 4145 120+10 0.0084+0.002
EVOH44/NZL-20 8+3 1412 0.2810.1

* values of two parallel measurements

The comparison of Fig.5.8. and Table 5.1. indicéitas the calcium sensor encapsulated by
the neat EVOH44 polymer has much longer time lagl &fetime than the sensor
encapsulated with EVOH/NZL-20 nanocomposite. It d@n noticed from the photos in
Fig.5.6., the reference sensor with only the gletevben top glass plate and calcium layer was
stable during the whole time of measurements (260The permeation rates, which were
calculated from the slope of drop off conductarstew that the rate of water lateral diffusion
significantly increases with the nanoparticles &ddi This data is in a good agreement with

the conclusions made on the basis of sensor psbtmgn above (Fig.5.6.).
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2. Encapsulation of organic solar cells with nanocommte layers

To investigate the efficiency of the EVOH basedagstilation layers, solution processed
organic solar cells (OSCs) (see Ch.ll. § 1.2.) wareapsulated by EVOH or EVOH/NZL
nanocomposite films with both EVOH44 and EVOH27.oldler to obtain the best device
stability, two different adhesives and substratesewested. The influence of the following
factors on OSCs stability has been studied andtegn this paragraph:

- ethylene content of the EVOH copolymer (EVOH44/EVAH

- adhesive (epoxy or acrylic)

- substrate (flexible / glass plate)

- encapsulation (single EVOH film or multistacks oV@H sandwiched with PET

film(s).

The composition of the encapsulation layers onilflexand glass substrates studied in this

paragraph is described in Table 5.2.

Table 5.2. The composition of substrate and encapsitions used in the current

experiments

Encapsulation layer(s)
Substrate
Layer 1 Layer 2 Layer 3
1 Flexible PET
2 Flexible EVOH44(27)
3 Flexible EVOH44(27)/NZL-20
4 Glass PET
5 Glass EVOH44
6 Glass EVOH44 PET
7 Glass PET EVOH44 PET
8 Glass PET EVOH44/NZL-20 PET
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a. Flexible OSC

In this experiment, organic solar cells depositedP&ET substrate were encapsulated by
PET, EVOH or EVOH/NZL-20 films (Table 5.2. # 1-3)sing acrylic-based UV-curable
adhesive. The performance of OSCs under damp bedttions is represented by the plots of
average power conventional efficiency (PCE) as rection of damp heat exposure time,

which are shown in Fig.5.9.
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Fig.5.9. OSCs power conversion efficiency as a furan of time under damp heat
conditions. Materials: encapsulation (PET, EVOH44EVOH44/NZL-20, EVOH27);
acrylic adhesive; 3M flexible substrate.

The devices sealed with EVOH27/NZL-20 and EVOH27A/ND-PET multistacks were
destroyed immediately after the contact with huemgironment of the climatic chamber, no
result can be obtained.

Fig.5.9. displays that the PCE of devices encap=iildy EVOH based materials is
between 2 and 3 %, which is in the range of vapresiously obtained for P3HT:PC60BM
based OSCE°". However, PCE of these devices significantly drafier only 200 min of
exposure. The PCE decrease of PET encapsulated W&0sot so significant after 200 min
of experiment but reached similar value after 1800 of exposure as those of the EVOH44-
encapsulated cells.

In order to understand why PCE drops, the photo®®C€s after first 1.5 hours of damp

heat exposure are given in Fig.5.10.
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(b)

Fig.5.10. Organic solar cells after 1.5 h at dampeat conditions. Encapsulation layer:
(@) PET, (b) EVOH44, (c) EVOH44/NZL-20, (d) EVOH27(e) EVOH27/NZL-20.

These photos show that the decrease of devicerpafce is related to delamination
processes appearing in the devices. The cells suledpd with EVOH27 and its
nanocomposite (Fig.5.10.d-e.) show significant mhatation after 1.5 h. In case of the
EVOH44 based materials, delamination was not soifgggnt but then, further damp heat
exposure also resulted in delamination inside teeicé. Encapsulation failure can be

observed in Fig.5.11. as shown in the photos ofiwces after the experiment.

(b)

Fig.5.11. Organic solar cells after damp heat degdation experiment. Encapsulation
layer: (a) PET, (b) EVOH44, (c) EVOH44/NZL-20.

In contrast to EVOH, the device sealed with PET dmt exhibit any delamination
problems and the PCE decrease, observed in FigiS.9ndeed related to the barrier
performance of this polymer.
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In general, all devices suffered from the delamamabf encapsulation layer, EVOH44,
EVOH27, and their nanocomposites. Thus, these deweere destroyed after 1300 min
(~22 h) (Fig.5.10.-Fig.5.11.). After visual exantina of the failed samples, it was concluded
that the delamination mainly occurred in the arethe active part of the cell, at PEDOT:PSS
active layer interphase. At the same time, no rnetdblamination problems were detected at
the edges of the device, where encapsulationdgéat contact with the substrate.

It has already been reported that, due to its higjroscopicity®® 3> 38 29830 qagradation
of PEDOT:PSS is associated with the degradatisolair cells exposed to ambient humidity.
Moreover, the failure mechanisms in inverted devigcave been related to chemical changes
at the PEDOT:PSS interface with the active l&7&rBased on the literature and the results of
current experiment, we can assume that delaminatiddSC devices sealed with EVOH-
based encapsulation layers is caused by both, wa&ar uptake of EVOH films and high
hygroscopicity of PEDOT:PSS. When EVOH leads topbaetration of water into the cell,
then the PEDOT:PSS layer results in the rapid delaton.

b. OSC on glass substrate

Based on the results given above, it was consideraghange the adhesive from acrylic
glue to epoxy-based (from DELO) and to use a rggillstrate to improve the stability of the
samples. All the studied encapsulation foils weaiseld on EVOH44, because of the lower
stability of EVOH27 encapsulated devices. Additibnadifferent multistacks layers of
EVOH44 and PET (shown in Table 5.2. #4-8) were usedrder to avoid the fast EVOH
expansion due to direct contact with humid envirentn Deposition of PET layer over
EVOH will also model the use of EVOH nanocomposdtger as a water scavenger, as it is
supposed to be introduced in encapsulation mutilatacks as an internal layer.

The modifications of the device performance arenshim Fig.5.12.
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Fig.5.12. OSCs power conversion efficiency as a fttion of time under damp heat
conditions. Materials: encapsulation (PET, EVOH44 ad EVOH44/NZL-20 based

foils) epoxy adhesive; rigid glass substrate.

During the first 4 h, all the cells show no sigegfint changes of PCE values. However,
keeping samples in the glove box during 10 h ldadse full or partial delamination of the
samples encapsulated by EVOH44, PET/EVOH44/PETn Haenples were placed back to
the climatic chamber. After 200 min of damp hegiasure (total experiment time 1400 min)
all the devices with EVOH-based layers in theiragsulation were delaminated or exhibited
zero efficiency.

This experiment suggests that these modifications ndt bring any improvement, in
particular, did not solve the delamination problem.

The delamination can be observed on the photos evicel before the experiment
(Fig.5.13.a) and after complete delamination (Fif%).
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(a) (b)

Y

Fig.5.13. (a) Device before damp heat exposure (ght part at the active part displays
the delamination); (b) Device after delamination: keft) glass
substrate/ITO/ZnO/P3HT:PCBM, (right) PEDOT:PSS/eledrodes/encapsulation.

The delamination in the devices before damp hgadsxe (Fig.5.13.a) can be indicated by
brighter color in cell area. The delamination o€ tevices before experiment appeared
mostly in the devices with bi- and three layer eyst included EVOH based films. It might
indicate high stress created by different viscamldsehaviour of each layer after UV curing
of the adhesive.

As it is seen after complete device delaminatiag.f13.b), the active layer remains on
the substrate and the electrodes on the encapsuldtis indicates that the weak point is the
PEDOT:PSS active layer interface.

Concluding, the experiment of device performancelamp heat conditions failed due to
delamination that mainly appeared at the PEDOT:R®8ve layer interphase. This
delamination was caused by the bending/expansi@ncépsulation layers, in particular by
EVOH based materials and high hygroscopicity of BEIPSS. The main reason of polymer
expansion was suggested to be the high polymerrwgiake and a plasticiser effect of

absorbed water.

3. Testing of multistacks in damp heat conditions

In order to better understand the mechanism ofwalsensors and OSCs devices failure,
different combinations of material layers were dyngtacked together using UV-curable
adhesive and then tested in damp heat conditions.

The various multilayer stacks including the useved different glues (epoxy or acrylic)
and two substrates (a glass plate or a flexibleaarrier (UB) were tested. EVOH44 or

EVOH27 or PET were deposited on a substrate usihgsave glue and then flowed through a
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laminator in order to remove excess adhesive. mesoases, stacks consist not only in a
single layer that was deposited as “an encapsuolabating”, but also in the combinations of
EVOH-PET and PET-EVOH-PET layers deposited on atsate. Then all the samples were
cured for 20 min. All procedure was carried ouaiin

All the studied combinations of substrate-polymayekr stacks are summarised in
Table 5.3.

Table 5.3. The structures of layer multistacks testd in damp heat conditions.

Polymer (multi) layers
Substrate

Layer 1 Layer 2 Layer 3
1 Glass PET
2 Glass EVOH44/27 PET
3 Glass PET EVOH44/27 PET
4 | Flexible UB PET
5 | Flexible UB | EVOH44/27 PET
6 | Flexible UB PET EVOH44/27 PET

* two sets of samples were made, one using adogsed adhesive, and the other one

using epoxy-based adhesive

After UV-curing, the samples were placed into thematic chamber at 65 °C/85 RH % for
3 weeks. After this period of storage in damp heatditions, we did not observe any
bending, shrinking, expanding, delamination betwdabe layers. The samples were
considered to be in the same state as they weoeghitie damp heat exposure.

Taking into account this information, the delamio@at which was observed for calcium
sensors and OSC devices during their testing inpdagat conditions, is initiated by not
sufficient adhesion between encapsulation and mait in the devices. In contrast, the
adhesion force bonding EVOH (or EVOH/NZL) basedagrstlation with the substrate was
strong enough to hold all the layers in the stao# ® prevent any bending, shrinking or
expanding of EVOH or EVOH/NZL films.
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CONCLUSIONS

This chapter was dedicated to the search for af mbooncept of the developed EVOH
nanocomposites as materials for OSCs encapsuldiommain experiments were performed,
damp heat degradation test analysed with an edattralcium corrosion test and ageing test
of encapsulated organic solar cells under damp ¢eaditions. In both cases EVOH and
EVOH/NZL nanocomposite played the role of encapsutalayer. In order to optimise the
systems, different materials were tested.

The main conclusions of this chapter are:

- the water barrier properties of the EVOH basedapsaulation layers could not be
measured due to failure of the test caused by de#ion under damp heat conditions.

- the main causes of delamination was water upbgkine polymer leading to subsequent
layer expansion and bending, and also the hygrastppf PEDOT:PSS;

- OSCs delamination appears in the active parthef dell and mainly takes place at
PEDOT:PSS interface. At the same time, no sigmfiazelamination was observed at the
device edges, between the encapsulation and tisératgh

- EVOH27 leads to even faster device delaminatltantEVOH44 and EVOH44/NZL
nanocomposite;

- the obtained results suggest that the flexibditghe substrate, the nature of the adhesive,
and even an additional top layer do not solve themroblem of device failure: delamination
under damp heat environment.

In order to integrate the developed EVOH nanocormgpasto encapsulation for OSCs

more additional investigations have to be performed
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GENERAL CONCLUSIONS AND OUTLOOK

The ongoing research on organic solar cells (O%@s)led to a significant improvement
of the cell efficiency, bringing the organic phooitaic technology closer to
commercialisation. Nevertheless, ageing process#ei cell, caused mainly by sunlight and
ingress of water and oxygen, lead to a loss ineféitiency due to a drop in charge carrier
transport, worsen light absorption, morphology g&nand delamination. Ageing thus limits
the cell lifetime, which is a current issue for GS@arket.

One strategy to address this problem is utilisatibeffective encapsulation in order to
prevent the permeation of water vapour and oxyged thus, degradation of organic devices.
Different approaches have been proposed to aclueffecient barrier properties of OSC
encapsulation. One of the most efficient technigtiest is currently being used to establish
ultrabarriers, is based on alternation of thin taywith different nature and properties.
However, the high manufacturing costs are an is$iogting progress in OSCs
commercialisation. As an alternative, low-cost solu for improvement of performance of
encapsulation, the introduction of functional nafess into the polymer matrix was
employed in our research. The processing and deasisation of new nanocomposites based
on ethylene vinyl alcohol (EVOH) copolymers and l#eo(nano)particles have been
described in this manuscript.

The research approach was consisted of severas. sk@stly, the most appropriate
composite materials were identified based on thairal functional properties such as
morphology, transparency, surface roughness, themewhanical, thermal, and water
sorption properties. Then, the durability of chosandidates was examined under accelerated
weathering conditions. This allowed us to identthg photooxidation mechanism of EVOH
polymer and its possible modifications with padi@ddition. Consequently, the impact of
zeolite nanofiller on polymer durability was estiehon the different levels; the modification
of molecular structure, and influence on the redtvenaterial properties. Finally, the
long-term stability of properties of chosen nanoposites was investigated in order to assess
their suitability as OSC encapsulants.

Two kinds of zeolite particles, with nano-(NZL) andcro-dimensions (DISC), and two
EVOH copolymers based on different ratios of umitstheir compositions were used for
composite processing with aim to identify the mesttable material in terms of target
application.
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Microscopy observation of films morphology detectedmogenous distribution of
particles just for the NZL nanofiller while the DISaddition resulted in the particle
sedimentation during the film processing leadingpdor overall dispersion. Additionally, all
EVOH/NZL nanocomposites with the filler concentoatiup to 20 wt % exhibited good
optical transparency in the visible range allowithgir use for the encapsulation layer.
However, particles had a significant influence be surface morphology of the films, in
particular, increasing the surface roughness.

Due to observed advantages of NZL nanofiller ove DISC particles, the main
attention was then focused on EVOH/NZL nanocompssitharacterisation. It has been
shown that nanofiller addition does not cause aigyifsccant changes of the thermal
properties and crystallinity of EVOH polymers, sagting no considerable nucleation effect
of the NZL zeolite. However, nanocomposite filmshied reinforced mechanical
properties indicating the desired maintaining obicural support of OSC encapsulation.
Particular interest was focused on nanofiller actis an adsorbent of permeant molecules,
especially with regard to moisture ingress as drteeomain issues for the cell durability. The
performed water uptake experiment highlighted tioegased capacity and adsorption rate by
nanocomposite films with 20 wt % particles additiamdicating the reinforcement of water
scavenger properties.

The studies dedicated to initial material propertghowed that 20 wt % of NZL zeolite
dispersed in EVOH44 creates the films with requitkd transparency, mechanical and water
sorption properties, nevertheless, EVOH27 fiimsdaahsmoother layer surface.

The research interest was also focused on theoghemical behaviour of EVOH
copolymers and the nanocomposites. In order ty fudderstand the particles influence, the
photooxidation mechanism of EVOH was determineevds indicated as being based on the
classical sequence of hydroperoxidation/decompositof hydroperoxidepfscission of
alkoxy radicals. The analysis of gas and solid plephotoxidised EVOH film indicates the
formation of the products inherent for PVA and Pkdation as well as the products
characteristic just for EVOH. These photoproducterev found to be generated by
photooxidation of different unit sequences of cgpwr chain. The oxidation of EVOH
occurred either on the tertiary and/or on the séapn carbon ino- and B-positions to
hydroxyl groups. The comprehensive phooxidation maasm of EVOH44 and EVOH27

was proposed in a schematic form.
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Regarding the photooxidation mechanism of EVOH/N¥nocomposites, the particles
addition did not modify the photooxidation mechamisf the polymer but, the prodegrading
effect of nanofiller was clearly showed through mbaning of infrared spectra of polymer and
nanocomposite with 5-20 wt % of nanoparticles dyrime ageing process. This effect was
considered to be mainly caused by the iron immsgjtwhich are known to be involved in the
photodecomposition of hydroperoxides, and thus lacate oxidation rate of the polymer.
Even though the nanocomposites displayed highetopkmlation rates than the pristine
polymers, good transparency of films in the visiblemain was still maintained after the
irradiation, supporting the applicability for th&sO encapsulation materials.

The surface smoothing was observed for EVOH44 dsasdgor nanocomposite during
the photoageing. The SEM and ToF-SIMS analysisaobnomposite films revealed the loss
of polymer matrix while the particles remained ba surface. However, no significant impact
of particles on the evolution of viscoelastic pndj@s and polymer crystallinity during EVOH
and EVOH/NZL-20 photoageing was found. The prelemnstudies of water uptake showed
increase of water diffusion rate with the prognegspolymer degradation. This highlights
importance of good material photostability in ortteensure durability of encapsulation.

To conclude the study, a preliminary testing ofestld materials as encapsulants for
OSCs was performed at BELECTRIC OPV. The electeaddium test, performed in order to
estimate the water barrier properties of EVOH aNM@HBH/NZL nanocomposites, showed the
issues of EVOH film application in the damp heanditons (65 °C/85 % RH). The tested
films bend and delaminate due to high film watetalyp and water plasticising effect. This
film behaviour did not allow measurement of watarrier properties of the films. Further
testing of EVOH/NZL as encapsulation of OSCs ingidathe same drawback, leading to
delamination between the cell and the encapsuldsiger. The observed delamination took
place mainly at PEDOT:PSS and active layer intertaed was initiated by the hydroscopicity
of the hole transport layer. Unfortunately, theimpgation of the device composition using
two different adhesives, glass or flexible polymesubstrates and deposition of additional
PET encapsulation layers did not lead to any cenalle improvement of the device
stability. In addition, EVOH27 and EVOH27/NZL namwmgposites were found to be affected
by humid environment even more than EVOH44 badaetsfdue to higher molecule polarity
of the polymer matrix. Thus, the integration of ENMMZL nanocomposite into encapsulation

for OSCs remains a challenge, which will requingHer investigation.
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To summarise, EVOH27/NZL can be considered to beersaitable choice in terms of
polymer photostability and film surface propertiewever, regarding the applicability and
operation in damp heat conditions, this nanocon@asiffers from low dimensional stability
leading to consequent failure of encapsulated O8fcd. At the same time, EVOH44/NZL
is more promising to reach the structural stabilityhumid environment after additional
material optimisation. On the other hand, it migbt achieve the appropriate encapsulation
lifetime due to faster photodegradation of EVOH44.

The continuation of this work should be focusedtlo® two research aims. One is the
introduction of EVOH/NZL nanocomposite layer inteetencapsulation system and its further
optimisation in terms of barrier performance angligpbility. At the same time, the attention
should be paid to further studies of OSCs encafelilaith developed materials, monitoring
the performance of encapsulated devices. The watake properties need to be investigated
in more detail upon EVOH/NZL ageing in order to ahtmore information with regard to
durability of its barrier properties. At the sanmad, additives acting as a metal deactivator
can be introduced during the nanocomposite prawg$sr sake of deactivation of zeolite iron
impurities and improvement of material stabilityowever, the ultimate evaluation of the
proposed materials should be made on the basiseof introduction into the encapsulation
multilayer stack. This approach will allow for ewation of EVOH/NZL films from the point
of view of their main purpose - trapping the wateslecules that already passed through the

barrier layers structure in the encapsulation raykir stack.
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Fig.A.1. (a) FTIR spectra of pristine EVOH27(A) andEVOH27/NZL(A) hanocomposites
with different particle contents (7-30 wt %); (b) absorbance evolutions at 1033 cth
1093 cnmt*, and 478 cnitt as a function of particle content in EVOH44/NZL(A)

nanocomposites.

Fig.A. 2. TEM images of cross-sections of EVOH44/NZ20 nanocomposite films
processed by melt-mixing. NZL loading, wt %: (a,b), (c,d) 10, (e.f) 15, (g,h).
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Fig.A. 3. TEM images of cross-sections of EVOH27/NZ20 nanocomposite films
processed by melt-mixing. NZL loading, wt %: (a,b), (c,d) 10, (e.f) 15, (g,h).
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Abstract: The goal of this work was to develop EVOH/zeohtocomposites based on
inorganic fillers such as zeolites for potentiat&psulation of OSCs and to investigate their
photochemical behaviour. The research was focusedhe photooxidation mechanism of
pristine EVOH copolymers and on the impact of thkerf addition on this mechanism.
EVOH/zeolite nanocomposites functional propertiesrencharacterised taking into account
different particle sizes and filler contents.

Properties of EVOH copolymers and EVOH/zeolites atamposites such as optical
transparency, surface morphology, mechanical amdnmial properties, and water uptake
properties were investigated. On the basis of pbthiresults, the best candidate(s) for
encapsulation of organic solar cells has been pexholhe chemical degradation mechanism
of pristine polymers has been proposed, the méepiaotostability and the impact of the
zeolite particles on the photochemical behaviouthef polymer have been studied. Electrical
calcium test and performance of encapsulated OS«€s wvarried out in order to evaluate the
ability of the studied materials to be used as mi@k candidates for efficient and stable
encapsulation coatings for OSCs applications.

Keywords: EVOH, nanocomposite, zeolite, photodegtiad, OSCs, encapsulation.

Résumeé: L'objectif de ce travail était le développements deanocomposites
d’EVOH/zeolites a base de charges telles que lebte® pour I'encapsulation dellules
solaires organiquest I'étude de leur comportement photochimique.ti@gail a porté sur
I'étude du mécanisme de photooxydation des copalysnd’EVOH puis sur l'impact des
zéolites sur ce mécanisme. Les proprietés fonatitesy des nanocomposites
d’EVOHY/zéolites ont été étudiées en prenant en terg taux de charge et la taille des
particules.

Les propriétés des copolyméres d’EVOH et des nanposites d’EVOH/zéolites comme
la transparence optique, la morphologie de surfi@sepropriétés mécaniques et thermiques,
et les propriétés d'absorption de l'eau ont étdié&s. Sur la base des résultats obtenus, les
meilleurs candidats pour I'encapsulation des @dlgblaires organiques ont été proposés. Le
mécanisme de photooxydation des copolyméres a@pd$e, la photostabilité des matériaux
et l'impact des zéolites sur le comportement phtoicue du polymére ont été étudiés. Le
test électrique de calcium et le suivi des perforcea descellules solaires organiques
encapsulées ont été effectués afin d'évaluer daffié des matériaux étudiés comme
candidats potentiels pour une encapsulation e#fieastable des cellules solaires.

Mots-clefs: EVOH, nanocompositezéolite photodégradation, cellule solaire organique,
encapsulation.



