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GENERAL INTRODUCTION 

Amongst alternative energy sources, photovoltaics hold a considerable promise, as it is a 

plentiful, easily accessible and renewable source of power. Organic thin films photovoltaic are 

an emerging economically competitive photovoltaic technology that combines manufacturing 

adaptability, low cost processing and a light-weight, flexible device end-product. 

However, commercial use of organic photovoltaics is hindered by low conversion efficiency 

and poor overall stability of the devices. It is known that organic solar cells (OSCs), especially 

the active layer and electrodes, are sensitive to trace quantities of oxygen and humidity, which 

jointly with light can strongly decrease the performance and the lifetime of the device. 

One solution to overcome this problem is the use of encapsulation for preventing oxygen 

and moisture from reaching the fragile components of the cell. Encapsulation with high barrier 

performance materials is then one of the key-ways to address these issues and improve device 

lifetime. In addition to the low permeability to water and oxygen, an encapsulant for OSC 

should be transparent over the wavelength range from 400 nm to 1000 nm, chemically inert 

and preferably based on simple and low-cost processes. Moreover, lightness and flexibility 

must be insured for “all” organic OSCs. 

The development of encapsulation materials for the photovoltaic module protection with 

high barrier properties is then one of the challenges for OSC competitiveness in the market. 

The barrier requirement range for OSCs encapsulation is of ~10-3 cm3 m-2 day-1 and 

~10-6 g m-2 day-1 for OTR and WVTR respectively. Moreover, these materials have to be stable 

within the operating life of the cells. 

Among the polymers commonly used as barrier materials for applications such as food 

packaging, ethylene vinyl alcohol copolymers (EVOH) have good barrier property to oxygen, 

considerable chemical resistance and good transparency, which make them good candidates for 

encapsulation coatings. In terms of permeability coefficients, even the best polymeric barriers 

remain several orders of magnitude higher than the OPV requirements.  

Improvement of barrier properties of the polymer is then required, which could be achieved 

through the incorporation of inorganic particles into the polymer. The resulting increase of the 

barrier effect caused by the introduction of such passive particles is well known. It is attributed 

for a large part to a lengthening of the permeation path due to the tortuous path provoked by 

the particles (passive particles usually do not interact with the permeating gases either through 

sorption or chemical processes). It has been shown that in the case of EVOH the barrier 
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properties can be increased by adding various kinds of nanofillers such as organoclays 

(montmorillonite), layered double hydroxides or carbon nanotubes.  

An alternative approach to the “passive” nanocomposite is the use of active fillers which 

strongly interact with a permeating gas. These active fillers are commonly known as getters 

whose activity is either to consume a permeating gas through chemical reaction or to trap 

permeating gas via sorption processes. Among the common types of getters that can trap water 

through adsorption, are molecular sieves such as zeolites.  

Zeolites are aluminosilicates that have an ordered highly porous structure, which allows for 

a high water sorption capacity. Of particular interest are zeolites as they have the ability to be 

synthesised as nanoparticles. Nanoparticles of zeolites have been well researched, however, 

their use in barrier composites has received only very limited attention. 

However, a drawback of particles use is their negative impact on the photostability of the 

polymer. The addition of particles to polymers has been indeed shown many times to affect the 

photostability of the nanocomposites. While inorganic particles rarely experience significant 

photodegradation under sunlight exposure, they can change the mechanisms and/or the rate of 

photooxidation of the polymer matrix and must therefore always be accounted for when 

determining the photostability of the nanocomposite. For example, lamellar nanofillers such as 

clays are reported to have a prodegradant effect on the polymer photooxidation due to the 

presence of transition metal ions such as iron that can produce a catalytic decomposition of 

hydroperoxides. 

The goal of the work reported in this manuscript was to develop EVOH/nanocomposites 

based on inorganic fillers such as zeolites for potential encapsulation for OSC and to study the 

durability of their functional properties. On one hand, the study focuses on the photooxidation 

of EVOH copolymers, which was studied through identification of the photoproducts, both in 

the solid and the gas phases, and on the other hand, on the photochemical behaviour of the 

EVOH/zeolite nanocomposites, which was characterised depending on the particle size and the 

zeolite loading of the materials.  

To achieve this goal, the following work program was performed:  

- a brief description of the literature dedicated to OSCs and an overview of currently 

available encapsulant materials are given in the first chapter of the manuscript. The background 

on the materials that were studied is also presented. 

- In the second chapter, we describe the materials, the ageing conditions and the various 

analytical techniques used for materials characterisation.  
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- The third chapter is devoted to the characterisation of the initial properties of the 

materials, EVOH copolymers and EVOH/zeolites nanocomposites. The final goal was to 

determine the best candidate for encapsulation of organic solar cells. 

- The ageing of those materials is reported in the fourth chapter. It aims to understand 

the impact of the zeolite particles on the photochemical behaviour of the polymer. The 

attention was focused on the chemical degradation mechanism and the photostabilty of pristine 

polymers and nanocomposites. The consequences of the polymer photoxidation on the 

degradation of the properties was then investigated. 

- The last chapter describes some preliminary tests performed to evaluate the ability of the 

studied materials to be used as potential candidates for efficient and stable encapsulation 

coatings for OSCs applications.   

 

The research work reported in this manuscript was performed in the frame of the Marie 

Curie Initial Training Network (Call: FP7-PEOPLE-2011-ITN) Establis (“Ensuring stability in 

organic solar cells”) European project in collaboration with three partners of Establis, Institute 

of Chemistry of Clermont-Ferrand (ICCF), International Laser Centre (ILC) in Slovakia and 

Belectric OPV GmbH in Germany.  

 

The research leading to these results has received funding from the European Union 

Seventh Framework Programme (FP7/2011) under grant agreement ESTABLIS no. 290022. 

 

ToF-SIMS, SEM characterisations and part of AFM analyses were performed at ILC (see 

chapters 3 and 4). The results reported in chapter 5 (Ca-tests and damp heat testing of OSCs) 

were obtained at Belectric OPV GmbH. All other experiments were performed at ICCF 

(Clermont-Ferrand). 
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INTRODUCTION 

 

In this chapter, we give a brief description of the literature dedicated to the operating 

principle, structure and materials of organic solar cells (OSCs). Since these devices still 

cannot fully reach industrial production due to their low efficiency and lifetime, a peculiar 

attention is also given in this chapter to the degradation of OSCs and to the stability issue.  

The second part deals with the current materials and technologies for OSCs lifetime 

improvement by using encapsulation. This part aims to understand the current issues 

addressed by coating materials, the principles of OSC encapsulation engineering, and 

advantages/disadvantages of each of them. The different used materials, organic, inorganic or 

hybrid are described, as well as their properties, focusing on the water and oxygen barrier 

properties.  

As a consequence of the reinforcement effect of nanofillers on polymer properties, the use 

of nanocomposites is a potential strategy to improve the quality of barriers and the overall 

durability of the device. The last part of this chapter is then dedicated to 

polymer/nanocomposite materials. The main processing methods, the currently used 

nanofillers and nanofillers with forecasted interesting functionalities, in particular the barrier 

properties, are described. A special attention is paid to their effect on the material properties. 

OSCs stability is highly depending on the durability of the encapsulation. An overview of the 

photodegradation of nanocomposites is then presented in the manuscript. 

Concluding this chapter, potential strategies for new encapsulation 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 from the Greek “photo”, which means light, 

and “voltaic” that refers to electricity came from the name of the Italian physicist Volta. The 

photovoltaic effect was first recognised in 1839 by the French physicist Antoine-Henri 

Becquerel. He reported for the first time that exposure to electro-magnetic radiation of certain 

materials, namely platinum electrodes covered with silver chloride or silver bromide in water, 

could lead to the production of a small electric current (photochemical effect) [1]. 

The first photovoltaic cell was created by Charles Fritts in 1883 [2] and was composed by 

coating selenium with an extremely thin layer of gold. Later, Russell Ohl invented the first 

silicon solar cell in 1941 [3]. However, the era of modern solar cell technology just began in 

1954, when G. L.  Pearson, D. Shapin and C. Fuller demonstrated a silicon solar cell capable 

of 6% energy conversion efficiency with direct sunlight [4]. Since then, the research in the 

field of solar cells has reached a significant progress, which is illustrated by the curve of cell 

efficiencies evaluation in Fig.1.1.  

 

Fig.1.1. Best research solar efficiencies given by National Renewable Energy 

Laboratory (NREL). 
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Nowadays, crystalline Si-based solar cells have achieved quite high power conventional 

efficiency (PCE). However, the success of solar cells market cannot be based solely on high 

PCE values. This domain has to become also cost-competitive, which can be displayed by 

three followed key requirements [5] (Fig.1.2.): 

• Cost: to minimise the quantity and cost of materials as well as cost of processing; 

• Efficiency: to maximise initial performance; 

• Stability: to achieve maximum device lifetime. 

  

Fig.1.2. Overcrossing of requirements for marketing success. 

Nevertheless, even with good stability (lifetime of over 25 years [6]), Si-based solar cells are 

still far from being competitive with other conventional energy sources. High processing and 

installation expenses make the energy converted by these devices approximately five times 

more expensive than those produced by burning of fossil fuels [7].  

In contrast to heavy and expensive Si-based solar cells, organic thin films solar cells exhibit 

good factory additivity, flexibility and light-weight of end-products, which are cheap in 

manufacturing (possibility of simple solution coating and printing techniques [8, 9]) and easily 

integrated. Hence, despite the long-term stability issue, organic photovoltaics (OPVs) are 

attractive as solar energy converting devices for application in new possible domains, 

particularly, for grid-off application. 

1.2. Module structures  

OPV technology is still in its early development stages. Due to continuous research to reach 

appropriate performance and stability, a clearly defined ‘‘typical’’ OPV cell composition and 

its design are not yet settled. A lot of different material compositions and their combinations 

are in the focus of intense research. The structure can be simplified to three main layers that 
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constitute the cell itself: the photoactive layer (PAL), where the conversion from light to 

electricity takes place; contact electrodes placed from both sides of PAL, at least one of which 

being transparent, and an encapsulation layer, placed on the top in order to protect the OPV 

module from degradation (see Fig.1.3.).  

 

 

Fig.1.3. Schematic structure of an organic photovoltaic cell: a schematic 

representation of bulk heterojunction cell [10]. 

Nowadays the most common organic solar cells (OSCs) have mainly two architectures: 

conventional and inversed (Fig.1.4.a-b). The most “classic”, conventional cell composition, is 

as following [11, 12] (Fig.1.4.a): 

• A transparent conductive oxide (TCO) sputtered onto a substrate in order to improve hole 

transport (so-called hole transport layer (HTL)). The most common TCO (especially in 

combination with PEDOT:PSS) is indium-tin oxide (ITO), which is a good conducting 

material and holes serving.  

• A layer of polyethylenedioxythiophene:polystyrene sulphonate (PEDOT:PSS), which is a 

hole conductor, used both to ensure better separation and transport of charges between the 

active layer, and ITO.  

• An active layer combining a donor (D) and an acceptor (A) of electrons. This 

heterojunction has a high donor–acceptor surface interface area distributed in the whole 

volume of the PAL in order to have a greater contact area between the donor and the 

acceptor and thus promote better charge separation.  

• An electron transport layer (ETL) improves the separation and transfer of electrons to a 

cathode. Well-known and widely-used ETL materials are ZnO and TiOx [13]. 

• A cathode, which can be made of a single material (Ca, Al) or a mixture of several 

compounds (LiF/Al, Ca/Al, Ba/Al, Ag/Ca, LiF/Al). 
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Fig.1.4. Device structures of (a) conventional single-junction cell, (b) inverted single-

junction cell, and (c) conventional multi-junction tandem cells [14]. 

The similar structure with inversed polarity, shown in Fig.1.4.b, (Glass/ITO/metal 

oxide/photoactive blend layer/PEDOT:PSS/Ag), is now being widely studied due to the 

advantages in cell manufacturing (possibility to use roll-to-roll (R2R) process) [8], in increased 

protection against oxygen and moisture [15], and consequently, a better stability [16] in 

comparison to the normal geometry. Higher cell performance can be reached with multi-

junction (tandem) cell [17]. Fig.1.4.c shows two sub-cells stacked together and separated by the 

electron transport layer and the hole transport layer, which 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 stability must be achieved to reach the 

commercial success for solar cells [5]. So far, the last one is a challenge for OPV. The 

degradation of OSCs occurs at various parts of the device (Fig.1.5.). The most significant 

processes take place in the PAL, electrodes and encapsulation layer [11]. Degradation issues 

are more important in the case of organic thin-film devices in comparison to more stable Si 

solar cells. The components of PAL, conjugated polymers or small molecules, are unstable in 

air having low resistance against oxygen and moisture [11, 18]. The chemical degradation can be 

classified into two types: intrinsic and extrinsic [5, 19].  

(a) (b) (c) 



Chapter I: Literature review  
 

 

14 
 

 

Fig.1.5. Sectional view of a cell and the various processes involved in the degradation 

of the device. A schematic illustration of some degradation processes that take place in 

a typical bulk heterojunction are shown [5]. 

Intrinsic degradation  

This degradation implies changes in the morphological states of stacking layers and 

interface modifications due to inherent thermal characteristics of PAL materials. It comes 

from thermal diffusion of materials at interfaces. As a result, morphological changes in bulk 

heterojunction (BHJ) OSCs have been observed [20]. It also caused the phase separation at the 

organic-cathode interface [21], at semiconductor interfaces [22] and inter-diffusion at buffer-

layer interfaces [23]. 

Extrinsic degradation 

Extrinsic degradation is mainly focuses on the role of oxygen and water in the different parts 

of the device [11]. Still, the relative significance between these two factors is frequently argued 

in the literature. 

Role of Oxygen in degradation 

It is known that the combination of UV light and oxygen molecules results in 

photooxidation of polymers. Generally, most attention in the oxidative damage is focused on 

the PAL part of OSC [24-28]. UV light in the presence of oxygen molecules results in 

photooxidative reactions of organic components of the cell. Intensive light exposure also leads 

to an increase of the temperature which result in accelerated diffusion of water and oxygen 

into the device [29-31], and might accelerate the intrinsic degradation of the cell [22]. All these 

factors can have a crucial effect on cell lifetime. 
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Depending on the cell composition, oxygen can also play a dominant role in the 

degradation due to the following facts: i) oxygen promote the formation of dipoles at the 

interface of the metals which increase their work functions [32]; ii) due to hydrophilic nature of 

fullerene, electron transport properties of this acceptor suffer dominantly from oxygen 

exposure [33]; iii) consequently, in the presence of fullerene, aluminium can become 

passivated against water induced corrosion [34]. Oxygen presence can also result in 

degradation of PEDOT:PSS due to phase separation [35].  

Role of water in degradation 

Numerous publications have shown that water is likely to affect the properties of  

OSCs [36, 37, 38]. Penetrating into the device, water may cause a drop in short circuit current 

and fill factor due to the corrosion of active cathodes, and hence, a loss in contact area due to 

the formation of resistive metal oxides [39]. The effect of water on the performance of OPV 

was also shown to result in a decrease of charge generation ability due to the initiation of 

strong recombination of bulk polymers [40]. 

The main impact water-caused degradation has on hydrophilic components of OSCs, like 

commonly used PEDOT:PSS [29, 19]. It may result in material recrystallisations, or physical 

swelling. It was recently shown that the degradation of PEDOT:PSS hole selective contact is 

the major mechanism of device failure for inversed OPVs under accelerated ageing in 

humidity conditions [41]. 

Conceptions and methods for lifetime improving 

Due to low stability of PV modules, different approaches have been developed and applied 

for improving the lifetime of PV modules. 

First, the change of the cell architecture into an inverted one has shown better stability and 

allows using solution printing processing [8, 16]. Nonetheless, trying to find the most stable and 

efficient PAL composition is still a hot topic of research. 

 Second, the replacement of the moisture sensitive PEDOT:PSS by transition metal oxides 

as charge extraction interlayers [42] in order to avoid interface oxidation and delamination. The 

metals such as MoO3 
[43], V2O5 

[44], WO3 
[45] and NiO [46] have been used as an HTL in OSC. 

The improved power conversional efficiencies with solution processed WO3 compared to 

PEDOT:PSS-based devices have been reported [45]. Similarly, the increased device efficiency 

and stability was obtained for the cell with PC70BM as an acceptor, and low bandgap 

polymer, (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b′]dithiophene)-alt-
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4,7(2,1,3-benzothiadiazole)] (PCBDTBT)) as a donor, where PEDOT:PSS was replaced by 

MoO3 and NiO [46]. 

Another way to protect sensitive areas such as electrodes and interfaces is to introduce an 

ultrathin inorganic layer (Al2O3 
[47], LiF [48], CrOx  

[49], etc.) between metal electrode and PAL 

in order to prevent reactions at the interface. The commonly used TiOx protective layer 

increases the device stability by preventing the diffusion of oxygen and moisture into PAL, 

thus, slowing the degradation [50]. Summarising, the possible methods for improving the 

device lifetime are presented in Fig.1.6. 

 

 

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

of the device they applied to [51]. 

 

Nevertheless, even the improvement of PV module composition does not solve the main 

issue of degradation that initially comes from the ingress of permeants such as moisture and 

oxygen into the cell. Degradation can be avoided by encapsulation of the module by topcoat 

layer with barrier properties in order to prevent oxygen and water permeation. Encapsulation 

can also be used to protect the device from UV irradiation through the utilisation of UV 

filtering encapsulation [52]. The research on OSC encapsulation have shown the shift of device 

lifetime to many thousand hours using appropriate materials for rigid [53] as well as for 
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flexible [54, 55] coatings. Thus, encapsulation with high barrier performance is one of keys to 

address stability issues and improve device lifetime. 

2. ENCAPSULATION OF OSCS 

It has been mentioned above that OSCs can be significantly affected by external factors 

such as moisture, oxygen, UV light, and temperature [5, 56], which lead to the device 

degradation. Encapsulation is thus required, paying attention to the fact that it should comply 

other aspects and properties of the desired end-product. For example, encapsulant has to block 

the diffusion of moisture and oxygen as well as to provide the structural support and 

resistance to the mechanical damage by absorbing the stress that prevents cracks and initiated 

fractures.  

2.1. Properties of encapsulation materials. General requirements 

To achieve high device stability, and meanwhile, to keep other important functional 

properties, different parameters should be taken into account during engineering of OSC 

encapsulation. The requirements to encapsulation depend on the used materials, technology, 

and the desired end-product properties. Some important aspects and properties have been 

outlined in recent papers [57, 58] and are summarised in Table 1.1. 

 

Table 1.1. Specifications and requirements for encapsulant materials [58] 

Characteristic   Requirement 

WVTR 10-3 – 10-6 g m-2 day-1 

OTR 10-3 – 10-5 cm3 m-2 day-1 

Total light transmission over the 

wavelength range 
>90 % of incident light 

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 layer lowers the light 

intensity absorbed by PAL, and consequently, decreases the efficiency. Thus, any absorption 

of light by the barrier film should be avoided. Moreover, optical clarity of the coating is a 

challenge to have a semi-transparent end-product that expands the frames of OPV application. 

The refractive index is another important characteristic of encapsulation, especially in the case 

of multiple components with different refractive indices.  

Mechanical properties. Since flexibility is one of the key advantages of OPVs [59], which 

brings new potential application opportunities and at the same time allows the use of cheap 

and easy processing methods (like roll-to-roll), the flexibility of encapsulant layer is an 

important property. Significant parameters required to design the coating are its resistance to 

mechanical damage and processing method, solvent solubility, water sorption, and etc.  

Thermal and dimensional stability. The material stability at the temperatures that are 

reached during the processing of the device or at working conditions (temperature around  

65 °C [60]) of the device is critical. The differences in thermal expansion coefficient can be at 

the origin of the observed cracks and delamination between the different layers of the barrier 

material. In the case of a polymer layer, these changes are due to various factors such as 

mobility of the chains or/and ‘shrinkage’ or ‘expansion’ associated with the molecular 

relaxation of residual strain within the oriented parts of the film structure. These relaxations 

are strongly linked to the Tg of the polymer and are observed at the temperatures around or 

higher Tg. Hence, to obtain good dimensional stability, it is important to pay attention to Tg 

for the choice of materials [61]. 

Moisture and chemical resistance. Moisture and solvent sorption ability affect the 

dimensional stability of the material, which becomes extremely important for processing 

including the use of solvents. Used solvents and chemicals for layer deposition may dissolve 

or damage already deposited functional layers of the cell or the substrate.  The solvent of a 

layer must not dissolve the other layers of the device.  

Surface quality. Surface roughness is essential since insufficient quality of the surface may 

lead to bad adhesion of the following layer and their delamination. Unfortunately, typical 

plastic substrates do not reach the requirement of ultrasmooth surface (˂ 1 nm roughness) [57] 

which obliges to “smooth over” the surface. This can be reached by including the 

planarising/smoothing layer [62]. Corona treatment of the film surface is another approach 

which increases the surface energy and, therefore, improves the adhesion between the 

coatings [63]. 
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Barrier level. Water vapour and oxygen transition rates, named WVTR and OTR 

respectively, are the main parameters that define the level of material barrier properties and 

indicate the capability of moisture and oxygen to cross an encapsulating membrane.  As  

reported by Dennel et al. [64], a targeted device lifetime of 10 000 h requires, in the case of 

OLEDs, WVTR and OTR of about 10-6 g m-2 day-1 and 10-3–10-5 cm3 m-2 day-1 atm-1 

respectively (Fig.1.7.).  

 

 

Fig.1.7. Oxygen and water vapour barrier requirements for various packaging 

applications (organic light-emitting device (OLED); organic photovoltaics (OPVs); food 

packaging) [64, 65]. 

However, organic photovoltaics (OPV), being based on more stable materials, need slightly 

lower protection level. It was shown by Cros et al. [66] that encapsulation with WVTR of 

1×10-3 g m-2 day-1 would be sufficient to obtain device with lifetimes of several years.  

It is worthy to note that the cell architecture, material composition, and expected cell 

lifetime are important in the estimation of required properties of used packaging. An overview 

of permeability values for some polymeric materials normalised to uniform thickness of  

100 μm is shown in Fig.1.8. Comparing the barrier requirements (Fig.1.7.) with the 

achievable permeability values (Fig.1.8.), it can be noticed that liquid crystal polymers (LCP) 

and ethylene vinyl alcohol copolymer (EVOH) materials are potential candidates for 

encapsulation that may reach the demands from industry [67].  
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Fig.1.8. OTR and WVTR for selected polymers of 100µm thickness [67]. 

Durability properties. Besides all listed above characteristics, the durability of encapsulant 

properties is a key point that has to be addressed. The encapsulation must not deteriorate 

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

2.2. Encapsulation systems 

The different approaches to meet the assigned requirements using thin film encapsulation 

by single-layer or multilayer are described in this paragraph. 

2.2.1. Single-layer thin-film encapsulation 

Single layer encapsulation can be easily processed in comparison to multilayer 

encapsulation. The easiest solution is to cover the device with glass plates using an epoxy 

type sealant to hold them [68]. This configuration provides suitable protection, but obviously 

this way is not intended for flexible end-product.  

In order to develop flexible and efficient single-layer thin film encapsulation, different 

materials can be used. Mainly, inorganic materials such as silicon (Si) [69, 70], SiNx 
[71, 72], 

Al 2O3 
[73, 74], TiOx have been proposed. Encapsulants based on organic materials, like 

polyacrylate (PA), parylene, ethylene vinyl acetate (EVA) [75, 76], europium doped EVA [77], 

polyvinyl butyral [78], ethylene methyl acrylate [79]  and etc., are described in the literature.  

The barrier properties of inorganic and organic layers are generally limited, due to the 

defects present in inorganic layers and to the fast diffusion rate of polymers [61, 70, 80]. In 

inorganic layers the pathways for external permeants come from pinhole defects formed 

during deposition, or from pores at the surface of films [64].  
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Due to present advantages and drawbacks of both, organic and inorganic encapsulants, 

silicon-based inorganic-organic hybrid materials (IOH), like ORMOCER®, have been 

developed to combine positive aspects of each component. The chemical structure of IOH 

materials is similar to glass model structure where organic groups are linked to silicon atom 

(Fig.1.9.). 

ORMOCER® is synthesised by polycondensation (sol-gel chemistry), followed by organic 

crosslinking reaction, and combines in its structure organic and inorganic components [81]. 

The main characteristic of these materials is the incorporation of organic groups linked to the 

inorganic backbone formed by hydrolysis and condensation of alkoxides. The chemical 

structure of these materials, can be adjusted depending on the desired properties [82]. 

 

 

Fig.1.9. Comparison of the chemical structure of glass and hybrid polymer (R: 

organic groups) [83]. 

ORMOCER® coating on a glass plate reduces the reflection of substrate from 8 % to  

1 % [84]. This hybrid material has antisoiling, antistatic and diffusion-inhibiting properties 

meanwhile keeping high transparency. The OTR and WVTR were measured below  

10-2 cm3 m-2 day-1 and 10-2 g m-2 day-1 respectively [85]. 

2.2.2. Multilayer thin-film encapsulation 

To overcome the drawbacks of single-layer films and to obtain high barrier properties, 

multilayer coatings alternating inorganic layers (oxide or nitride) and/or organic or hybrid 

layers can be realised. By applying multilayer films with alternating materials, the defects of 

the individual inorganic layers are interrupted and do not channel continuously through the 

film structure. Subsequently, this multilayer encapsulation can show excellent homogeneous 
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and conformal coverage without pinholes or microcracks, with tortuous diffusion pathways 

for oxygen and water vapour (Fig.1.10.) resulting in increased barrier properties of the  

coating [67]. An added advantage is that these films can be fabricated by roll-to-roll (R2R) 

process. 

Pinhole/defect H2O / O2

H2O / O2

Inorganic

layerOrganic

layer

Void  

Fig.1.10. Tortuous penetration path through organic/inorganic multilayer structure. 

2.2.2.1. Inorganic materials 

Multilayer inorganic films consist of alternating inorganic materials such as a combination 

of SiNx/SiOx deposited by PECVD or the alternation of Al2O3 and SiOx deposited by  

ALD [86-88].  

 SiOx/SiNx. Combination of SiOx and SiNx has been tested for encapsulation purposes [87]. 

In comparison to single SiOx structure, this system showed less reactivity to oxygen and water 

vapour. WVTR measured by Ca test (SiNx - 6 pairs of SiOx/SiNx) was 3.1×10-6 g m-2 day-1 

(100 days at 25 °C and 40 % RH). Moreover, the value of permeation rate can still be kept 

below 3.54×10-5 g m-2 day-1 after the cyclic bending test (5000 times) in a compressive mode. 

Ta-Si-O/Ta-Si-N. A thin film of Ta-Si-O/Ta-Si-N combination was investigated as a 

protection of  a copper–indium–2 selenide (CIS) solar cell [89]. It was found that 10 nm thick 

layer of Ta-Si-N deposited onto a Ta-Si-O layer reduces solar cell degradation in accelerated 

ageing conditions: the cells, encapsulated by a foil of 250 nm Ta-Si-O and 15 nm Ta-Si-N, 

kept more than 70 % of its initial efficiency after 1000 hours in accelerated aging test 

conditions. The weak point of this barrier coating is that Ta-Si-N film is unstable in the PV 

device even at low electrical current. 

Al2O3/XO2. Even if a single Al2O3 layer deposited by ALD has good gas barrier  

properties [90, 74], an Al2O3/SiO2 bilayer was developed that has better barrier performance,[88]. 

The system with layers of Al2O3 (26 nm) and SiO2 (60 nm) shows a decrease of WVTR to 
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1×10-4 g m-2 day-1 in comparison to single layer of Al2O3 with WVTR of  

1×10-3 g m-2 day-1. However, there are some negative issues due to the corrosion of Al2O3. To 

solve this drawback, Al2O3/ZrO2 nanolaminate films have been investigated [91, 92]. In the 

structure, ZrO2 was placed between layers of Al2O3 in order to stop the accumulation of 

unreacted Al-OH species [91]. Studied films stacks of 100-130 nm exhibit WVTR and OTR in 

the values about one-half and one-fifth of same thickness Al2O3 single layer [93]. WVTR and 

OTR for 100 nm thick Al2O3/ZrO2 nanolaminate film were respectively found of 2.1×10-2 g 

m-2day-1 and 6.4×10-5 cm3 m-2 day-1 determined under controlled conditions of 70 % RH and 

70 °C [91].  

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

Nowadays, one of the most common approaches to obtain ultra-barrier materials is the 

alternation of organic and inorganic layers into encapsulation coating. As recalled above, 

inorganic layers have high barrier properties, but the pathway for permeants is provided by 

defects and pinholes present into the film. The permeation through polymers follows the 

mechanism of solution-diffusion where the permeants, first, get adsorbed onto the surface, 

dissolve in the polymer matrix and then diffuses in the polymer. One important parameter, 

regarding the diffusion rate, is the available free-volume between the molecular chains. The 

approach of sandwiching inorganic barriers between polymer layers results not only in a 

significant increase of barrier properties [94], but it also brings better resistance to mechanical 

damage, smoothing of the coated surface, and increased thermal stability of multilayer stacks.  

BarixTM technologies 

One of the first articles related to multilayer coatings for OLED displays protection showed 

the capability of using this approach by integrating BarixTM technologies, developed by Vitex 

System Inc [95]. BarixTM utilises “decoupling” layers of polymer deposited between multiple 

Al 2O3 layers using organic acrylate evaporation and condensation, followed by an UV curing 

(Fig.1.11.a). A WVTR of 2×10-6 g m-2 day-1 (20 °C/50 % RH) have been reached with this 

multilayer [96]. 
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Fig.1.11. (a) Schematic cross section of a Barix TM  encapsulation [95]; (b) TEM 

cross-section images of the graded UHB from General Electric [97]. 

Nowadays, BarixTM technology is commercialised for direct encapsulation and mainly used 

for OLED displays protection. This technology has been applied to protect as well  

inorganic [98] as organic PV [99]. It was shown that after 120 hours of storage in a climatic 

chamber at 30 °C/70 % RH P3HT: PCBM based devices still demonstrated a performance of 

74 %, which indicated that the encapsulation extended the lifetime by more than two orders of 

magnitude [99]. 

SiOx/organosilicon 

Alternating SiOx and organosilicon layers deposited by PECVD on a PEN substrate was 

proposed for OSCs encapsulation [100]. This was the first multilayer encapsulation applied to 

OSCs. Organosilicon was deposited in non-oxidised plasma with SiOx produced from a 

volatile organosilicon precursor under oxidative plasma conditions. The system of five layers 

and total thickness of 500 nm kept good transparency and, in case of encapsulated OSC 

devices (MDMO-PPV: PCBM), increased lifetime from few hours up to 3000 h (Voc was at 

about 90% of its initial value) in comparison to 175 µm PET coating, which provides 6 hours 

lifetime for the device. 

Based on the same concept, an hybrid graded organic-inorganic ultra-high barrier (UHB) 

coating was developed by General Electric. Single graded SiOxNy-SiOxCy alternation layer 

deposited by PECVD with total thickness less than 1 µm exhibits WVTR value of  

8.6×10-6 g m-2 day-1 (25 °C/50 %RH). The cross-sectional TEM image of this thin film is 

shown in Fig.1.11.b. 

The same system has been used by Lungenschmied et al. [54] to encapsulate polythiophene-

based devices. The encapsulated cells composed of P3HT:PCBM active layer showed a shelf 

lifetime of 600h (storage in the dark under ambient air). 

A SiOx/organosilicon ultra-barrier system deposited onto PET substrate by PECVD was 

studied by Wu et al. [101]. It was shown that the WVTR of the PET substrate coated with  

3-pairs organosilicon/SiOx barrier structure was decreased to 4×10-2 g m-2 day-1, which was 

(a) (b) 
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one order of magnitude smaller than that of the substrate coated with 1-pair of 

organosilicon/SiOx multilayer barrier structure. For the barrier structure with six pairs, the 

WVTR was achieved below the detection limit of the used permeameter (MOCON 

Permatran-W3/61, 10-2 g m-2 day-1). 

SiOx/SiNx /parylene 

The benefit of SiNx over oxide or oxynitride as an effective transparent inorganic barrier 

coating material is that in the deposition process it does not require reactive oxygen atoms, 

which could react with the substrate. Deposition of parylene smooths inorganic layers by 

masking surface defects and consequently, improves permeation resistance. A SiNx/parylene 

multilayer structure was introduced [102] and WVTR and OTR of the two pains of 

parylene/SiNx coating on the PC substrate can be maintained at a level near 10-2 g m-2 day-1 

and 10-1 cm-3 m-2 day-1 respectively [103]. This indicates a good potential of this system for 

future use for encapsulation of organic electronics. 

Calcium test performed by Chen et al. [104] showed that a system composed of one parylene 

and three SiOx/SiNx layers exhibit a WVTR of 2.5×10-7 g m-2 day-1 (25 C, 40 % RH for  

75 days of experiment). 

The first results of the deposition of parylene single layer showed insufficient protection of 

P3HT:PCBM based devices even at 10 µm thick layer [105]. In order to improve the protection 

of the cell, a multilayer made of alternating parylene (5 µm) and Al2O3 (~350 Å) layers has 

been developed. It has been shown that parylene/Al2O3 multilayers encapsulated device 

displays 50% in efficiency loss occurred after 40 hours of exposure to air, meanwhile, a non-

encapsulated cell was completely degraded after only 8 hours of keeping them in air. 

Lately, the multilayer system based on 100 nm thick SiOx or SiNx layer (PECVD) followed 

by a layer of 10–50 nm Al2O3 (ALD) and 1 µm thick parylene layer (chemical vapour 

deposition (CVD)) has been used for encapsulation of pentacene/C60 solar cells [106]. The 

WVTR of this encapsulation reached (2±1)×10−5 g m-2 day-1 (at 20 °C/50 % RH) (it is worthy 

to note that encapsulated cells showed no decrease in conversion efficiency after 5800 hours 

of exposure with a xenon lamp (Fig.1.12.)). 
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Fig.1.12. Normalised power conversion efficiency as a function of irradiation time of 

encapsulated and non-encapsulated pentacene/C60 solar cells. Irradiation source: xenon 

lamp [106]. 

Polymer/clay 

Priolo et al. [107] proposed a different approach of barrier improvement introducing a 

layer of nanoparticles into encapsulation. The encapsulation based on quadlayer of 

superposed polyethyleneimine (PEI), poly(acrylic acid) (PAA), PEI and montmorillonite clay 

have been obtained by layer-by-layer (LBL) deposition of aqueous ionic mixtures (Fig.1.13.). 

The inorganic particles of montmorillonite were placed in between the layers of polymers. 

The obtained multilayer coatings contains 26.2 wt % (for 5 quadlayers) of particles which is 

nearly one order greater than most conventional bulk composites.  The optimal composition 

of four quadlayers deposited on silicon substrate with a total thickness of 51 nm displayed 

oxygen permeability ˂5×10-2 cm3 cm cm-2 s-1 Pa-1, which is at least 2 orders of magnitude 

below that reported for completely inorganic SiOx barrier thin films and 4 orders of 

magnitude lower than a 25 µm EVOH copolymer film. 
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Fig.1.13. (a) Scheme illustration of layer–by–layer deposition and (b) the nanobrick 

wall structure resulting from the alternate adsorption of PEI (blue), PAA (green), PEI, 

and MMT (red) onto a substrate [107]. 

Polymer/nanoparticles 

Another approach is to use a layer of nanoparticles encapsulated by a polymer in a 

multilayer system as it has been developed by Tera-Barrier Films (TBF) Pte Ltd, [108]. This 

layer on 95 wt % consist of nanoparticles which are encapsulated into a polymer matrix (5 wt 

%) where polymer covers the particles on 80-100 % of their surface and plays basically fixing 

function. These sealing layer exhibits high packing density of particles and strong bonding 

between them. It is placed between aluminium foil and transparent oxide film (barrier layer) 

and plays the role of gap for permeants (Fig.1.14.). The nanoparticles (Al or Zn oxide based) 

coated by a polymer through crosslinking /curing, absorbs and reacts with water and oxygen 

molecules to trap them, thus further lowering the amount of moisture and air passing through 

the film. The particles may also penetrate effectively into the pores or the defects of barrier 

oxide and plug the defects. An amphiphilic cross-linkable multi-unsaturated fatty acid based 

polymers or their derivatives were used as polymers for particles coating, and a 60-70 nm 

thick Al2O3 or SiOx layer as a barrier. 

 

Fig.1.14. Schematic block mechanism of permeants diffusion by nanoparticle sealing 

layer [109]. 
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One of the investigated structures made of two dyads multistack of Al2O3 layer (sputtering 

manufacturing process)/ encapsulated Al2O3 nanoparticles on PET substrate exhibits  

1×10-4 g m-2 day-1 WVTR at 60 °C and 90 % RH. The layer showed good transparency (85 % 

of transmittance). It was claimed that foils produced with using such a sealing layer can reach 

WVTR more than 1×10-6 g m-2 day-1 [110]. 

2.2.2.3. Polymer/nanocomposites 

One of the strategies to increase the barrier properties is to incorporate nanofillers 

capable of interacting with moisture and/or oxygen to retard the penetration of the moisture 

and/or oxygen. In order to keep the transparency of the coating the particles size must be 

typically 1/2 and preferably 1/5 of the solar light wavelength. Typically, these ratios 

correspond to particles size less than 200 nm and preferably less than 100 nm.  

Another approach to improve the gas barrier properties is to include inorganic nanofillers 

into the polymer, which gives nanocomposites. Compared to the previoustly described 

example, nanocomposites have low inorganic loadings ≤ 5 wt % [111]. It has been shown that 

inclusion of inorganic nanoparticles at a small amount results in enhancement of different 

properties, such as heat resistance [112-114], thermal stability [114], mechanical [115], electrical [116] 

and other properties. Another very significant feature, especially for nanolamellar structured 

particles, is their ability to enhance the barrier properties [94], which can be explained by the 

creation of tortuous diffusion pathways in the nanocomposite layer. 

PVA/Na-MMT 

The optimisation of sodium-montmorillonite clay (Na-MMT) loading into poly(vinyl 

alcohol) (PVA) matrix in order to obtain suitable material for OSC encapsulation have been 

performed by Gaume et al. [117]. The nanocomposite layers were processed by solution casting 

of aqueous solutions. Further, the cells were coated by PVA or its nanocomposite deposited 

onto PET substrate. Fig.1.15. demonstrates that in the case of PET encapsulation, PCE of 

organic solar cells decreased by 80 % within less than 70 h of exposure in sun simulator. 

Whereas, in the case of a PET film with a PVA nanocomposite coating encapsulation, PCE 

remained about 40 % of its initial value after the same exposure time. 
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Fig.1.15. Normalised power conversion efficiency (PCE) of organic solar cells 

encapsulated in a PET film, a PET/PVA (1 µm) and a PET/PVA-MMt (5 wt %) (1 µm) [117]. 

Another nanocomposite based on poly (ethylene-co-vinyl alcohol) (EVOH) and MMT filler 

have been proposed by Seethamraju et al. [118]. As determined from the Ca test, the WVTR of 

the nanocomposite with 5 wt % MMT loading was lower by more than one order than that of 

the neat polymer. The EVOH/MMT composite films exhibited WVTR in the order of  

10-3 g m-2 day-1 (Fig.1.16.).  

 

 

Fig.1.16. Influence of MMT loading into EVOH matrix on WVTR linked to time of 

Ca-corrosion test: neat polymer (EVOH 0) and composites (EVOH 1, 2, 3 compositions 

represent 1, 2, and 5 wt% of MMT in EVOH, respectively) films [118]. 

2.3. Conclusions 

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

inorganic layers were used in majority of analysed published papers to provide good barrier 
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performance. However, such materials endanger the device to fail due to the cracking risk and 

the defects growth under bending working conditions. Moreover, single-thin film layers are 

limited in performance due to defects and pinholes, hence, they cannot reach the permeability 

levels more than three orders lower than those exhibited by bare polymer substrates [58]. At 

last, common fabrication methods like PECVD and ALD require expensive and complicated 

vacuum deposition systems. 

 Alternating organic-inorganic multilayer system was demonstrated to be an effective 

solution to achieve coating with improved flexibility, surface smoothing, thermal and barrier 

properties. These encapsulants can already reach WVTR required for OSCs. Nevertheless, 

these coatings have restrictions due to high-cost fabrication processes and the issues of 

production in large-scale. In general, the majority of barriers were initially developed for 

OLED protection, which is extremely moisture sensitive. Unfortunately, the stability under 

sunlight, which is an important issue for OPV devices, has not been taken into account. 

Hence, commonly these materials exhibit limited durability under sunlight exposure  

(λ> 300 nm) in the presence of air and humidity. 

Mixing of inorganic particles with polymer has been shown to be an effective solution for 

polymers to enhance the material properties desired for coating applications. Nanocomposites 

exhibit improved barrier properties, thermal stability, mechanical reinforcement, and etc. In 

addition, the possibility to apply simple and low-cost processing method for their fabrication 

opens scalability for roll processing in comparison to deposition techniques applied for 

inorganic layers. Through, the single nanocomposite layer cannot reach the requirements to 

barrier levels for OSC. But, it can be used to improve the barrier properties within a 

multistack, and therefore, brings more potential to replace the organic layer. It may 

significantly reduce the difficulties with encapsulation 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 nanocomposite in order to improve the 

initial properties of commercially available, cheap, and widely used polymer into packaging, 

for its further integration into organic multilayer encapsulation for OPV. Regarding to the 

aggressive environment of OSC operation, particular attention has to be paid on 

nanocomposite durability under light exposure and damp heat conditions. 

Polymer nanocomposites are particle-filled polymers for which at least one dimension of 

the dispersed particles is in the nanometer range (1-100 nm) [112, 119]. Nanoscale particles can 

be classified in three groups depending on their geometry: nanoparticles, nanotube, and 

lamellar nanofillers (Fig.1.17.). 

 

 

Fig.1.17. Types of nanofiller reinforcements/geometries. 

When all the three dimensions are in the order of nanometres, and the aspect ratio (the 

highest dimension divided by the lowest) is around 1, they are referred as nanoparticles such 

as silica nanoparticles. Usually, these fillers are used due to their specific optical, electrical or 

magnetic properties. 

Particles characterised by two dimensions in the nanometer scale, and the larger third 

forming an elongated structure, are generally called “nanotubes” or 

nanofibers/whiskers/nanorods. The most interesting are carbon nanotubes (CNTs) and 

cellulose whiskers, which are extensively studied as reinforcing nanofillers yielding materials 

with exceptional properties.  

The third type of fillers, distinguished by only one dimension in the nanometre range, is 

related to nanolayers/nanosheets and is usually called lamella nanofillers. They consist of 
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layers with an aspect ratio of at least 25. In this case the filler is present in the form of sheets 

of one to few nanometres thick and hundreds to thousands nanometres long. For such 

materials, clays (layered silicates) and layered double hydroxides (LDHs) are the most 

studied. 

The most commonly used nanofillers for the development of polymer nanocomposites are 

clays (phyllosilicates, natural cationic clays like montmorillonite, and synthetic anionic clays 

such as layered double hydroxides) and carbon nanotubes.  

a. Phylosillicates, also called layered silicates, are constituted by a stack of layers of 

tetrahedral (T) and octahedral (O) structure formed from oxygen on the sides and the central 

ion (Si or Al). A central octahedral sheet of alumina is fused to two external silica 

tetrahedrons by the tip, so that the oxygen atoms of the octahedral sheet also share the 

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

 

 

Fig.1.18. Structure of a phyllosilicate [120]. 

Montmorillonite (MMT) is one of the most studied members of phyllosilicates. Its layered 

structure results from partially substituting the three-valent Al-cation in the octahedral sheet 

by the divalent Mg-cation. The negative charge of the layer is balanced by Na and Ca ions 

located in the interlayer space. Due to weak forces, which keep layers together, polar 

molecules can penetrate in the interlayer gap, thus swelling all molecules (for dehydrated 

MMT the interlayer distance is about 1 nm).   

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

insulating material manufacturing owing to their high aspect ratio (up to 1000) and peculiar 
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intercalation/exfoliation capability, which can be exploited to improve polymer electrical, 

thermal and mechanical properties. 

Layered double hydroxides (LDHs), also known as hydrotalcite-like materials, are a class 

of synthetic two-dimensional nanostructured anionic clays which structure can be described as 

brucite-like layers, where a fraction of the divalent cations coordinated octahedrally by 

hydroxyl groups have been replaced isomorphously by trivalent cations, giving positively 

charged layers with charge-balancing anions between them. Chemical composition of LDH 

(Fig.1.19.) is generally expressed as following: 

[M 2+
1-x M

3+
x (OH)2]

x+[  (A
m-)x/m × nH2O]x- 

where, M2+ and M3+ are divalent and trivalent cations, A is an interlayer anion, m is the 

charge of interlayer ion. 

 

 

Fig.1.19. Chemical structure of Layered Double Hydroxide (LDH) [121]. 

Different metal ions can be used to form positively charged layers, divalent such as Zn2+, 

Ni2+, Cu2+, Co2+, Fe2+, and trivalent, like Cr3+, Al3+, Fe3+, Mn3+, Ga3+. Regarding the interlayer 

space, LDH can be characterised by their anion exchange capacity, where anions can be 

inorganic, complex, organic or polymeric anions. A wide range of chemical combinations of 

metal oxide layers and negative interlayers allows engineering a hybrid LDH that may be 

compatible with polymer matrices. 

b. Carbon nanotubes are long cylinders of covalently bonded carbon atoms [122, 123]. Two 

basic types of CNTs exist: single-wall carbon nanotubes (SWCNTs), which have the 

fundamental cylindrical structure, and multi-wall carbon nanotubes (MWCNTs), which are 

made of coaxial cylinders (Fig.1.20.), having interlayer spacing close to that of the interlayer 

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

fullerene molecule. 

 

 

Fig.1.20. Schematic diagrams of single-wall carbon nanotube (SWCNT) and multi-

wall carbon nanotube (MWCNT) [122].  

CNTs have exceptional mechanical and thermal properties. Moreover, they can be 

electrically conductors, semiconductors or insulators depending on their chirality. The most 

common problem is their poor dispersion in the polymer matrix. Hence, chemical 

functionalisation treatment of CNTs is a common procedure, which includes functionalisation 

of defect groups, covalent functionalisation of sidewalls, non-covalent functionalisation, e.g., 

formation of supramolecular adducts with surfactants or polymers [122]. 

c. Nanoparticles. There are many types of nanoparticles. In this paragraph, we focus on 

zeolites, which were used in the present study for their water barrier properties. Zeolites, 

materials with ordered porous structure, can be synthesised in the nanometre range and are 

classified as nanoparticles in terms of geometry.  

Zeolites are a class of crystalline aluminosilicate materials built from an infinitely 

extending three dimensional network of [SiO4]
4- and [AlO4]

5- tetrahedrals connecting to each 

other by the sharing of oxygen atoms [124, 125]. The structure formula of zeolite is based on the 

crystallographic unit cell [126]:  

Mx/n [(AlO2)x(SiO2)y]·wH2O, 

where M is an alkali or alkaline earth cation, n is the valence of the cation, w is the number 

of water molecules per unit cell, x and y are the total number of tetrahedra per unit cell, and 
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the ratio y/x usually has values from 1 to 5, though for the silica zeolite, y/x can be ranging 

from 10 to 100.  

Zeolite is an open-structure framework that consists of many channels and/or 

interconnected voids of discrete size (in the range 0.3-20 Å). Each AlO4 tetrahedron in the 

framework bears a net negative charge that is balanced by a cation. Typically, these counter 

ions are elements from the IA and IIA groups of the periodic table. Some zeolite structures are 

shown in Fig.1.21. 

 

 

Fig.1.21. Representative zeolite frameworks (with pore openings): (a) zeolite A (3D, 

4.2 Å); (b) zeolite Y (3D, 7.4 Å); (c) zeolite L (1D, 7.1 Å); (d) ZSM-5 (silicalite) (2D, 5.3 × 

5.6 Å, 5.1 × 5.5 Å)[127]. 

Numerous types of synthetic zeolites with variable framework type structures with one-, 

two- and three-dimensional pore systems can be synthesised. Table 1.2. gathers the typical 

oxide formula of some synthetic zeolites.  
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Table 1.2. Typical oxide formula of some synthetic zeolites 

Zeolites Typical oxide formula 

Zeolite A Na2O·Al 2O3·2SiO2·4.5H2O 

Zeolite N-A (Na,TMA)2O·Al 2O3·4.8SiO2·7H2O 

Zeolite H K2O·Al 2O3·2SiO2·4H2O 

Zeolite L (K2Na2)O·Al 2O3·6SiO2·5H2O 

Zeolite X Na2O·Al 2O3·2.5SiO2·6H2O 

Zeolite Y Na2O·Al 2O3·4.8SiO2·8.9H2O 

Zeolite P Na2O·Al 2O3·2-5SiO2·5H2O 

Zeolite O (K2Na2,TMA2)O·Al 2O3·7SiO2·3.5H2O 

Zeolite Ω (Na,TMA)2O·Al 2O3·7SiO2·5H2O; 

Zeolite ZK-4 0.85Na2O·0.15(TMA)2O·Al 2O3·3.3SiO2·6H2O 

Zeolite ZK-5 (R,Na2)O·Al 2O3·4-6SiO2·6H2O 

 

Zeolites are classified in four groups based on their pore size: ultra-large (more than  

14-membered ring), large (12-membered ring), medium (10-membered ring) and small (eight-

membered ring) pore molecular sieves. In general, zeolites with medium and large pores are 

mostly used in catalysis in order to ensure the easy diffusion of the molecules to the catalytic 

active sites in the zeolite pores. On the other hand, those with high concentration of cation 

exchange sites and small pores are suitable for sorption processes due to the molecular sieving 

effect.  

In addition to the classical applications in ion-exchange, separation and catalysis, zeolites 

are attractive for novel technologies including highly selective membranes, host–guest 

chemistry, chemical sensors, etc. About 170 types of zeolites exist [128], and among them 40 

types are natural. Most of the zeolites are micro-sized, but they can also exist in a nanometric 

range. 

Zeolites are highly hydrophilic sorbents due to their electrostatic charged framework and 

the abundance of extra-framework cations. Almost all of the zeolites show type I water 

sorption isotherm, which indicates a high affinity to water at low partial pressure. The water 

sorption capacity is generally proportional to the size of the pores, therefore large pore 

aluminosilicate zeolites with 12-membered ring have the highest capacity for water. Higher 

water capacity is served for aluminium rich zeolites due to their high concentration of 

hydrophilic active sides. These zeolites are usually used as desiccants [125]. 
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3.1. Processing of nanocomposites with clays 

Polymer nanocomposites with clays are synthesised via various methods that can be 

categorised into four major routes [123, 129] : 

1. Solvent method (exfoliation adsorption) also called polymer or pre-polymer 

intercalation from solution, is based on a solvent in which the polymer or pre-polymer is 

soluble. Thus, a solvent system consists of swollen particles and solubilised polymer or pre-

polymer. When the polymer and layered silicate solutions are mixed, the polymer chains 

intercalate and displace the solvent within the interlayer of the silicate. Upon solvent removal 

or precipitation in non-solvent media, the intercalated structure remains, resulting in 

polymer/layered silicate nanocomposite. This method is good for the intercalation of 

polymers with little or no polarity into layered structures and facilitates production of thin 

films with polymer-oriented clay intercalated layers. 

2. In situ polymerisation. Using this technique, polymer formation can occur between the 

intercalated sheets of layered silicates. In situ polymerisation is based on the prior swelling of 

the layered particles within a liquid monomer or a monomer solution and further 

polymerisation. The polymerisation reaction is initiated between the intercalated sheets by 

radiation, heat, the diffusion of a suitable initiator, or by catalyst fixed through cationic 

exchange inside the interlayer before the swelling [112, 130]. At first, this approach was applied 

in manufacturing of nylon–montmorrillonite nanocomposite (Fig.1.22.) [131].  

 

 

Fig.1.22. Illustration for synthesis of Nylon-6/clay nanocomposites [131]. 

This method can be used for both, thermoplastic [132] and thermosetting [133] polymers with 

different nanofillers, e.g., metallic oxides or layered silicate. 

3. Sol–gel method (or template synthesis). This approach involves the formation of the 

inorganic filler in an aqueous solution or gel containing the polymer and the filler building 

caprolactam a layer of clay nylon 6

polymerisation

clay mineral
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blocks. It consists of hydrolysis of the constituent molecular precursors and subsequent 

polycondensation to glass-like form. Different additives can be easily introduced into the 

glassy network at room temperature during processing. During the process, the polymer 

contributes to the nucleation and growth of crystals, which are entrapped in the matrix. This 

method can disperse fillers in a polymer in a single step. 

4. Melt blending. Solvent free and thus, environmentally friendly, this technique involves 

annealing the polymer matrix at high temperatures, adding the filler, and finally kneading the 

composite to achieve uniform distribution. Melt intercalation is the typical standard approach 

for synthesising thermoplastic polymer nanocomposites. It is also considered compatible with 

industrial processes such as injection moulding and extrusion, which makes it more 

convenient to use. However, the high temperatures used in the process can damage the surface 

modification of the filler. Therefore, optimisation of the processing conditions is a very 

important factor that plays a big role in achieving good dispersion and exfoliation. Weak 

electrostatic forces among the filler interlayers and compatibility with the polymer matrix 

allow the polymer to crawl into the interlayers forming intercalated or exfoliated 

nanocomposites. 

The in-situ polymerisation and the melt blending methods are the most commonly used 

techniques for manufacturing thermosetting and thermoplastic nanocomposites, respectively. 

3.2. Properties of polymer/nanocomposites 

Since Toyota group has developed nylon/MMt nanocomposite [134], the tremendous 

research interest for nanocomposite materials demonstrated the improvement of the material 

properties [112, 135-137]:  mechanical [115, 138-140], thermal [114, 141], optical [142], electrical  [116, 143], 

barrier [115, 138, 144]. Table 1.3. displays different examples of incorporated into polymer matrix 

nanofillers and their reinforcement effect on material properties. 
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Table 1.3. Examples of nanoscale fillers incorporated in polymer composites for other 

property enhancement than reinforcement [137] 

Nanofiller Property enhancement(s) Application/utility 

Exfoliated clay 
Flame resistance, barrier, 

compatibilizer polymer blends 
 

SWCNT; MWCNT 
Electrical conductivity, charge 

transport, 
Electrical/electronics/ 

optoelectronics 
Nanosilver Antimicrobial  

ZnO UV adsorption UV screens 
Silica Viscosity modification Paint, adhesives 

CdSe, CdTe Charge transport Photovoltaic cells 

Graphene 
Electrical conductivity, barrier, 

charge transport 
Electrical/electronic 

POSS 
Improved stability, flammability 

resistance 
Sensors, LEDs 

Zeolites 
Improved permselectivity, dessicant 

properties, ion exchange 
Membranes, 
absorbents 

 

Changes in mechanical properties can be related to the fact that with nanoparticle 

incorporation, nucleation with crystallisation can occur. Nucleation effect resulted in 

increased onset temperature and a decreased half-time of crystallisation has been observed in 

different nanocomposites [145-147]. However, at higher levels of nanoparticle addition, a delay 

for crystallisation was noticed. This delay was present even in the systems where nucleation 

was observed at low content of nanoparticles and was mentioned to occur due to diffusion 

constraints [147-149].  

Another “nano-effect” reported in the literature is the change in the Tg of polymer matrix in 

the presence of nanoparticles. Both, an increase or a decrease in the Tg value have been 

reported depending upon the interactions between the particles and the matrix [137]. 

Nevertheless, modest changes of Tg (˂10 °C) are observed. 

Common reason for adding nanofillers to polymers is to increase strength, modulus or 

stiffness via reinforcement mechanism of well dispersed particles [150]. However, an opposite 

effects can occur in case of poor adhesion of the filler to the matrix. 

It was shown that fillers such as magnesium hydroxide, organically modified MMT, 

polyhedral oligomeric silsesquioxane (POSS), LDH with good dispersion can successfully 

serve as flame retardant, improved properties for targeted high-temperature applications [151]. 
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The barrier properties of polymers can be efficiently improved by adding particles with 

sufficient aspect ratio to alter the diffusion path of permeant molecules as illustrated in 

Fig.1.23. 

  

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

completely aligned platelets; (b) misaligned platelets [152]. 

- Permeability 

Different theories are developed for the prediction of the barrier properties through 

nanocomposites. For example, Nielsen theory is based on the reduction in the permeation 

through the composite (Pc) as a function of filler volume fraction φf and filler aspect ratio α 

described as follows: ���� = ��1 + � ∙ �
2
 (Eq.1.1) 

Where Pm and φm are the permeation through polymer matrix and polymer volume fraction 

respectively. Other modified finite elements models predicting the permeation reduction exist, 

such as the Cussler-Aris model, the Fredricson-Bicerano model, the Lusti-Gusev model, and 

etc. From all of them it can be based on the shape (aspect ratio) of the nanoparticles and 

hence, their dispersion degree and just secondary, on their size. The difference in the 

orientation of particles was taken into account by Bharadwaj [153] who introduced the variable of 

orientation (S) into Nielsen equation:  

 ��������� = 1 − �
1 + �3� �� + 12�

	�ℎ���	� = 12 (3	���� − 1) 

 

(Eq.1.2) 

 

 

(a) (b) 
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- Sorption 

The introduction of selective zeolite, which acts as molecular sieves, in a polymer film 

generally enhance the permselectivity properties of membrane separation [154]. Nevertheless, 

due to well-known high sorption capacity of zeolites, their nanocomposites exhibit high water 

uptake, which has been used to develop the functional food packaging for humidity control 
[155, 156]. It was find that zeolite at 5 wt % loading can also enhance water-retention properties 

of the filled materials [157].  

3.3. EVOH copolymers and nanocomposites  

Ethylene-vinyl alcohol copolymer (EVOH) relates to semi-crystalline random copolymers 

of vinyl alcohol and ethylene units (Fig.1.24.). 

 

* CH2 CH2 CH2 CH

OH

*n
 

m
 

 

Fig.1.24. Chemical structure of EVOH. 

In order to indicate the ratio of vinyl alcohol and ethylene in the copolymer, the following 

abbreviation is usually used: EVOH X, where X is the concentration (mole %) of ethylene 

part. 

The polar nature (presence of –OH groups in polymer structure) and excellent self-

organisation offer high barrier properties to oxygen with an OTR around  

10-3 cm3 m-2 day-1 atm-1 for the lower content in ethylene (Table 1.4.). EVOH integrates the 

good processability of PE with the high oxygen barrier property of PVA. The excellent barrier 

performance in combination with good transparency, crack resistance, considerable chemical 

resistance, lead to a wide use of these copolymers as oxygen barriers for improved food and 

pharmaceutical packaging shelf life and as hydrocarbon barriers for fuel tanks.  

With an increase of ethylene content in the copolymer, the moisture barrier properties 

improve and the gas barrier properties decrease (Table 1.5) [158].  
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Table 1.4. Barrier properties of EVOH (film thickness 25,4 μm) [159]. 

 
a in cubic centimeter-mils per 100 in2. 24 hours per atm at 20 °C at 65 % RH. 

b in gram-mils per 100 in2. 24 hours per atm at 40 °C at 90 % RH. 
 

This trend gives an opportunity to tune the chemical composition of the copolymer 

depending on the assigned task. Anyway, to keep good barrier properties, a composition in the 

range of 25-45 mole % of ethylene is required [160]. The barrier properties to oxygen are 

extremely sensitive to moisture due to interaction of H2O molecules and hydroxyl groups of 

the polymer chain. Hence, EVOH layer is designed to be sandwiched between highly 

hydrophobic materials, usually polyolefins. Different EVOH-based multilayer structure 

combinations such as  PP/EVOH/PP [161], PE/EVOH/PE [66], PE/EVOH/EVA [162]) have been 

developed for packaging applications. 

In order to bring better performance to EVOH based materials, different nanofillers can be 

introduced into this matrix: 

- lamellar nanofillers: organoclays (bentonite [163], kaolin [164], kaolinite [84], cloisite [165-167], 

MMT [118, 166, 168, 169]), LDH [170], thermal reduced graphene [171]; 

- Nanotubes: carbon nanotubes [172], cellulose nanowhiskers [173]; 

- Nanoparticles: mesoporous silica [174], carbon black and graphite [175]. 

Due to the good chemical resistance of EVOH, its nanocomposites can be processed by 

melt-mixing technique [176] or solution mixing [118, 166, 169] or precipitation [166, 167] using 

solvents such as dimethylsulfoxide (DMSO) [118, 172], dimethylformamide (DMF) [171], toluene, 

and water/1-propanol [163]. 

Most of the EVOH nanocomposites have been developed using montmorillonite and 

сloisite (organically modified montmorillonite) as fillers. Interestingly, EVOH polar nature 

allows for improved dispersion and incorporation of nanoparticles without using a 

compatibiliser. 
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EVOH/kaolin 

Nanocomposite based on EVOH with 27 mole % of ethylene (EVOH27) and kaolin 

(Al 2Si2O5(OH)4) nanofillers was used as a core layer in 5-layers films structure [164]. The 

multilayer films consisted of polypropylene skin layers and maleic anhydride modified 

polypropylene tie layers were processed by co-extrusion. The reinforcement of mechanical as 

well as barrier properties was observed for multistack with integrated nanocomposite layer in 

comparison to unfilled barrier. The WVTR for EVOH/kaolin with 5 wt % of nanofiller 

content was 0.61 g m-2 day-1, which is two times lower than the WVTR of pristine EVOH. 

EVOH/kaolinite 

Another type of clays such as kaolinite was used as nanofiller in order to improve barrier 

properties of EVOH [84]. Kaolinite clay is a very cheap raw material of the tile industry that 

needed to be refined and chemically modified prior to melt intercalation. To improve the 

morphology of nanocomposite, a treatment with dimethylsulfoxide, methanol and 

octadecylamine was carried out. Consequently, the basal plane distance of the original clay 

increased by three times. Transmission electron microscopy (TEM) images showed a strong 

adhesion between EVOH (containing 32 mole % of ethylene) and the clay (Fig.1.25.) and 

intercalation (but not total exfoliation) was observed, respectively, which were correlated with 

3 °C to 6 °C higher Tg values for the nanocomposites and, thus, higher rigidity. The 

nucleation effect of kaolinite particles resulted in increased crystallinity. This resulted in 

enhanced barrier properties of the nanocomposite. The measured OTR for 110 µm thick films 

of the pristine polymer was found to be 0.35 cm3 m-2 day-1 what is 4 times lower than 

permeability rate reported in Table 1.4. (0.02 cm3 mil day-1 100 in-2 after recalculation for the 

same units and film thickness gives value of 1.39 cm3 m-2 day-1). 
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Fig.1.25. TEM image of EVOH/nanocomposites containing 2% of modified kaolinite 

clay [84]. 

EVOH/MMT  

Attention was also focused on the incorporation of montmorillonite into EVOH contained 

44 mole % of ethylene units. Enhancement of barrier properties was offered by lamellar shape 

of the particles. It has been reported OTR value of 5×10-2 cm3 m-2 day-1 [168]. Calcium 

degradation test showed a gradual reduction of WVTR from ~10-1 g m-2 day-1 to  

10-4 g m-2 day-1 with an increase of MMt loading in the nanocomposite [118]. 

Thermal analysis of EVOH/MMt nanocomposites showed a sharp decrease of heat of 

fusion, melting and crystallisation temperatures with clay [177, 178]. As compatibiliser of EVOH 

with clay, maleic anhydride grafted ethylene vinyl acetate (EVA-g-MA) or maleic anhydride 

grafted linear low-density polyethylene (LLDPE-g-MA) were used. The addition of 

compatibilisers enhances the intercalation levels of EVOH into clay galleries. Depending on 

blending conditions and clay content, the obtained morphology was intercalation, 

delamination or complete exfoliation (Fig.1.26.). 

 



Chapter I: Literature review  
 

 

45 
 

   

Fig.1.26. Schematic description of clay fracturing and an onion like delamination 

process, where thin platelets peel off and blend into the matrix: (a) before intercalation 

and/or delamination process, (b) intercalation and clay fracturing, (c) advanced 

delamination process [177]. 

Nanocomposites with only 0.5 % surface-modified MMt loading obtained by extrusion at 

200 °C and 40 rpm presented an exfoliated structure and, regardless of the clay content, the 

tensile modulus and strength were observed to increase up to 40 % and 30 % respectively 

relative to the neat EVOH, highlighting the high level of intercalation of the filler with the 

EVOH matrix [177]. 

 

 

EVOH/LDH 

Carbonate and stearate intercalated LDHs were used as fillers in EVOH-nanocomposites 

preparation [170]. Hydrotalcite (LDH-CO3), having sheets with exposed hydroxyl groups, 

allows strong hydrogen bonding with the alcohol functional groups present in the polymer. 

Differential scanning calorimetry (DSC) showed that the presence of the fillers interfered with 

the polymer crystallisation processes (Fig.1.27.). Both fillers acted as nucleating agents in 

EVOH. The fillers had a reinforcing effect and the impact strength of EVOH increased 

significantly (from 4.9 kJ m-2 to 9.7 kJ m-2) when 10 wt % LDH-stearate was added. 
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Fig.1.27. DSC cooling traces for EVOH polymer composite systems [170]. 

Other EVOH/nanocomposites 

Another family of particles, which are used as fillers for EVOH/nanocomposite, is carbon 

nanotubes (CNTs) [171, 179]. EVOH/multiwall nanotube (MWNT) nanocomposites were 

prepared by the incorporation of electron beam irradiated MWNTs in EVA/toluene solution 

and saponification in an ethanol/KOH, where hydrolysis of EVA took place. Scanning 

electron microscopy (SEM) indicates that the nanocomposite particles had a highly porous, 

sponge-like structure of connected matrix polymers and MWNTs [179]. With the incorporation 

of 10 wt % pristine MWNTs, it was found that the thermal stability improved significantly 

and the maximum of degradation temperature shifted from 450 °C to 500 °C. The increase in 

the degradation temperature of the polymer matrix by addition of CNTs has also been 

reported [180]. 

An effective strategy was reported to fabricate EVOH nanocomposite with well dispersed 

thermally reduced graphene (TRG) sheets in the polymer matrix via solution mixing method 

using DMF [171]. The resulting material EVOH/TRG showed increased mechanical properties 

(tensile strength and elongation at break and noticeably improved barrier properties 

(permeability coefficient decreasing from 3.9 × 10−11 down to 8.5×10−15 cm3 cm cm-2 s-1 Pa-1 ) 

(Fig.1.28.). 
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Fig.1.28. (a) Tensile strength and elongation at break versus TRG loadings;  

(b) Permeability coefficients (PO2) of O2 for TRG/EVOH nanocomposite films as a 

function of TRG loading [171]. 

Summarising studies dealing with development and characterisation of 

EVOH/nanocomposites, major part of research has been concentrated on clays such as 

montmorillonite and cloisite. Regarding to the particles dispersion and enhancement of 

barrier, thermal and mechanical properties, 5 wt % particles loading is considered to be the 

optimal filler content. Little attention was paid on the nanocomposite stability, in particular to 

the temperature, and no information about photostability of EVOH nanocomposites was 

found. 

3.4. Photodegradation of nanocomposites  

Stability of nanocomposites determines their usefulness and the lifetime of the related end-

product. Thus, the study of degradation and stabilisation of polymer nanocomposites should 

be a compulsory issue for industrial and scientific sectors. Understanding the degradation 

mechanisms gives an opportunity to predict the stability of potential candidates and to 

successfully engineer the materials with assigned lifetime. Depending on the use environment, 

different ingress factors (temperature, chemical and biochemical environment, mechanical 

stresses, UV-irradiation, and etc.) should be taken into account during durability estimation. 

This paragraph describes the influence of different nanofillers on photodegradation and 

photostability of polymer nanocomposites. 

 

 

(a) (b) 
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3.4.1. Nanocomposites based on nanolayers 

Most of the publications dealing with nanocomposite photodegradation are devoted to 

polyolefin nanocomposites due to their key applications such as packaging in medical and 

food industry, electronic appliances, automotive and household products. Most of the 

attention has been focused on polypropylene (PP), polyethylene (PE), ethylene propylene 

diene monomer (EPDM) and polystyrene (PS). 

Polymer/MMT 

The photooxidation studies of montmorillonite based nanocomposites of PP [176, 181, 182], PE 
[183], and EPDM [184-186], polyamide-6 (PA-6) [187], polycarbonate (PC) [188], epoxy  

resins [189,190] and PVA [191] showed that incorporation of nanofillers has a pro-degrading 

effect, what results in faster degradation of nanocomposites in comparison to unfilled 

polymer. In addition, it was shown that the presence of organo-MMt decreased the efficiency 

of conventional stabilisers such as phenolic antioxidant or hindered amines. 

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

- interactions between clays and stabilisers;  

The catalytic effect of the metal ion impurities, such as iron, which are present in naturally 

occurring clays [181, 192]. This effect is based on decomposition of primary hydroxides formed 

upon polymer photooxidation (Scheme 1.1.). 

 

 

Scheme 1.1. Catalytic decomposition of hydroperoxides by metal ions [193]. 

 

- photodegradation of alkylammonium surfactant (the organic part of the  

organo-MMt) [181, 192]. 

- thermal degradation products of alkylammonium [194, 195].  

To overcome the prodegradant effect of clays, additives such as anti-UV [185], a metal 

deactivator [183, 196] and phenolic antioxidant [186] addition has been studied. 

In order to stabilise EPDM/MMt nanocomposite, an UV absorber (Tinuvin P) and an 

antioxidant (2-mercaptobenzimidazole) have been used [185]. It was shown that the addition of 

either Tinuvin P or 2-mercaptobenzimidazole inhibits prodegradant effect of MMt. This effect 
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might result from the combination of ZnO and 2-mercaptobenzimidazole, where  

2-mercaptobenzimidazole acts as a peroxide decomposer as well as antioxidant by donating 

hydrogen. ZnO acts as a vulcanisation accelerator and may also form a complex with 

mercaptobenzimidazole [Zn-coordinate complex], which acts as an antioxidant and a peroxide 

decomposer. 

The introduction of metal deactivator into PE/MMt displayed good success for the 

stabilisation strategy [183, 196]. Fig.1.29. shows that metal deactivator totally cancelled the pro-

degrading effect in comparison to UV stabilisers. The use of metal deactivator highlighted the 

significance of impurities such as metals and brings a new knowledge to the development of 

efficient stabilisation approaches. 

. 

 

Fig.1.29. Increase of hydroxyl group absorbance as a function of irradiation 

 time [176]. 

Lonkar et al. [186] showed more efficient stabilising effect of phenolic antioxidant for 

EPDM/MMt nanocomposite prepared via extrusion by the introduction of antioxidant into the 

polymer before mixing with the particles.  It might be explained by avoiding adsorption of 

antioxidant along with clay during processing. In this way, interactions with metallic 

impurities present in clay powder and antioxidant were reduced, hence, antioxidant stabilising 

efficiency was enhanced. 

Polymer/LDH 

Very few papers have reported on the photooxidative behavior of nanocomposites with 

synthetic LDHs [197-199] or hydrotalcite [200]. The photooxidative behaviour of the PP/LDH 

nanocomposites showed that the presence of LDH can modify the chemical structure of the 

photoproducts accumulating in the matrix [200]. The rates of oxidation were influenced by the 

nanofiller, depending on the divalent cations of the LDH layers. LDH phases containing Mg2+ 
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have a prodegradant effect on the polymer, whereas LDH based on Zn2+
 divalent cations has 

no influence on the rate of oxidation of the polymer [198]. LDHs containing Mn or Co as 

divalent cations were reported to have a prodegradant effect on PE oxidation, even in very 

low amount [201]. 

3.4.2. Nanocomposites based on nanotubes 

A lot of attention has been focused on processing CNTs nanocomposites of polymers 

(polyolefins, polyacrylates, polyenes, polyamides, polyurethanes, etc.) due to enhanced flame 

retardancy and the improvement of mechanical and electrical properties. The influence of the 

nanotubes on both the photooxidation mechanism and the rates of oxidation of the matrix was 

characterised for EVA/CNT nanocomposites [202]. On one hand, it was shown that the carbon 

nanotubes act as inner filters and antioxidants, which contribute to the reduction of the 

photooxidation rate of the polymeric matrix. On the other hand, it was observed that light 

absorption could provoke an increase of the local temperature and then induce the 

photooxidation of the polymer. The competition between these effects determines the global 

rate of photooxidation of the polymeric matrix. The stabilising effect of CNTs was also 

present for PP in condition of photo- and thermal oxidation [203]. Besides antioxidant nature of 

CNTs, it was concluded that these particles might absorb oxygen molecules. Such a 

mechanism could be responsible for abstracting oxygen molecules from the polymer chains 

and leads to a decrease of the rate of photooxidative reactions inside the amorphous phase in 

the first stages of photooxidative process. 

Enhanced photostability was displayed for bisphenol A epoxy resin [204] and PMMA [205]. In 

the case of PMMA [205], an efficient light scattering by particles was proposed to be one of the 

explanation of increased durability. 

3.4.3. Nanocomposites based on nanoparticles 

Various nanoparticles such as silica [182], carbon black (CB) [206], metals (Cu [207]), metal 

oxides (ZnO [182], titanium dioxide (TiO2) 
[208, 209]), calcium carbonate CaCO3 

[210, 211]) and etc. 

have been used as fillers for polymers in order to reinforce targeted functional properties for 

assigned applications. All nanoparticle fillers can be divided into two groups: 

photochemically inert and photocatalytic nanoparticles [119].  
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Photochemically inert nanoparticles 

Calcium carbonate (CaCO3) and silica (SiO2) are considered to be photochemically inert. 

The introduction of CaCO3 into HDPE was reported to result in changes of polymer 

photodegradation mechanism [210]. Contradictory explanations of particles effect were based 

on an acceleration of chain scission reactions and on a protective barrier effect for UV light 

penetration in HDPE. Moreover, addition of nanoCaCO3 leads even to more fast 

photodegradation of PP in comparison to micro sized particles [211]. This effect was explained 

by the presence of Si, Mg and Al impurities as well as the formation of defects at the interface 

between matrix and filler particles. 

Li et al. [212] reported that CaCO3 and SiO2 increase the degree of chain scissions in PP 

under natural degradation. The influence of the nanosized SiO2 particles on PP  

photooxidation [213] has been related to O2 permeability or the spherulites size of the 

nanocomposites, the smaller spherulites leading to higher stability of the nanocomposites. 

Nevertheless, another work showed contradictory results where SiO2 accelerates HDPE 

photooxidation [214]. 

 It brings to the conclusion that the influence of “photochemically inert nanoparticles” on 

photooxidation of polymer nanocomposites is not fully understood. 

Photocatalytic nanoparticles 

ZnO and TiO2 are well known broad band-gap semi-conducting oxides exhibiting a 

photocatalytic activity. It has been demonstrated that the photocatalytic effect of 

semiconductors such as ZnO, mainly results in the formation of radicals that are able to 

degrade the polymer matrix [215]. The photoocatalytic effect of ZnO and TiO2 is however 

counterbalanced by the UV inner filter played by these fillers, which absorb in the UV range. 

At the same time, the stabilisation effect of ZnO nanoparticles on the photooxidation of 

LLDPE was found to be better than that of Al2O3 or SiO2 nanoparticles [216].  

The photostability of PMMA/TiO2 nanocomposite films with different kinds of TiO2 

nanoparticles was studied under accelerated artificial ageing [217]. The photacalytic oxidation 

of the polymer by TiO2 provokes the formation of cavities and free volume (voids) between 

polymer chains and the nanofiller.  

The photochemical behaviour of PLA/TiO2 and PLA/ZnO nanocomposites has been  

studied [218-220]. Two opposite effects of UV-screening and photocatalysis of these two 

nanofillers showed that, the influence of these metal oxides on polymer lifetime cannot be 
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confidently predicted. Photodegradation of PLA/TiO2 nanocomposite films showed a decrease 

of photostability [218].  

Carbon black 

Carbon black (CB) was reported to have a stabilising effect on epoxy resin [206], PE [221] and 

PP [222]. CB can act as an UV absorber, a free radical scavenger, and as a filler of micropores 

and microcracks of the polymer matrix maintaining the barrier properties of the coatings 

during degradation [206]. Schematic influence of CB on epoxy resin coatings showed in 

Fig.1.30. The physical nature of carbon black mainly accounts for its UV stabilising activity 

due to its UV absorption ability that decreases the UV dose received by the polymer. In 

addition, the termination reactions of free radicals generated during photooxidation may also 

contribute to the UV stability brought by carbon black. This phenomenon retards the 

degradation of the coatings. Besides, CB nanoparticles act as obstacles for propagation of 

microcracks. It was also approved that CB nanoparticles can fill micropores in the coating and 

limit penetration of water into the coating [206]. 

 

 

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

degradation of coatings [206]. 

 

 

Conclusions 

The influence of nanofillers on polymer photodegradation depends on various factors. 

Montmorillonite provokes a faster photooxidation of the polymeric matrix whereas the effect 

of LDH or carbon nanotubes can be tuned. Stabilisation effect can be obtained by adding a 

metal deactivator to nanocomposites with naturally occurring clays (montmorillonite), or by 
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using suitable divalent cations into LDH nanocomposites. In the case of CNTs, 

photostabilisation can be achieved by adding suitable type and amount of nanotubes. The 

competition between the two antagonistic effects of ZnO and TiO2 leads either to stabilising 

or prodegradant effects, with heterogeneous degradation resulting from oxidation profiles. 

As a conclusion, one can say that there are no general rules for stabilisation of polymer 

nanocomposites. The resulting effect strongly depends on the studied system: nanofiller, 

polymer, and additives.  

 
 

3.5. Polymer/zeolite nanocomposites 

Researchers have widely investigated zeolite thin films within the last 15 years, most of 

these studies were motivated by the potential application of these materials as separation 

membranes and membrane reactors.  

Nowadays, zeolite based nanocomposites are used in sensors, cathodes of the cells, 

anticorrosive, selective membranes, gas separation [223], fuel cell applications [224], catalysts, 

and selective removal of heavy metal ions [225] and other pollutants [226] from sea water and 

industrial waste water.  

Several aspects are responsible for the unique properties of zeolite nanocomposites and 

their industrial success [227]: (i) very high and adjustable adsorption capacity, (ii) catalytic sites 

of different strengths can be generated in the frameworks, (iii) the size of their channels and 

cavities is in the range of many molecules of interest, and (iv) excellent ion exchange 

capacities.  

Nevertheless, up to now the application of zeolite-based nanocomposites does not cover the 

packaging and coating sectors.  

Unlike traditional fillers, conditions of zeolite synthesis can be well-matched, and this 

provides a broad range of potential properties (antibacterial properties, selective gases/liquids 

adsorption and catalytic properties) and the ability to tailor the functions of composite 

materials. 

Taking into account the high sorption capacity of zeolites, these fillers were proposed as 

desiccants for electronics in order to protect moisture sensitive devices (like OLEDs) [228]. 

Since 1990, zeolite-resin composite based desiccants have appeared in electronics [229-231]. 

Traditionally, a relatively high quantity of desiccant has been used in the non-transparent 

bottom side of electronic devices. However, the transparency or the flexibility of the desiccant 



Chapter I: Literature review  
 

 

54 
 

(usually up to 40 wt %) was never an issue until the development of top emitting OLEDs, and 

further, semitransparent OPVs. To solve this problem and keep good moisture getter 

properties, Wu et al. [232] processed transparent composite moisture getter layer to encapsulate 

top emitting OLEDs. Acrylic resin with 10 wt % of Beta zeolite nanoparticles was tested as a 

moisture getter encapsulation film deposited on the top of OLED module. Nanocomposites 

exhibited WVTR less than 10-3 g m-2 day-1 and water absorption capacity of 3.6 g m-2 (highly 

dependent of the conditions of previous zeolite activation). The resulted material does not 

achieve requirements for OLED encapsulation, but such a film could match the demands of 

less sensitive OPV [66].  

Beta zeolite nanocrystals were also tested in another material as native starch. They 

addition resulted in changed tensile and water barrier properties of the film [233]. Water vapour 

permeability of films was shown to be slightly decreased (by 6-20 %). At the same time, Beta 

zeolite based nanocomposites exhibited decreased tensile strength and increased elongation at 

break. The results showed that zeolite dispersion is a critical point for obtaining reinforcement 

effect. 

Zeolite based nanocomposites has a great potential application in the development of 

transparent and flexible encapsulations, in terms of reinforcement effect and of great sorption 

capacity. 
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CONCLUSIONS 

 

The review of the current literature dedicated to OSCs degradation and encapsulation, and 

the role of nanocomposites, highlights the following key findings: 

- The degradation of OSCs is mainly caused by the combined action of light, oxygen, 

water and temperature. Degradation involves every part of the cell, as well inorganic 

(electrodes) and organic components (PAL, PEDOT: PSS), as interfaces. Ageing 

processes lead to a loss in cell efficiency due to a worsen light absorption, a drop in 

charge carrier transport, morphology changes and delamination. A good barrier 

encapsulation is a solution to protect the cell from external ingress of oxygen and water, 

which would allow for an increase the device lifetime. 

- Different strategies and approaches to reach stong barrier properties for efficient 

encapsulation have been proposed. The most common systems currently used are based 

on altenating multilayer stack, which can achieve the permeation level required for 

OSCs. However, the drawbacks of high-cost deposition methods and limitation in large-

scale fabrication hinder OSCs competitiveness in the market.  

- Summarising the research done in the OPV encapsulation, one can say that it is mostly 

focussed on the operation performance of the cell, but it neglects the issue of  

encapsulation stability, which is however essentialal to obtain stable device over 

lifetime. 

- Introduction of the nanofillers into a polymer matrix can enhance different material 

properties, in particular, barrier to oxygen and/or water. The introduction of such 

nanocomposite into multilayer encapsulation may increase the efficiency of barrier 

properties, and hence, increases OSC lifetime. Nevertheless, depending on the studied 

materials, the presence of nanofiller can increase or reduce the photochemical stability 

of nanocomposites, highlighting the need to study the photostability of each new 

nanocomposite material. 

- Zeolites are shown to be potential materials to be used as nanofillers for polymers in 

order to improve desiccant properties of the polymer layer and decrease the ingress of 

moisture into OSCs by an efficient trapping of water molecules. Nevertheless, to the 

best of our knowledge, no studies of zeolite polymer photostability have been done so 

far. 
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On the basis of the knowledge from literature data, we have chosen to elaborate and 

characterise new polymer nanocomposites based on EVOH copolymers as an organic matrix 

and on zeolites nanofiller as fillers for their water getter properties. Considering the various 

issues described above, we will focus on the properties of the nanocomposites, optical 

properties for transparency of the encapsulation coating, mechanical properties for the 

flexibility of the OSC, water barrier properties for the protection of the OSC against water 

ingress. We also take into account what we consider as major issue, which the durability of 

these properties under the stresses of the device environment. 
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INTRODUCTION 

 

This chapter concerns the experimental part of the manuscript. The materials and 

processing methods are described, the setup and accelerated ageing conditions are given, and 

the methods and characterisation techniques for polymer and polymer nanocomposites are 

represented. 
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1. MATERIALS AND SAMPLE PREPARATION 

1.1. Materials 

Polymer  

Commercial ethylene vinyl alcohol copolymers with 27 and 44 mole percentages of 

ethylene in the copolymer composition (named EVOH 27 and EVOH 44 respectively) were 

supplied by Scientific Polymer Products, Inc. Polymer specifications are described in the 

following table: 

Table 2.1. EVOH copolymer characteristics (provided by supplier) 

 Density Tm Tg 

EVOH27 1.20 191 72 

EVOH44 1.14 165 55 

 

Solvents 

Dimethylsulfoxide (DMSO) of 99.9 % purity was purchased from Sigma Aldrich Ltd (St. 

Louris, MO) and used without further purification. 2-propanol, o-xylene (98% grade) 

supplied, respectively, by Alfa Aesar and BHD from VWR International, were used for 

preparation of zinc oxide (ZnO) and active layer solutions.  

Organic solar cells (OSCs) 

 Poly(3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester 

(PC60BM) were supplied by Merck Chemicals and Solen Inc. respectively, and were used as 

active layer in organic solar cells.  

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) from Heraeus 

Precious Metals GmbH & Co. KG was used as hole transport 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 were used for electrodes vacuum 

evaporation.  

Two adhesive bonds have been used in this work. The first, an UV-curing based on 

modified epoxy resin glue LP655 from DELO Industrial Adhesives, selected as an adhesive 

bond, has a WVTR of 6.1 g m-2day-1 at 60 °C/90 % RH for the layer thickness of 1 mm. The 
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second, Dymax 3030 acrylic UV-curable adhesive from Dymax Edge with a water absorption 

of 1.6 % (25 °C / 24 h). 

Ultra-barrier solar film from 3M (WVTR of 5×10-4 g m-2day-1 at 23 °C / 85 % RH) was 

used as a flexible substrate for calcium sensors. 

Zeolites 

Synthetic zeolites were supplied by Clariant Produkte GmbH with the trade names Lucidot 

NZL 40 LP3533 and Lucidot DISC, abbreviated NZL and DISC respectively. Particle 

specifications provided by supplier are reported in Table 2.2. 

 

Table 2.2. Specification of the zeolite particles (provided by supplier) 

Specification NZL DISC 

Size of primary particles 15-60 nm 0.5-2 µm 

X-ray diffractometry (XRD) 
LTL standard, additional characteristic 

properties of nanoscale particles 
LTL standard 

Water content, wt% 10-13 7-8 

Specific surface area (BET) of 
the hydrated material, m²/g 

150-170 50-55 

 

Both zeolites are related to L-type particles, LTL standard (Fig.2.1.), with shapes of tube 

(NZL) or disc (DISC).  

 

 

 

 Fig.2.1. (a) LTL framework type viewed normal (upper right: projection down); 

(b) Composite building units [234]. 

 

(a) 

(b) 
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1.2. Sample preparation 

Processing of polymer/nanocomposite films 

Nanocomposites were processed by two different methods: solution mixing (method A) or 

melt-mixing using a twin-screw extruder (method B).  

Method A. The polymer was dissolved in DMSO at 190 g/l. At the same time, a solution of 

zeolite particles with concentration of 95 g/l was placed in an ultrasonic bath for 30 min and 

then treated by an ultrasonic processor (a Vibra-Cell VCX 130 PB) for 5 min at a frequency 

of 20 KHz and amplitude 75 %, immediately preceding the mixing with polymer solution. 

After sonication, aliquots of zeolite suspension were added to achieve nanocomposites with  

5-30 wt % of particles to the fixed volume of EVOH solution. The nanocomposite solutions 

were sonicated for 5 min using the ultrasonic processor with the same conditions as for the 

zeolite suspension. 

Films of pristine EVOH and EVOH/zeolite nanocomposites were obtained with an Erichsen 

Coatmaster 809 MC film applicator by depositing the solutions onto glass sheets and their 

drying at 40 °C overnight. After solvent evaporation, films with thickness between 15 and  

40 µm were obtained and then placed in an oven at 60 °C under vacuum for one week to 

remove solvent trace. Any residual presence of the solvent was verified by IR spectroscopy 

with the IR characteristic bands of DMSO at 950 cm-1 and 1020 cm-1. A descriptive scheme of 

the deposition process is shown in the following Fig.2.2.: 

 

 

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

Method B. A melt-mixing intercalation process was also used for nanocomposite 

preparation. Polymer and zeolite powders were melt-mixed in a twin-screw extruder (Thermo 

MiniLab Haake Rheomex CTW5, Germany) for 15 min at 210 °C and a screw speed of  

40 rpm. Films were then obtained from solid polymer/zeolite nanocomposite pellets using a 

hydraulic press with 2 heated plates at a working temperature of 200 °C and the pressure  

200 bar for 1.5 min. Films with thickness between 70 and 120 µm were obtained. 
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Fabrication of solar cells  

Devices with the inverted architecture (see Ch.I Fig.1.4.) based on sequential superposition 

of ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag on glass/flexible PET substrate, as it is shown in 

Fig.2.3., were fabricated by the following procedure. First, ITO coated substrates were 

cleaned by consequent sonication in acetone (5 min) and isopropanol (15 min). ZnO-ethanol 

suspension with 2.5 wt % of nanoparticles was deposited directly onto ITO by doctor blade at 

65 °С and then, thermally annealed at 140 °С for 10 min in air. The P3HT:PCBM (1:0.8 by 

weight) solution in o-xylene with 5 wt % of 1-meta naphthalene additive was stirred 1 hour at 

80 °С and deposited by doctor blade. The initial absorbance of the active layer at 510 nm was 

in a range of 1±0,1 a.u. Then, PEDOT:PSS, diluted in isopropanol at 80 °С, was deposited on 

the top of the active layer. Devices were completed with the thermal evaporation of 150 nm of 

silver to form the top electrode, carried out in Univex 350G vacuum chamber from Leybold 

Vacuum GmbH. The active areas of obtained solar cells were about 27 mm2. Current voltage 

measurements were performed using a Keithley 2400 source meter and a Xenon lamp with an 

intensity of approximately 100 nWcm-2. Prior to testing, devices were annealed at 120 °С for 

5 min. The devices were encapsulated by mono-, bi- or three-layer encapsulation foils 

consisted of EVOH polymer or nanocomposite layer with the thickness about 80-100 µm 

and/or 125 µm thick PET using epoxy- or acrylic-based adhesive glue. Thus, different 

combinations of encapsulation layers were used: EVOH monolayer, EVOH/PET bi-layer, and 

PET/EVOH/PET three-layer. All PET and EVOH layers were corona treated and then joined 

with the cell using adhesive glue, laminated and placed into an UVACure 100 curing chamber 

(Tangent Industries, Inc) for 20 min. P3HT:PC60BM based flexible devices were 

encapsulated in the glove box. 

 

SubstrateITO electrode

Position of the Ag 

electrodes

Encapsulation foil

ZnO layer

PEDOT:PSS

layer
P3HT:PC60BM

layer

Adhesive bond

  

 

 

Fig.2.3. (a) Layers structure of the inverted P3HT:PCBM solar cell; (b) A photo of a 

studied device. 

(a) (b) 
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Fabrication of calcium sensors 

 Calcium sensors were fabricated to study orthogonal and lateral water diffusion through 

EVOH and EVOH nanocomposite films. 

Sensors to study orthogonal diffusion. The permeation sensors were prepared as 

following: 3×3 cm2 square of 500 nm thick layer of calcium was deposited onto 5×5 cm2 

glass/PET substrate by evaporation technique described above. Next, 250 nm thick silver 

contact pads were deposited to contact calcium with test board to measure the conductivity 

changes. The fabricated calcium sensor is shown in Fig.2.4.  

 

 

 

Glass substrate

Encapsulation foil

Ag electrodes
Metallic 

calcium

Adhesive bond

 

 

        

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

A photo of calcium permeation sensor encapsulated by polymer foil. 

Finally, the sensors were encapsulated with the materials of interest (neat EVOH or the 

nanocomposites) with the area of 4×4 cm2 fully covering the area of calcium film. The sensors 

were encapsulated by EVOH and its composite films using the epoxy glue and then, cured 

during 10 min in the UV chamber.  

Sensors to study lateral diffusion. To study lateral water diffusion through the materials, a 

glass plate (3,5×3,5 cm2) was deposited on a top of calcium sensor already sealed with EVOH 

based film (3,5×3,5 cm2) (Fig.2.5.). The sealing was performed using the same epoxy-based 

adhesive. As a reference, a sensor with the same structure but without polymer encapsulation 

layer was used. As a substrate, a glass plate was used in this experiment. 

 

(a) (b) 
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Glass substrate

Encapsulation foil

Ag electrodes
Metallic 

calcium

Adhesive bond

Adhesive bond

Glass substrate

 

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

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

2. ACCELERATED AGEING 

2.1.  Accelerated photoageing  

Samples were submitted to UV-Visible irradiation (λ >300 nm) in a SEPAP 12/24  unit 

from Atlas [235] at 60 °C in the presence (photooxidation) or absence (photolysis) of oxygen. 

This apparatus is equipped by four medium-pressure mercury lamps (a Novalamp RVC 

400W) disposed vertically at each corner of a square chamber. Wavelengths below 300 nm 

are filtered by the borosilicate glass envelope of the lamps. The emission spectrum of the 

lamps is represented in Fig.2.6. The carrousel has a capacity of 24 samples, placed at a 20 cm 

distance from the lamps axis, turning 4 times per minute. The chamber temperature is 

maintained at 60 °C during all experiments; this is controlled by a platinum probe in contact 

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

Novalamp RVC 400W lamps measured by radiometer. 

Two types of photoageing experiments were performed: 

- photooxidation experiment, where samples were irradiated in ambient air conditions, and 

therefore in presence of oxygen;  

- photolysis, where samples were irradiated in the absence of oxygen, film sample was 

introduced inside a tube made of borosilicate glass, where first, a primary vacuum (P ≈ 1 Pa) 

was applied, and then followed by a secondary vacuum (P < 10-4 Pa). The tube was then 

sealed and exposed to irradiation in the pertinent device.  

2.2. Damp heat experiment 

A damp heat test is the most common and crucial test for PV module qualification testing. 

The high temperature accelerates the degradation of polymeric and metallic compounds, 

inducing discoloration, delamination or corrosion, and especially the water vapour permeation 

into the module with the subsequent degradation reactions [236].  

In this work, the thermal degradation in controlled humid atmosphere was applied to the 

complete solar cells and calcium sensors encapsulated by pristine EVOH or the 

nanocomposites. The experiments were carried out in a Horstman climatic cabinet (HS 200 K 

46 L) in the presence of air in the dark. For the complete photovoltaic device approval the 

conditions were fixed at 65 oC and 85 RH %.  

(a) (b) 
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3. CHARACTERISATION TECHNIQUES 

3.1.  Spectroscopy 

UV-Visible absorption spectra were monitored between 200 and 800 nm using a Shimadzu 

UV-2600 spectrophotometer with an integration sphere for analysing the total light 

transmission (direct + diffuse).  

Infrared spectra were recorded with a Nicolet 760 (Thermo Scientific) spectrophotometer 

working in a transmission mode and purged with dry air. The spectra were recorded with 32 

acquisitions and 4 cm-1 resolution. Prior IR analysis, the samples were dried during 3 h in an 

oven at 60 °C under vacuum. 

Spectra treatment. The photooxidation kinetics of the polymer and the nanocomposites 

were followed by IR spectroscopy in the carbonyl domain (1730 cm-1) and the region of C-H 

vibration (2852 cm-1) by plotting the absorbance variation from initial spectrum (At-At0) at 

1730 cm-1 and 2852 cm-1 as a function of irradiation time. The absorption band at 1460 cm-1 is 

a characteristic band of the polymer, which was used to compare the same polymer amount. 

All spectra at t=0 h were normalised for the same absorbance at 1460 cm-1, and normalisation 

coefficients were applied to corresponding spectra during photooxidation. The values were 

taken as an average of three samples irradiated in parallel. It is worth noting that this allows 

for comparison of the degradation rates of the polymer with and without nanoparticles and 

does not correspond to the degradation of the nanocomposite material. 

3.2.  Chemical derivatisation treatments 

Chemical derivatisation treatment is based on a treatment of aged sample with reagents 

capable to selectively react with degradation products. These reactions lead to the formation 

of new products with IR characteristic bands that are different from the initial ones [237]. In 

these studies, 2,4-dinitrophenylhydrazine (2,4-DNPH), and ammonia (NH3) have been used as 

reagents. In order to distinguish the reaction related to photoproducts to those of initial 

polymer chemical composition, samples of “non aged” films were used as references. 

3.2.1. NH3 treatment 

NH3 reacts with carboxylic acids to form ammonia salts, and with esters and anhydrides 

to form amides [237] (Fig.2.7.-Fig.2.8.):  
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Fig.2.7. Reaction of carboxylic acids with ammonia forming carboxylate ions. 
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Fig.2.8. Reaction of esters and anhydrides with ammonia forming primary amides. 

Experiment was performed on reference and aged polymer films placed in a teflon reactor. 

First, the reactor was purged with argon during 5 min to avoid side reaction of the samples 

with atmospheric environment. Then, NH3 flow was injected into the reactor, firstly at high 

speed during 1 min, and then, at small for 30 min. After treatment, the reactor was again 

purged with a flow of argon for 5 min. The treated samples 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 ketone forming corresponding derivatives 

of 2,4-dinitrophenylhydrazone. This method is based on the following reaction: (Fig.2.9.): 
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Fig.2.9. Reaction of aldehyde/ ketone with 2,4-DNPH. 

Formed derivatives have two absorption bands in IR spectra: 1618 cm-1 (stretching 

vibration of C=N hydrazones [62]) and 1592 cm-1 (stretching vibration of C=C aromatic  

ring [238]). These products have also a strong UV absorption with a maximum at 365 nm. 

Treatment with 2,4-DNPH was performed in a liquid phase (methanol) what implies a 

possible migration of low-molecular-weight products present in the oxidised polymer into the 

solvent. Therefore, low-molecular-weight products were removed by first soaking the aged 

sample. An aged sample and a virgin sample (as reference) were placed for 18 h in methanol 

in order to extract low-molecular-weight products, prior to be analysed by UV-Visible and IR 

spectroscopies (after drying in an oven). Then, the samples were placed in a saturated solution 

of 2,4-DNPH in methanol for 2 hours. The samples were then washed with methanol, dried in 

oven and then, re-analysed by UV-Visible and IR spectroscopies. 

3.3. Chromatographic analysis 

3.3.1. Solid phase micro extraction gas chromatography coupled with 

mass spectrometry detection 

This technique, abbreviated SPME-GC-MS, was used to collect and to analyse the volatile 

compounds formed upon polymer oxidation. The basic principle of Solid Phase Micro 

Extraction (SPME) is the adsorption of chemical compounds in a polymeric phase supported 

on a silicon fibre. In this case, the analytes are adsorbed in the fibre from the gas phase over, 

meaning that it is employed a Head Space (HS) configuration. Once concentrated in the fibre, 

the chemical compounds are thermally desorbed in the Gas Chromatograph (GC) injector. 

Then, the mixture is transported through the column by a carrier gas, where the different 

molecules of the mixture are separated on the basis of their affinity for the stationary phase 
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and the oven temperature. At the column exit, molecules are analysed by a Mass Spectrometer 

(MS) detector.  

Experimental conditions 

The particular procedure applied to make this analysis is described below. A polymer film 

was introduced into a 20 ml flask sealed with a silicon septum, and then submitted to the 

ageing (photooxidation in the SEPAP 12/24). Prior to chromatographic determination, the 

flask was kept for 1 hour at 60 °C to ensure a good desorption of the photoproducts coming 

from the film matrix. Then, the fibre was introduced into the flask and kept there for 2 min to 

adsorb the volatile compounds. The fibre was then transferred manually to the 

chromatographic injector where the analyte molecules were desorbed at 280 °C during  

2 seconds interval prior to the GC-MS analysis. The described steps are represented in 

Fig.2.10. 

 The used SPME fibre is a 75 mm fibre made of carboxen-polydimethylsiloxane provided 

by Supelco (BelleFonte, PA, USA), and it was conditioned at 280 °C prior to every use. GC-

MS equipment consists of a gas phase chromatograph Network System 6890N, from Agilent 

Technologies, coupled with a mass spectrometer Network Mass Selective Detector MSD 

5973. The fused silica capillary column has a Carbowax 20 M (Supelco, Belle Fonte, PA, 

USA) stationary phase and dimensions of 30 m×0.25 mm. A carrier gas was helium with a 

constant pressure of 38 kPa and 50 ml/min flow. The column temperature was kept at 60 °C 

during the first 5 min, and then, increased up to 200 °C at a rate of 10 °C/min, and the final 

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

Pierce Sample 
Septum

Expose Fiber/
Extract Analytes

Retract Fiber/
Remove Fiber holder

Sorption step Desorption step

Pierce Injector 
of GC

Expose fiber/
Desorp analytes from fiber

Retract Fiber/
Remove Fiber holder 

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



Chapter II: Experimental Methods 

 

71 
 

280 °C, and the ions source temperature was fixed at 230 °C. The ionisation was produced by 

electronic impact with 70 eV energy. The mass spectra as well as the reconstructed 

chromatograms were obtained by a mass scanning in the interval m/z 20-400.  

3.3.2. Ionic chromatography 

Ionic Chromatography (IC) was carried out at Service Central d’Analyse of the CNRS at 

Vernaison in order to detect molecular carboxylic acids formed and trapped in a polymer 

matrix during polymer ageing [239]. EVOH films (100 mg), photooxidised during 1000 hours 

in SEPAP 12/24 were soaked for 24 hours in 11 ml of ultrapure water in order to extract the 

low-molecular-weight compounds soluble in water. 

IC run conditions were next: 

- Guard column: Dionex AG11 HC (50 mm×4 mm); 

- Analytical column: Dionex AS11 HC (250 mm×4 mm); 

- Eluent: gradient of NaOH from 0.5 mmol/l to 25 mmol/l; 

- Flow rate: 1.5 ml/min; 

- Injection volume: 100 μl; 

- 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, an automatic injector Dionex AS 50, and a 

conductimeter ED 40 controlled by the acquisition software. 

Calibration. The stock solutions of organic acids were prepared in the ultrapure water with 

concentration 1000 mg/l. From these solutions, five daughter solutions were prepared, and 

then injected in the IC upon analytical conditions described above. 

3.4. Microscopic analysis 

3.4.1. Transmission electron microscopy 

Transmission Electron Microscopy (TEM) images were obtained with a Hitachi H7650 

microscope equipped by a TN camera Hamamatsu with working voltage 80 kV. The 

observations were carried out at Centre Imagerie Cellulaire Santé, University of Auvergne. 

The analysis of zeolite particles was carried out on a DMSO-zeolite suspensions 

(previously treated by the ultrasonic processor in conditions used for nanocomposite process) 

and were placed over a grid substrate with an ultrathin membrane. 
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TEM imaging of solid films was carried out on polymer or nanocomposite films included in 

an epoxy resin. The samples were then cut using a microtome in the direction perpendicular to 

the film surface to obtain film cross-sections that were deposited over a copper mash.  

3.4.2. Scanning electron microscopy 

Scanning Electron Microscopy (SEM) images were recorded by a LEO 1550 scanning 

electron microscope with the energy of electron beam of 5 keV using an in-lens detector. 

Prior observation, films of polymer and nanocomposites were coated with a carbon layer. 

SEM experiment was performed at International Laser Centre in Bratislava. 

3.4.3. Atomic force microscopy 

Theory. The working principle of Atomic Force Microscopy (AFM) based on the 

measurement of interaction force between the probe tip and the sample surface. The probes 

consist of an elastic cantilever with a sharp tip on the end. The force applied to the tip by the 

surface, results in bending of the cantilever. Where the tip–surface interactive force can be 

evaluated by the measurement of a cantilever deflection. A basic set-up of an AFM is 

described in the following figure: 

 

 

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

deflection due to the bending and twisting of the cantilever [240]. 

AFM operation can be performed in one of three different mode types, according to the 

nature of the tip motion: 

• contact mode, also called static mode. The tip is attached to the end of a cantilever 

with a low spring constant lower than the effective spring constant of the force holding the 
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atoms of most solids together. As the scanner gently traces the tip across the sample (or 

the sample under the tip), the contact force causes the cantilever to bend to accommodate 

changes in topography;  

• semi-contact or tapping mode. This mode maps topography by lightly tapping the 

surface with an oscillating probe tip. The cantilever's oscillation amplitude changes with 

sample surface topography. The topography image is obtained by monitoring these 

changes and closing the Z feedback loop to minimise them. Tapping mode is adapted to 

the analysis of soft samples such as polymers and thin films; 

• non-contact mode, there is no direct contact between the surface and the tip. The 

control system vibrates a stiff cantilever near its resonant frequency (typically  

100–400 kHz) with amplitude of a few tens to hundreds of Angstroms. The topography is 

analysed only through interactions distances between the tip and the sample type of 

attraction-repulsion, which results in the change of resonance frequency. Non-contact 

mode is another useful mode for imaging soft surfaces, but its sensitivity to external 

vibrations and the inherent water layer on samples in ambient conditions often causes 

problems in the engagement and retraction of the tip.  
One of the imaging modes used in this work is PeakForce Tapping™. This imaging 

technique is operated with the cantilever oscillated well below resonance. This results in a 

continuous series of force-distance curves. By the force control to keep the peak force 

constant, a multitude of material properties can be extracted and quantified from the force-

distance curve at each pixel within an image, such as modulus, adhesion force, and etc. 

(Fig.2.12.). This analysis is automatically performed by the software to obtain corresponded 

feedback images. 
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Fig.2.12. Schematic force distance curve derived during mechanical mapping in peak 

force tapping AFM mode with derivation of different mechanical parameters[241].  

 

Experimental conditions. In this study, a classical tapping mode (carried out at 

International Laser Centre in Bratislava) and Peak Force Quantitative Nanomechanics (QNM) 

tapping mode (performed at Institute of Chemistry of Clermont Ferrand) were used to analyse 

the samples surface.  

To study the changes in the sample roughness a scanning probe microscope (SolverP47H-

PRO) was operated in tapping mode. Images were recorded with a scan range 10 × 10 µm2 

and 512×512 points using a phosphorous-doped silicon tip with a resonance frequency around 

280 kHz. AFM measurements were collected from three different areas of the samples for 

statistical evaluation. From the measured AFM data, roughness (Ra) values were calculated as 

the average of the individual values obtained for three 10 × 10 µm2 height images, recorded at 

different points of the sample surface. SPIP 6.4.2. and Gwyddion 2.40 softwares were used 

for the image processing and roughness calculations.  

  To study the surface morphology of polymer and nanocomposite films and the particles 

distribution, an Atomic Force/Scanning Probe Microscope (AFM/SPM) Multimode from 

Bruker orerated in PeakForce Quantitative Nanomechanics (QNM) Tapping was used. The 

phosphorus doped silicon AFM probe (TAP-150A from Veeco) with a resonant frequency in 

the range of 130-180 kHz was used. Areas of 5×5 μm were scanned. The topography images 

were processed using 7.20 Nanoscope software. The probe was not calibrated in this 
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experiment which did not allow us to extract any quantitative information of material 

properties such as modulus and adhesion, but it permits the relative comparison (contrast of 

colour mapping) of data collected for each individual tap of a recorded image. 

The films of EVOH and EVOH/nanocomposite, used for AFM analysis, were obtained by 

deposition of polymer solution or polymer-particle suspension in DMSO (obtained as it is 

described in §1.2. method A) onto a glass substrate and then, dried in air at 40 °C to obtain 

solvent-free films.  

3.5. Dynamic mechanical thermal analysis [242, 243] 

Theory. Dynamic Mechanical Thermal Analysis (DMTA) is a technique where an 

oscillating force is applied to a sample in a cyclic manner and the material response to the 

deformation is monitored as a function of temperature or time (Fig.2.13.). This allows the 

material response to stress, temperature, frequency and other values to be studied. The 

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

 

 

Fig.2.13. Basic principle of DMTA [243]. 

DMTA provides a direct link between a material’s chemical makeup and its mechanical 

behaviour. The material is characterised in terms of its viscoelastic modulus, elasticity, 

viscosity, damping behaviour, and transition temperatures, and the changes of these with 

strain, strain rate, temperature, and oscillatory frequency. 

Viscoelastic parameters. The elastic and viscous stresses are related to material properties 

through the ratio of stress to strain. A ratio of the elastic stress σ’ to strain ε is the elastic (or 

storage) modulus E’ (Eq.2.1.). A ratio of the viscous stress σ’’ to strain is the viscous (or loss) 

modulus E” (Eq.2.2.). The sum of viscous and elastic moduli is called Young’s or complex 

modulus (E*), which shows mechanical overall resistance to deformation (Eq.2.3.). 
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#′ = $ ′ %& = #∗ ∙ cos +    (Eq.2.1.) 

#′′ = $ ′′ %& = #∗ ∙ sin +    (Eq.2.2.) 

#∗ = $∗ %& = #′ + #′′    (Eq.2.3.) 

The ratio of the loss to storage modulus, called tan delta, is the tangent of the phase angle σ, 

or phase shift between applied deformation and measured response.  

tan + = #′′ #′&     (Eq.2.4.) 

In the case of purely elastic materials (Hookean solid) σ=0 °. Contrary, for purely viscous 

materials (Newtonian liquid) σ=90 °.  

Loss and storage modulus curves (Fig.2.14.) give an information about the glass transition 

temperature (Tg or Tα) which corresponds to partial chain motions in the polymer. Except of 

the glass transition, it is possible to scan also transitions at lower temperatures. β-transition 

(Tβ) is accredited to other changes in molecular motions. β-transition is often connected with 

side chains or correlated to the motions of separate groups. γ- and δ-transitions (Tγ and Tδ) are 

related to stretch/bend and local motions respectively. Considering the rubbery plateau, 

 α’ transition or the liquid-liquid transitions can appear in semi-crystalline or amorphous 

polymers. Idealised temperature dependence of storage and loss moduli and the effect of 

different molecular relaxation are shown in Fig.2.14.  
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Fig.2.14. An idealised DMTA scan: (a) temperature dependence of the loss and 

storage moduli [244]; (b) effect of various molecular relaxations on the storage  

modulus [243]. 

Experimental conditions. In these studies, DMTA measurements were performed in a 

tensile mode using a DMTA Q800 from TA Instruments (New Castle, USA). The polymer 

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

-50 to 195 °C with a ramp 1.5 °C/min, at a frequency 1 Hz, and a strain 0.06 %. The chosen 

frequency and temperature ramp of experiment allow comparing the glass transmition 

temperatures obtained from DMTA experiment with those obtained by differential scanning 

calorimentry (DSC). 

(a) 

(b) 
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 For all experiments, in order to prevent sample buckling during heating, the ‘force track’ 

option was activated and set at 125 % with an initial pre-load force 0.5 N and a poisons ratio 

0.44. Prior experiment, all samples were dried in oven at 60 °C under vacuum during 3h. 

3.6.  Differential scanning calorimetry 

Differential Scanning Calorimetry (DSC) measures the difference in heat flow between a 

sample and a reference in a controlled atmosphere in order to determine various thermal 

changes in a sample. These changes include melting, glass transition, evaporation and 

chemical reactions that can be either exothermic or endothermic in nature. For example, DSC 

detects exothermic (crystallisation) or endothermic (melting) processes of a polymer. All 

these phenomena are presented in Fig.2.15. 

 

 

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

(Tg), crystallisation temperature (Tc), melting temperature (Tm). 

Experimental conditions. DSC analyses were performed on a Mettler Toledo DSC 822 

under an ambient airflow. The thermal characteristics of the films were determined from the 

first scan using a heating rate 10 °C/min from 25 °C to 225 °C. 

Approximately 10 mg of the polymer film was placed in an aluminium crucible with 

volume of 100 μl. A degree of crystallinity of the samples was calculated by the ratio between 

the enthalpy of melting of the analysed sample (∆Hm) and the enthalpy of melting of a 100 % 

crystalline poly(vinyl alcohol) (∆Hm° = 157.8 Jg-1 [245, 246]). 
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3.7. Water permeability [247,248] 

Theory of permeability. Generally, the transportation of gas, water and volatile compounds 

through a polymer (non-porous) system can be characterised by three phases: 

- dissolution and sorption in the membrane from the side corresponding to the higher partial 

pressure of the gas in question (upstream face) sorption; 

- diffusion through the membrane under the influence of concentration gradient (chemical 

potential); 

- evaporation in the gaseous state on the downstream face: desorption. 

The general phenomenon of permeation results of these three stages is presented in 

Fig.2.16. 

 

 

Fig.2.16. General mechanism of gas or vapour permeation through a polymer film [248]. 

Diffusion is the process by which a small molecule is transferred into a system due to 

random molecular motion. This is a term expressing the kinetic mobility of permeant. These 

phenomena are described through the laws of ordinary diffusion established by Fick. The first 

Fick’s law establishes a proportional relationship between the amount of permeant diffusing 

through the membrane per unit area J and the concentration gradient in conditions of steady 

state (∆C=constant). 

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

by J, is described by the following equation: 

 0 = 1 × (34536)�     (Eq.2.5.) 
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where	7 is a thickness of the polymer film, C1 and C2 are the permeant concentrations linked 

to  permeant respective partial pressures p1 and p2 in the Henry's Law equation described 

below: 

8� = �� × �    (Eq.2.6.) 

where S is the solubility coefficient of the substance in material. 

The permeability coefficient P is the product of a kinetic parameter, the diffusion 

coefficient D (m2s-1), and a thermodynamic parameter, solubility S  

(m3
permeant×m2

membrane×p-1
amount) and is described by equation below: 

 

� = 1 × �    (Eq.2.7.) 

 

Table 2.1. reports the various units of the permeability, which are commonly used. 

 

Tab.2.1. Different units of permeability 

 Dimension Units 

OTR 
9:;<=>?>@�ABCA�DEFG?��H  

	��I
�� ∙ J<@ 

WVTR  
9:;<=>?>@�ABCA�DEF�;�
<��CACKB�AH ∙ FG?��H 

L�� ∙ J<@ 

Permeability 

coefficient, P 

9:;<=>?>@�ABCA�DE ∙ Gℎ?�M=���CACKB�AF�;�
<��CACKB�AH ∙ FG?��H ∙ F�����;��C�N�DH L(��	��I) ∙ ����� ∙ ��� ∙ �<  

 

For practical reasons, one often uses the transmission rates, oxygen transmission rate and 

water vapour transmission rates (OTR and WVTR respectively). They are often normalised 

by the surface and are directly linked to the encapsulation device. Other quantities, such as 

permeability coefficient (P), normalise the flow relative to the thickness of the encapsulation 

as well as the partial pressure upstream. 

Water absorption models.  

The cases when diffusion causes the concentration to change with time can be modelled by 

the second Fick’s law: 
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O�(P, >)O> = 	−	 O0OP = 1 ∙ O2�OP2    (Eq.2.8.)   

 

Sorption measurements 

The sorption by polymeric membrane derived from the second Fick’s law for the conditions 

of infinite slab which permit the weight variations Mt to be measured as a function of time, 

and according to the literature described by (Eq.2.9.) [249]. 

RR�S = 1− 8U2 V 1(2= + 1)2 exp	F−1(2= + 1)2U2>72 H∞
==0     (Eq.2.9.) 

where l is the thickness of the polymer film sample or the length of the diffusion path, D is 

the effective diffusion coefficient and t is the time; Meq is defined as the weight at equilibrium 

state. In this equation, M is calculated by Eq.2.10., with M0 being the initial weight of the 

sample before moisture absorption. 

R = RD −R\    (Eq.2.10.) 

At the short time, it can be simplified to described below: 

RRA] = 47 _1>U	
     (Eq.2.11.) 

By constructing a sorption curve (M/M∞ versus √t), the effective diffusion coefficient for 

the short-time sorption can be calculated from the initial slope b, and the final equilibrium 

state of the curve using the following equations: 

` = 47√U √1    (Eq.2.12.) 1 = U 7�16 `�    (Eq.2.13.) 

Regarding Eq.2.7. and Eq.2.13., the permeability for Fickian behaviour case can be calculated 

as follows: 

� = U(RA] −R\)R\
c∆� 7�16 `�    (Eq.2.14.) 

Where solubility is described by the following equation: 

� = (RA] −R\)R\c
1∆�    (Eq.2.15.) 
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In this equation, M0 and Meq are defined as the relative weights at the beginning of sorption 

and equilibrium state, ∆P is the pressure difference and c is the density of polymer. 

 However, the diffusion process does not always follow Fick’s laws. Different models were 

developed to describe non-Fickian behaviour of polymer and composite materials. One of the 

most common models, proposed by the Carter and Kibler [250] [251] was used to describe 

moisture uptake within composites [251-253]. These models assume the existence of “mobile”, 

free to diffuse, and “bound” diffusant molecules. In this model, the solution for moisture 

uptake can be approximated as: 

efeg = h iijk �5kD l1 − mn6∑ Apq(6rs4)6f(��jt)6u�v\ w + iijk x�5iD − �5kDy + (1 − �5iD)h  (Eq.2.16.) 

Where n represents the number of mobile molecules (per unit of time) with a probability γ 

(s−1) to become bound β (s−1) is the probability that bound molecules become mobile to 

become mobile. k is related to the diffusion coefficient described by Eq.2.17. 

M = U� 17�    (Eq.2.17.) 

For the cases when the sorption time is short and kt ˂ 0.7, Eq.2.17. yields the 

approximation: 

RDRu = 4
Ut �& z {{ + |}√1>

	
7     (Eq.2.18.) 

The diffusion thus behaves as a Fickian process with an apparent Dapp
[254] such as:  

1�� = 1 � ikji��     (Eq.2.19.) 

In the case of long-time exposure when kt is large compare to unity (kt ˃ ˃ 1), the following 

approximation holds: 

R>R∞ = 1 − z |{ + |} �−{>  
 

   (Eq.2.20.) 

3.7.1. Gravimetric immersion water uptake (IWU)   

Experiment description. Water uptake experiments were performed to investigate the water 

sorption capability of polymer and nanocomposite materials. Films of pristine EVOH and 

EVOH/zeolite nanocomposites (with the samples weight of around 80 mg) were soaked in 
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distilled water at ambient temperature under shaking with an orbital shaker Biosan OS-10 in  

30 ml of distilated water. The water sorption capacity was monitored by a difference of 

weight of sample after soaking in water up to an equilibrium state with a constant weight and 

weight of a moisture-free film (virgin film after drying 2 h at 120 °C under vacuum) and the 

same film. 

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

3.7.2. Dynamic vapour sorption 

Dynamic Vapour Soption, also known as DVS, permits the amount and rate of absorption 

of a solvent by a sample to be measured. This gravimetric technique measures the change in 

mass of the sample. The sorption isotherms are then treated to obtain the diffusion and 

permeability characteristic of the samples. 

Experiment description. Sorption isotherms were obtained using a benchtop dynamic 

vapour sorption analyser (IGAsorp, HidenIsochema, Warrington, UK) with ultrasensitive 

balance (resolution of 0.1 µg) measuring the mass of the sample as a function of time at fixed 

relative humidity and temperature. Controlled humidity was maintained using a laminar flow 

with wet−dry vapour mixing. 

The polymer and nanocomposite films with thickness range of 70-80 µm were prepared by 

method B, and then cut to obtain a mass around 60-100 mg. Samples, were initially held at  

0 % RH at the temperature 40 °C  until the mass of sample is stable over the time (72 hours). 

This mass was used as a reference mass (M0) for the mass uptake calculations. After, the RH 

was increased up to 85 % at 38 °C. The mass was then recorded as a function of time. 

The isotherms were treated according the procedure described for second Fick’s law in 

paragraph 3.7. Diffusion coefficient, was  calculated using Eq.2.13. 

3.7.3. Calcium test 

Theory. Calcium test is today the most commonly used to characterise flexible substrates 

for encapsulation purposes [255, 256]. This test relies on the chemical conversion of calcium to 

calcium hydroxide or calcium oxide in the presence of water or oxygen. Accompanying this 

chemical change is a change of the metal properties, since calcium is conductive and opaque 

and calcium oxide and hydroxide are nonconductive and transparent. Therefore, the 

permeation rate can be calculated from the change of electrical and optical properties of a 
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calcium layer, which is deposited on the test sample and encapsulated hermetically on the 

backside. 

The Ca-test can be used in different geometries (see example in Fig.2.17.). The calcium 

film can be applied directly onto a barrier (left) to be tested and seated or it can be fabricated 

on a separate carrier that is then joined with the barrier (centre figure). 

 

 

Fig.2.17. Different Ca-test setups where the conversion of Ca can be monitored by 

optical transmission (left and centre) or by electrical resistance 

 measurements (right) [255]. 

In the current work, calcium corrosion has been detected by change of the calcium 

conductivity. 

Assuming homogeneous corrosion of the calcium layer from the substrate surface, the 

resistance R is inversely proportional to the height h of the remaining metallic calcium (the 

oxidised Ca salts are insulators)[256] as it is described in following equation: 

~ = � ∙ 7` ∙ ℎ 

 

   (Eq.2.21.) 

where ρ denotes the Ca resistivity, l is the length and b is the width of the Ca layer. The 

permeation rate P through the foil is then proportional to the slope of the conductance curve 

1/R, plotted versus measured time t    (Eq.2.22.) 

� = −=R(��<L�=> )R(8<) +� 7̀ Jx1 ~& yJ>  

 

   (Eq.2.22.) 

where n is the molar equivalent of the degradation reaction (see below), M(reagent) and M(Ca) 

are the molar masses of the permeating reagent and Ca, respectively, and d is the density of 

Ca. The degradation reactions in humid air closely resemble the ageing mechanisms of the 
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cathode in a device. The important chemical reactions of calcium with air are assumed to be 

the following: 

2Ca+O2→CaO 

Ca+H2O→CaO+H2 

CaO+H2O→Ca(OH)2 

 

Therefore, each calcium atom can react with a half of oxygen molecule (n=0.5) or up to two 

water molecules (n=2).  

Experimental conditions. The Ca-test experiment was performed at Belectric OPV in 

Nuremberg. Lateral and vertical water vapour diffusion rates were determined by Ca-test 

carried out in a Horstman climatic cabinet (HS 200 K 46 L) via controlled environmental 

conditions (65 °C / 85 % RH). The Ca sensors (see the samples fabrication in Ch. II § 1.2.) 

were connected to a Keithley 2750 multimeter by four-point-probe technique to monitor their 

resistance under damp heat conditions. The permeation rates were calculated according to 

Eq.2.22. 

3.8.  Time-of-flight secondary ion mass spectrometry 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a surface analytical 

technique that focuses a pulsed beam of primary ions onto a sample surface, in result of a 

sputtering process, the secondary ions and neutral species are formed (Fig.2.18.). These 

species are then accelerated into a "flight tube" and their mass is determined by measuring the 

exact time at which they reach the detector (i.e. time-of-flight).  
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Fig.2.18. Working principle of ToF- SIMS. Adapted from [257]. 

SIMS process requires a vacuum environment. As primary ions for the secondary 

emission, a pulsed ion source is necessary. This ions source can work on the base of liquid 

metal ion gun (LMIG) principle using different elements species (usually atomic, small 

cluster or polyatomic). 

Due to the mechanisms of the secondary ions formation, the positive and negative ions 

are mostly singly charged. Positive ions spectra are dominated by electropositive species and 

negative ions spectra by electronegative species but metal clusters and fragment ions can 

appear in both polarities with different intensities relatives according to their oxidation 

degree. Therefore, many factors may influence the obtaining of a high intensity of the emitted 

secondary ions as shown by the following equation [258]: 

 

�C = �� ∙ �C ∙ �j ∙  C ∙ � (Eq.2.23.) 

 

where �C	is the secondary ion current of element m, Ip is the primary particle flux, Ym is the 

sputter yield, α+ is the ionisation probability to positive ions, θm is the fractional concentration 

of the chemical fragment m in the surface layer and η is the transmission of the analysis 

system.  

Primary Ion
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ToF-SIMS has a capability to provide high molecular specificity, high spatial resolution 

and high sensitivity to surface (<0.5 nm). The secondary ions analysis gives the information 

about molecular and elemental species present at the surface. In case of polymer analysis 

following information can be extracted: molecule structure (branching), saturation or 

unsaturation, conformation of chain, functions of groups, molecular weight distribution, ends 

groups etc. [259].  

Three operational modes are available using ToF-SIMS:  

1-study of surface morphology by mass spectra allows determination of the elemental and 

molecular species at surface with a high mass resolution >10 000; 

2- Surface imaging forward information to visualise the distribution of individual species 

present in the surface (XY) with a lateral resolution <500 nm; 

3- Depth profiling which is used to determine the distribution of different chemical 

species as a function of depth (Z) from the surface. The depth resolution is inferior to 1 nm 

and very thin layer ranging from 1 nm up to 10 µm can be analysed.  

Analysis conditions. ToF-SIMS experiment was performed at International Laser Centre in 

Bratislava. ToF-SIMS analysis was conducted using Ion-ToF (GmbH) (SIMS IV) in dual 

beam mode. A Bi3+ liquid metal ion gun operated at 25 keV was used as an analyser gun and 

Cs+ at 2 keV as a sputtering gun for the depth profile acquisition. To minimise charge build-

up at the surface the flood gun was used. The extractor was operated in both, negative and 

positive ion mode, regarding the specific conditions. The schematic view of used 

experimental setup is shown in Fig.2.19. 
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Fig.2.19. Experimental setup for ToF-SIMS measurements. 

To analyse the composition of EVOH44 and EVOH44/NZL, the mass spectra of the film 

surfaces were analysed in both, positive and negative ion fields. The positive mass spectra of 

samples were recorded in interlaced mode and one shot/pixel randomly rastered with 

resolution of 128×128 pixels during 1147 s. 

To study EVOH44 and EVOH44/NZL-20 film ptotooxidation, the negative ion field was 

analysed. 150 × 150 µm2 scan area of sample surface was bombarded by primary ions for 

1574 s. All images were obtained in interlaced mode with randomly rastered shots and 

resolution of 512×512 pixels where 3 shorts per spot were applied.  

For quantitative analysis of ions areas, each signal was normalised against total ion 

intensity (counts) to avoid any possible instrument effects. In order to compare relative 

composition between samples after the appropriate calibration process, a common peak list 

was applied to each analysis. Then, the average of data obtained from two analysed areas was 

calculated. SurfaceLab 6 software package from Ion TOF was used for the processing of 

obtained mass spectra.  

Samples 

All the analysed samples were processed by melt-mixing in twin-screw extruder in order to 

avoid the additional fragmentation of the solvent. Prior the ToF-SIMS analyses of 

photooxidased film, the samples were exposed during different times to light irradiation in air 

in SEPAP 12/24.  
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INTRODUCTION 

 

The aim of this work is to achieve stable materials with durable properties, which could be 

applied for encapsulation coatings of organic solar cells. Before studying the behaviour of the 

materials under the various stresses that are likely to provoke their degradation (UV light, 

oxygen, water, temperature), the characterisation of their initial properties has to be 

performed. This is the aim of this third chapter, which is devoted to the characterisation of the 

initial properties of EVOH copolymers and their nanocomposites with up to 20 wt % of 

zeolite nanoparticles or microparticles. These properties concern as well the chemical 

structure of the materials, as the morphology, the physico-chemical properties, with the 

optical, thermal, mechanical and water sorption properties.  

Two EVOH copolymers with 27 and 44 mole % of ethylene part were used as polymer 

matrix, with two different kinds of zeolite particles: micro- and nanosized particles 

(respectively DISC and NZL zeolites). The (nano)composites were elaborated by two 

different methods: solution mixing (method A) or melt-mixing in extruder (method B). The 

dispersion of the nanofillers was characterised by different microscopic analysis: SEM, TEM 

AFM. The influence of zeolite on the transparency was monitored by UV-Visible absorption 

spectroscopy, the mechanical and thermal properties by DMTA and DSC, the surface 

properties by AFM and ToF-SIMS and finally the water sorption properties by gravimetry and 

DVS.  

 

The final goal of this chapter was to determine which material would be the “best” 

candidate for encapsulation of organic solar cells in term of the required properties, e.g. 

transparency, flexibility, surface roughness, and in particular, water permeability/sorption 

properties. 

 



Chapter III: Initial Characterisation of EVOH/nanocomposites 
 

92 
 

1. CHARACTERISATION OF ZEOLITE PARTICLES 

Firstly, the zeolite particles that we used as fillers were characterised. The morphology and 

chemical structure of zeolites named NZL (nanosized) and DISC (microsized) are presented 

in this paragraph. 

1.1. Morphology 

In order to determine the particles morphology in DMSO solution used for nanocomposite 

processing, TEM observations were carried out on NZL and 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 particles related to zeolites of  

LTL-type [260]. NZL particles display nanoscale dimensions in the range of 30-55 nm in length 

and 15-20 nm in diameter (Fig.3.1.a-b). In contrast, disc shape particles, abbreviated DISC, 

have micrometric size in the range of 0.3-1.3 µm in diameter and 0.2-0.3 µm in thickness  

a c 

b d 
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(Fig.3.1.c-d). One observes that both zeolite particles form aggregates in the solvent in the 

size range of 70-200 nm and 2-20 μm for NZL and DISC respectively. 

The results obtained from TEM images of the particles are consistent with the 

specifications given by the supplier (see Ch.II Table 2.2.).  

1.2. Chemical structure 

1.2.1. Elemental composition 

The chemical composition of zeolite particles (NZL and DISC) was determined by 

elemental analysis (Service Central d’Analyse of the CNRS at Vernaison) (Table 3.1.). 

According to the analysis, the zeolites have the following formula: [K9(H2O)16] [Si27Al9O72] 

with Si/Al ratio close to 3, which is typical for L-type zeolites. The results indicated the 

presence of iron impurities in both samples, and other elements were detected in trace 

amounts (≥ 20 ppm).  

Table 3.1. Elemental analysis of zeolites 

Chemical element 

 H 

(%) 

Si 

(%) 

Al 

(%) 

K 

(%) 

Fe 

(ppm) 

Zn 

(ppm) 

Cu 

(ppm) 

Co 

(ppm) 

Mn 

(ppm) 

Na 

(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 into KBr pellets are shown in Fig.3.2.  
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Fig.3.2. FTIR spectra of NZL and DISC zeolite nanoparticles (in KBr pellets). 

This figure shows that the spectra of both zeolites are similar, which was expected 

considering their similar chemical compositions (Table 3.1.) and structures (LTL-type). IR 

spectra display absorption bands in 900-1200 cm-1, 550-800 cm-1, 540-640 cm-1, and 400-500 

cm-1 regions, which are characteristic for aluminosilicate materials [261-263].  

The most intense bands at 1033 cm-1 and 1093 cm-1 are assigned to asymmetrical stretching 

vibrations of Si-O bond. The 540-650 cm-1 frequency domain is called the region of "chainlet" 

vibrations and it corresponds to the chainlets of tetrahedrons in the mixed silicon-aluminium-

oxygen skeleton. The absorption band with a maximum around 478 cm–1 corresponds to T-O 

bending mode, and the shoulder band around 435 cm–1 is characteristic of the pore opening of 

external linkages [264]. 

2. EVOH/ZEOLITE NANOCOMPOSITES CHARACTERISATION 

The initial properties of EVOH/zeolite nanocomposites were characterised and compared to 

those of the neat polymer. Different methods and techniques were used to characterise the 

morphology of the nanocomposite and to determine their optical, mechanical, thermal and 

sorption properties. Their chemical composition was studied by ToF-SIMS.  

2.1. Spectroscopy analysis 

 2.1.1. IR analysis 

Fig.3.3.a shows the IR spectra of the pristine EVOH copolymers, EVOH27 and EVOH44 

(respectively with 27 and 44 mole % of ethylene units). Fig.3.3.b shows the spectrum of the 
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NZL zeolite nanoparticles, and the spectrum of the nanocomposite of EVOH44 with 20 wt % 

of NZL loading (EVOH44/NZL-20) films. The spectrum of the pristine EVOH44 is also 

reported on this figure. The characteristic IR bands assigned to EVOH [265-269]  and to zeolite 

L-type particles [261-263] have been previously described and are summarised in Table 3.2.  
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Fig.3.3. FTIR spectra of (a) EVOH44 and EVOH27 films, and (b) NZL, EVOH44 and 

EVOH44/NZL-20 nanocomposite films. 

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

Wavenumber [cm-1] Attribution Origin 

3350 ν(OH) stretching 

Polymer 

2930 νas(CH2) stretching 
2852 νsym(CH2) stretching 
1460 ν(OH) skeleton vibrations 
1715 ν(C=O) 

1120 ν(C-C) stretching 
1093 

νas(Si-O) stretching Zeolite 
1033 
845 

ν(CH2) rocking Polymer 
827 
763 Symmetric stretch of internal tetrahedra as 

well as for external linkages 
Zeolite 

723 Polymer + Zeolite 
643 

Vibration of tetrahedral structure 
 

Zeolite 
 

609 
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 (Fig.3.3.a) are those of hydrogen-

bonded O-H stretching (3350 cm-1), asymmetric (2930 cm-1) and symmetric (2852 cm-1) CH2 

stretching, the C-O and C-C stretching (1715 cm-1 and 1120 cm-1 respectively). The synthesis 

of EVOH being based on the hydrolysis of ethylene vinyl acetate, the presence of acetate 

groups with a low intensity band at 1715 cm-1 can be noted in the IR spectra. 

Comparison of EVOH with 27 and 44 mole % of ethylene units indicates differences in the 

relative intensities of the absorption bands (Fig.3.3.a). The (OH)/(C-H) ratio is higher in the 

case of EVOH27 than for EVOH44, which was not unexpected if one considers the relative 

amounts of vinyl alcohol and ethylene groups of both copolymers. 

Nanocomposites 

The IR spectrum of EVOH44/NZL-20 nanocomposite film was presented above in 

Fig.3.3.b, and the corresponding IR band assignments are described in Table 3.2. It shows the 

expected contributions of the IR absorption bands that are related to the polymer (2850-3350 

cm-1) and to the zeolite structure (430-650 cm-1, 1000-1200 cm-1). 

Fig.3.4.a shows the IR spectra of EVOH44/NZL nanocomposites with different NZL 

loadings. The absorbances of the IR bands at 478, 1033 and 1093 cm-1 increases with the 

zeolite content (Fig.3.4.b). and can be used to quantify the amount of zeolite (see insert). As 

expected, the intensities of those bands in the case of EVOH27/NZL nanocomposites (see 

appendix Fig.A.1.) follow the same trends as for EVOH44. 
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Fig.3.4. (a) FTIR spectra of pristine EVOH44 and EVOH44/NZL nanocomposite 

films with different particles content (7-30 wt %); (b) Subtracted IR spectra in the 

400-1500 cm-1 region. Inset: absorbance at 1033 cm-1, 1093 cm-1, and 476 cm-1 as a 

function of particle content in EVOH44/NZL nanocomposites. 

 2.1.2. UV-Visible analysis 

The optical properties of both pristine EVOH films were characterised by UV-Visible 

spectroscopy (Fig.3.5.a). The influence of NZL nanoparticles on the EVOH/NZL 

nanocomposite films transparency was also evaluated by UV-Visible spectroscopy for 

nanocomposites with increasing amount of zeolite nanoparticles (Fig.3.5.b).  
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Fig.3.5. UV-Visible spectra of: (a) EVOH44 and EVOH27 films; (b) EVOH44/NZL 

nanocomposite films with different zeolite contents. 

The UV-Visible spectra of EVOH44 and EVOH27 films (Fig.3.5.a) show little absorption 

in the visible domain (400-800 nm), which confirms the transparency of the films. The 
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maximum at 230 nm, which is more intense in case of EVOH27, and the shoulder at 285 nm, 

could result from residual processing additive.  

Due to the nanometric size of the NZL particles, the EVOH/NZL nanocomposite films 

maintain good transparency even with 30 wt % particle loading (Fig.3.5.b). This may bring 

the opportunity to include relatively high amount of particles into the polymer matrix and, 

hence, this allows the water scavenger properties of the material to be increased while 

maintaining the optical properties required for OSCs encapsulation. 

2.2. Morphology characterisation 

2.2.1. Surface morphology 

SEM images were recorded with the aim to study the influence of the zeolite particles on 

the EVOH surface morphology. SEM images of the surface of pristine EVOH44 film and the 

nanocomposite films with NZL and DISC particles prepared by DMSO solution mixing 

(method A) are shown in Fig.3.6.  

 

   

   

Fig.3.6. SEM images of film surfaces of (a-b) EVOH44(A), (c-d) EVOH44/NZL–

20(A), and (e-f) EVOH44/DISC–20(A). 

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

film surfaces. At the same time, the polymer films without particles displays voids and 

c e a 

d f b 
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irregularities, which could result from solvent evaporation (Fig.3.6.a-b). Additionally, the 

morphology at the surface of the composites is affected by the particles. It depends on the 

shapes and size of NZL and DISC where the larger size of DISC microparticles leads to more 

irregular surfaces (Fig.3.6.e-f)   

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

zeolite loading (Fig.3.7.) show that with an increase of NZL content, the particles 

concentration at the surface also increases. 

 

 

Further scaling at the EVOH nanocomposite film surfaces with 20 wt % of NZL and DISC 

particles is shown in Fig.3.8.  

  

  
Fig.3.7. SEM images of EVOH44/NZL nanocomposite film with different zeolite 

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

a 

b 

c 

d 
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Fig.3.8. SEM images of EVOH44 nanocomposites surface morphology with 20 wt % 

of (a-c) NZL, and (d-f) DISC particles. 

The SEM images in Fig.3.8. indicate that particles, NZL and DISC, are present at the 

surface either covered or uncovered by the polymer matrix. 

2.2.2. Particles dispersion and distribution in film thickness 

TEM was used to determine the particles dispersion and distribution in the bulk of 

EVOH/zeolite nanocomposites and also in the cross-section of films. The aim was to choose 

the best nanocomposite composition (zeolite loading and processing method).  

 

a 

b 
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Influence of processing method 

TEM images of EVOH44/NZL–20 of cross-sectioned films processed by melt-mixing 

(method B)(a-c) and solution mixing (method A)(d-f) are shown in Fig.3.9. 

 

2µm

 
100nm

 
100nm

 

2µm

 
100nm

 
100nm

 

Fig.3.9. TEM images of cross-sections of EVOH44/NZL–20 nanocomposite films 

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

TEM images (Fig.3.9.c,f) show that with NZL zeolite particles, the specific nanoparticle 

morphology was maintained within the EVOH matrix with a nanometric size of the primary 

particles connected to each other to form aggregates. These aggregates are in the same size 

range (70-200 nm) as those observed for NZL particles in DMSO suspension (Fig.3.1.), which 

indicates that no aggregation occurs after mixing the zeolite suspension and the polymer 

solution in DMSO (method A).  

The nanocomposites obtained by melt-mixing in a twin-screw extruder (Fig.3.9.a-c) leads 

to the formation of areas with high particles concentration with a 5 – 20 µm diameter. 

At the same time, the nanocomposites obtained by DMSO solution mixing (Fig.3.9.d-f) 

exhibit good particles dispersion and homogeneous distribution in the whole film thickness. 

The same observations and then the same conclusions can be made for nanocomposites with 

d e f 

a b c 
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EVOH44 and EVOH27 with the various NZL contents considered in this work (5-20 wt %) 

(see appendix Fig.A.2.-Fig.A.3). The best particles dispersion and distribution is then 

achieved by solution mixing (method A). 

Influence of zeolite particle size 

In order to compare if solution mixing with micrometric DISC particles is as efficient as it 

is with NZL nanoparticles, TEM images of EVOH44 with 20 wt % loading of NZL and DISC 

were compared (Fig.3.10.).  

 

2µm   

500nm   

Fig.3.10. TEM images of film cross-sections of (a-b) EVOH44/NZL–20 

nanocomposite and (c-d) EVOH44/DISC–20 composite obtained by solution mixing 

(method A). 

The images indicate that sedimentation occurs during the drying step of EVOH44/DISC 

films (Fig.3.10.c-d). This decreases the dispersion of particles, and as a result, this may 

worsen the desired composite performance. The same observations can be noticed for TEM 

cross-section images of EVOH27/DISC shown in Fig.3.11. 

 

b d 
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Fig.3.11. TEM images of film cross-sections of EVOH27/DISC–20 composite 

processed by solution mixing (A). 

In contrast, a good distribution of NZL particles in EVOH/NZL nanocomposites is 

observed for all the NZL loadings considered here (5-20 wt %) (Fig.3.12.).  

 

500nm  
500nm  

500nm  

Fig.3.12. TEM images of film cross-sections of EVOH44/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 the copolymer on the particles distribution, 

TEM images of EVOH44/NZL and EVOH27/NZL nanocomposites were analysed. Fig.3.13. 

shows cross-sectioned EVOH27/NZL-20 nanocomposite films. 

  

a b 
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2µm  500nm  100nm  

Fig.3.13. TEM images of film cross-sections of EVOH27/NZL–20 processed by 

solution mixing (A). 

Comparing the TEM images of cross-sectioned films of EVOH27/NZL-20 (A) 

nanocomposite (Fig.3.13.) and EVOH44/NZL-20 (A) (Fig.3.9.d-f.) with the same particles 

content (20 wt %), it can be concluded that the NZL distribution and dispersion are similar 

with both EVOH copolymers. Both EVOH44/NZL and EVOH27/NZL nanocomposites 

exhibit good dispersion and distribution in the whole film thickness when prepared by 

solution mixing in DMSO. 

Surface roughness 

The film surface was characterised by AFM analysis. The surface roughness has been 

extracted from the AFM images. Two different setups were used. The first one was carried 

out in a tapping mode to determine the effect of particles on the surface roughness by 

analysing height images. The second one, performed in peak force tapping mode, helped us to 

distinguish the particles and the polymer at the surface as a consequence of their different 

interactions with the tip. 

Fig.3.14. shows the height images obtained by AFM in classical tapping mode at the 

surface of EVOH44 and EVOH27 films and the corresponding EVOH/NZL nanocomposites 

films with different NZL loadings. 

a b c 
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 Fig.3.14. AFM 3D height images of (a-d) EVOH44 and (e-h) EVOH27 with different 

particles content, wt %: (a,e) 0; (b,f) 5; (c,g) 10; (d,h) 20. 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 
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The images corresponding to EVOH44 and EVOH27 film surface (Fig.3.14.a,e) show quite 

rough surface, which can be attributed due to solvent evaporation. Addition of NZL 

nanoparticles increases the roughness, which is even more significant in the case of EVOH44.  

In order to highlight the presence of NZL nanoparticles at the surface of nanocomposite 

films, 2D height images of EVOH44 or EVOH27 with 20 wt % of NZL nanoparticles are 

shown in Fig.3.15. White small spots that exhibited higher value of height indicate the 

presence of nanoparticles (shown in black circles). 

   

  

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

EVOH27/NZL-20 nanocomposite.  

The effect of nanoparticle loading on the EVOH surface roughness is plotted in Fig.3.16. 

for both EVOH copolymers. 
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Fig.3.16. Evolution of surface roughness with increasing NZL loading for 

EVOH44/NZL and EVOH27/NZL nanocomposite films. 

This figure shows that, in the case of the pristine materials, the roughness of EVOH27 is 

slightly higher than the roughness of EVOH44, which reflects the AFM images displayed in 

Fig.3.14.a,e. 

Fig.3.16. shows that adding NZL particles to EVOH44 leads to a significant increase of the 

roughness at the surface. At opposite, NZL zeolite addition (5-20 wt %) has no effect on the 

film surface for EVOH27 based nanocomposites (Fig.3.14.e-h). The highest roughness is 

observed in the case of the EVOH44/NZL with 5 wt % loading (Ra =150 nm) but, further, the 

roughness decreases with increasing zeolite content (Fig.3.14.c-d). 

Particles distribution 

In order to distinguish the particles and the polymer at the surface, AFM images of films of 

EVOH without and with NZL particles were performed in peak force tapping mode 

(Fig.3.17.).  
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EVOH44 EVOH44/NZL – 20 wt % 

 

  

 

Fig.3.17. AFM 3D images of EVOH44(A) and EVOH44/NZL-20(A). Plot type: (a-b) 

height, (c-d) height mixed with modulus, (e-f) height mixed with adhesion. 

The height images obtained in the case of an EVOH44 film and an EVOH44/NZL-20 

nanocomposite film confirm the results of AFM experiments shown above (Fig.3.16.) with an 

increase of roughness.  

Further, to observe the contrast between the particles and the polymer, the elastic modulus 

at the film surface was characterised in qualitative mode of AFM scanning. The colour 

contrast in this mode corresponds to the difference of values of the elastic modulus (in white, 

high modulus and in black, low modulus). The same colour code is also used for adhesion. 

The 3D images mixing height and modulus (Fig.3.17.c-d) allow us to distinguish zeolite 

particles and polymer matrix at the surface of nanocomposite film. Fig.3.17.c,e (pristine 

EVOH44) displays very low contrast, whereas for the EVOH44/NZL nanocomposite, 

Fig.3.17.d-f shows an important contrast (it is recalled that the white spots correspond to the 

zeolite and high modulus regions, and dark areas are related to the polymer).  

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

given concerning the height-adhesion images, but with opposite colours. 

(e) (f) 

(a) (b) 

(c) (d) 
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In order to show the differences between the polymer and the zeolite nanoparticles 2D 

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

 

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

Height mixed with modulus (white circles indicate particles). 

Particles with high modulus appear in white contrarily to the polymer matrix that appears in 

black.  

These results confirm that nanoparticles are well distributed in the polymer 

nanocomposites.  

2.3. ToF-SIMS surface characterisation 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) analysis was performed at 

the surfaces of EVOH44 and EVOH44/NZL-20 films in order to determine chemical 

composition and both, positive and negative secondary ions were acquired. This experiment 

was carried out at International Laser Centre. 

Positive-ion characterisation 

Positive-ion mass spectra of EVOH44 and EVOH44/NZL-20 film surfaces were recorded 

and are given in Fig.3.19.-Fig.3.20. For better observation, two mass windows are displayed, 

one below (Fig.3.19.) and one above 55 m/z (Fig.3.20.). 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) EVOH44 and (b) EVOH44/NZL-20 processed by 

melt-mixing. Peak assignments are based on exact mass determination. Mass range 0-55 m/z. 
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 Fig.3.20. Positive-ion ToF-SIMS spectra of (a) EVOH44 and (b) EVOH44/NZL-20 processed by 

melt-mixing. Peak assignments are based on exact mass determination. Mass range 50-105 m/z. 
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The mass spectra of both, EVOH44 and EVOH44/NZL-20 exhibit the presence of fragment 

ions resulted from polymer chain fragmentation. These ions can be described by general 

formula CnHy
+ and CnHyOz

+ where last mainly indicates fragments consist –OH groups, 

present in vinyl alcohol units of EVOH copolymer.  

The presence of numerous F-contained ion fragments can be mentioned from the spectra. 

High peak intensities of these fragments can be explained by high relative sensitivity factor of 

fluorine detection. The formation of these ions might result from the fragmentation of 

additives, introduced into the polymer during the processing. It is known that 

fluoroelastomers or fluorothermoplastics based additives are commonly used for LDPE 

processing. One of commonly used chemicals is DynamarTM [270].  

Thus, it can be considered that ions with formula CxFy
+ and CxHyFz

+ are mainly related to 

present in EVOH polymer processing additives. This information has to be taken into account 

during the interpretation of degradation processes in EVOH and its nanocomposites. 

Comparing mass spectra, Si- and Al-contained positive ions were detected for EVOH/NZL 

nanocomposite, in contrast to EVOH44, where their intensity was comparable to the level of 

noise. K+, Na+ and Ca+ ions are also present in EVOH/NZL and were considered to come 

from the zeolite nanoparticles powder. Nevertheless, the ions related to zeolite fragmentation 

cannot be characterised like those of high intensity. In addition, the analysis in positive 

extractor mode does not detect the presence of any other metallic impurities like Cu ,Zn ,Co, 

Cd, Mn, Ni. This observation is in a good agreement with results of elemental analysis of 

zeolite powder given in Chapter III. § 1.2. 

 Negative-ion characterisation  

Spectra recorded in negative polarity are more convenient to follow such elements as O, C, 

H and Si and thus, are more promising for the characterisation of EVOH composition and the 

presence of zeolite nanoparticles. Recorded negative-ion spectra of EVOH44 and 

EVOH44/NZL-20 are shown in Fig.3.21.-Fig.3.22. As in case of shown above positive-ion 

mass spectra, the obtained after surface bombarding negative ions are represented in two mass 

windows: 0-55 m/z (Fig.3.21.) and 55-105 m/z (Fig.3.22.). The high intensity ions and the 

ions of interest (ions related to zeolite nanoparticles) 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) EVOH44 and (b) EVOH44/NZL-20 processed by 

 melt- mixing. Peak assignments are based on exact mass determination. Mass range 0-55 m/z. 
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 Fig.3. 22. Negative-ion ToF-SIMS spectra of (a) EVOH44 and (b) EVOH44/NZL-20 processed by 

 melt-mixing. Peak assignments are based on exact mass determination. Mass range 50-105 m/z. 
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Mass spectra obtained in the negative field display similarities to those recorded in positive 

polarity. First, the presence of F-contained fragments (CxFy
-, CxHyFz

-, CxHyOzFt
-) related to 

the introduced processing additives is observed. Second, CnHy
- and CnHyOz

- ions indicate the 

fragmentation of the polymer chain. It can be mentioned that higher quantity of the oxygen 

contained ions (CnHyOz
-) was detected in negative polarity in contrast to their appearance in 

positive field (CnHyOz
+). Third, Si- and Al-contained ions indicate the zeolite particles in the 

EVOH/NZL.   

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

divided into 5 groups as it is described in Table 3.3. 

 

Table 3.3. Ion groups determined during fragmentation of EVOH44 and 

EVOH44/NZL-20 nanocomposite in positive and negative polarity fields. 

 Origin Chemical compound(s) Ion fragments 

A 
Small fragment ions 

resulted from sputtering 
 

m/z <30 
C,O,H,F or their 

combinations 

B 
Oxygen free EVOH chain 

fragments * CH2 CH2 CH2 CH

OH

*n
 

m
 

 

CxHy 
x=2-7, y=1-11 

C 
Oxygen contained EVOH 

chain fragments 
CxHyOz 

D 
Fragments of processing 

additives 
СxHyFz 

 C2H4 
F-contained ions 
СxHy x:(1-2) 

E 
Fragments of NZL zeolite 

nanoparticles 
[K9(H2O)16][Si27Al9O72] 

Na;K;Ca 
Si- and Al-contained ions 

 
*determination of fragment for studied mass range (0-105 m/z). 

 

First group (A) includes small fragment ions, originating from ToF-SIMS ionisation 

processes. It contains H, C, F, O, and their combinations of some (or all) of these elements. 

These elements are mostly located below m/z 40. 

Second (B) and third (C) groups can be described by general formula CnHy and CnHyOz and 

are dominated by peaks originating from EVOH chain fragmentation. Ions from group B can 

be detected as well in positive as in negative detection mode, while group C is more visible in 

negative domain what can be explained by electronegativity of oxygen.  
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The last group E is resulted from the present zeolite nanoparticles and is detected just at 

EVOH/NZL film surfaces. The fragments of this group can 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 copolymers (EVOH27 and EVOH44) were 

studied by dynamic mechanical thermal analysis (DMTA). Taking into account the OSCs 

operation temperature that can rise up to 65 °C, a particular attention was paid to the 

behaviour of EVOH copolymers in the temperature range of 30 – 65 °C.  

Fig.3.23. shows storage and loss moduli, and tan delta of both EVOH copolymers recorded 

in a tensile mode. 
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Fig.3.23. Temperature dependence of tan delta, storage and loss moduli in tensile 

mode for (a) EVOH44 and (b) EVOH27. 

It is observed that the loss and storage moduli decrease with the temperature and reach a 

zero value, which corresponds to the behaviour of a liquid. On the loss modulus curves, we 

can observe three maxima, which are usually correlated to polymer transition phases. From 

tan delta curves it can be observed that both EVOH copolymers exhibit three transitions being 

named as β, α and α’ for increasing temperatures [271, 272].  

The β relaxation is usually related to the motions of pending groups. This relaxation, which 

has a relatively weak intensity, appears for EVOH copolymers at a temperature below 0 °C 

and characterises the behaviour of the polymer in the glassy state. The temperature location of 

the β peak observed for EVOH copolymers suggests a similar mechanism to that found in the 
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case of LDPE [273], the relaxation corresponds to motions of chain units in the interfacial 

region [274].  

One of the main relaxations in EVOH, labelled α, is considered to be the glass transition 

temperature. As observed in Fig.3.23., the Tα increases for EVOH27, which is due to the 

higher amount of vinyl alcohol groups compared to EVOH44. This trend can be linked to the 

rigidity of vinyl alcohol groups and to the intermolecular hydrogen bonds [273]. 

The last relaxation observed at the highest temperature, called α’ is usually related to the 

polymer melting. This relaxation is characteristic of crystalline and semi-crystalline  

polymers [244] and is associated with the slippage between crystallites. According to Cerrada 

et al.[273], α’-relaxation, which corresponds to motions within the crystalline phase of EVOH, 

is strongly related to the molecular orientation in the polymer, and is caused either by the 

relaxation of hydrogen bonds or by the movements close to the crystalline lamellar surface 

(translational, reorganisational and vibration motions within the crystals). Thus, it can be 

concluded that this transition can be strongly affected by the processing conditions and/or 

physical ageing. This transition temperature is higher for EVOH27 than for EVOH44. This 

can reflect the different size of crystallites.  

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

Table 3.4. 

 

Table 3.4. Viscoelastic behaviour of EVOH copolymers: transition temperatures, 

storage, loss and Young’s moduli. 

Transition Temperature[°C] Viscoelastic moduli [MPa] at 20 °C Young’s modulus  

[MPa]  β α α’ Storage Loss 

EVOH44 -20 68 104 2495 100 2595 

EVOH27 -14 76 152 3928 138 4066 

 

Table 3.4. gives the values of the transition temperatures using tan delta curves. These 

results confirm the previous observations made from Fig.3.23. From the loss and storage 

moduli curves, the viscoelastic moduli at 20 °C have been obtained. From these values it is 

possible to calculate the Young’s modulus of both EVOH copolymers. We can clearly see that 

EVOH27 presents a higher value of Young’s modulus and this can be correlated to the higher 

concentration of vinyl alcohol groups and therefore hydrogen bonding. 
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Influence of water on the mechanical properties of EVOH 

It is known that EVOH copolymers are sensitive to water molecules that act as 

plasticisation agent [275]. Water molecules, at high concentration, disrupt the existing hydrogen 

bounds, hence, decreasing inter- and intramolecular interactions in the polymer. As a result, 

understanding the moisture sorption effect on the mechanical performance of EVOH 

copolymers is of high interest to predict the polymer behaviour in service applications. The 

plasticisation effect is known to be higher for EVOH copolymers containing more vinyl 

alcohol in their composition [275]. Thus, the effect of ambient moisture has been investigated 

on EVOH27. Fig.3.24. shows the storage and loss moduli (Fig.3.24.a) and tan delta 

(Fig.3.24.b) for the EVOH27 films with different drying time (without drying corresponding 

to ambient moisture, 3 and 5 hours under vacuum at 60 °C).  
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Fig.3.24. Dependence of viscoelastic properties of EVOH27 with different drying 

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

Fig.3.24.a shows that between 20 and 100 °C, an increase of the storage modulus is 

observed with drying time. Concerning the loss modulus, we can see a shift of the maxima to 

higher temperatures with increasing drying time. The shift of loss modulus peak is related to 

the shift of tan delta. In Fig.3.24.b, the maximum of tan delta peak is shifted from 55 to 85 °C 

upon drying. This maximum of tan delta corresponds to the glass transition temperature. As 

the glass transition temperature increases with drying, this indicates a plasticising effect of 

water in ambient conditions. 

Influence of zeolite nanoparticles 

One of the functions of encapsulation layers used for organic electronics is to provide 

support against the mechanical damage, but at the same time to keep the flexibility. 
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It is well known that nanoparticles can act as reinforcing agents for polymer materials, in 

particular enhancing/modifying the viscoelastic behaviour. The interaction of nanoparticles 

with a polymer can be repulsive, attractive, or neutral, and depending on these interactions, 

the Tg can decrease, increase, or remain constant.  

DMTA was used as a tool to observe the changes in mechanical properties of EVOH with 

zeolite nanoparticles addition. Fig.3.25. compares the viscoelastic parameters of EVOH44 and 

EVOH44/NZL nanocomposites with 20 wt % of zeolite nanoparticles.  
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Fig.3.25. Temperature dependence of storage and loss moduli, and tan delta: 

comparison of viscoelastic behaviour of EVOH44 and EVOH44/NZL-20 

nanocomposite. 

As observed in Fig.3.25. nanocomposite films have higher storage and loss moduli than 

pristine EVOH44 films, which reflects the classical reinforcement effect of nanofillers.  

The three main transition temperatures for EVOH44 and EVOH44/NZL-20 nanocomposite 

are given in Table 3.5. In order to compare the Young’s modulus of pristine and filled EVOH 

at 20 °C, storage and loss moduli are also reported in Table 3.5. 
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Table 3.5. Viscoelastic behaviour of EVOH44 and EVOH44/NZL-20 nanocomposite: 

transition temperatures, storage, loss and Young’s moduli. 

Transition Temperature[°C] Viscoelastic moduli [MPa] at 20 °C Young’s modulus 

[MPa]  β α α’ Storage Loss 

EVOH44 -20 68 104 2495 100 2595 

EVOH44/NZL-20 -11 72 104 3550 240 3790 

 

In table above, one can observe that the β and α transitions temperatures increase in 

presence of particles. This could be linked to the presence of interactions between NZL 

nanoparticles and the polymer. However, no change of Tα’ is observed suggesting no 

influence of zeolite nanoparticles on the crystalline phase of EVOH.  

In Table 3.5., the Young’s moduli were calculated for EVOH44 and EVOH44/NZL-20 

nanocomposite. We can see that the nanocomposite presents a higher value of Young’s 

modulus and this can be correlated to the reinforcement effect of the filler. 

2.5. Thermal properties 

The effect of zeolite particles on EVOH thermal properties in nanocomposites was analysed 

by differential scanning calorimetry (DSC). The normalised DSC curves (corrected for a same 

polymer amount in each sample) obtained for first heating and cooling of EVOH44 and 

EVOH44/NZL (5-20 wt %) nanocomposites are shown in Fig.3.26.  
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Fig.3.26. DSC curves for EVOH44 and EVOH44/NZL nanocomposites with different 

NZL loading (ramp 10 °C/min): (a) first heating; (b) cooling. 

In the heating curves (Fig.3.26.a), an endothermic peak is observed. This peak with a 

maximum at 166 °C is related to the melting of the crystalline part of EVOH. Whatever the 

concentration of the filler is, the melting temperature does not change. However, the shape of 

the melting peak is modified in presence of zeolite nanoparticles. A shoulder appears around 

169 °C. This can be correlated to the formation of different kind of crystals. From these 

curves the glass transition temperature (Tg) can also be observed. No evident modification of 

Tg is noticed in presence of zeolite nanofiller. In Fig.3.26.b, the curves corresponding to the 

cooling of the samples show that the presence of zeolite does not modify the onset 

temperature of the crystallisation peak but, it can be seen that the presence of particles 

decrease the enthalpy of crystallisation.  
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From the melting peak, the total crystallinity χc of EVOH in the presence or absence of 

filler can be obtained. The results are reported in Table 3.6. 

 

Table 3.6. Thermal properties of EVOH44 and EVOH44/NZL nanocomposites during 

first heating run: temperatures of onset, endset and maximum of melting peak (Tm),  

crystallinity χc. 

 Tg onset [°C] Tm
 
onset [°C] Tm

 [°C] Tm endset [°C] χc
**  [%] 

EVOH44 54±1 159±1 166±1 177±1 45±1 

EVOH44/NZL-5 wt % 53±2 159±1 166±1 178±1 45±2 

EVOH44/NZL-10 wt % 54±1 157±1 166±1 176±1 44±1 

EVOH44/NZL-15 wt % 55±1 158±1 165±1 173±1 44±2 

EVOH44/NZL-20 wt % 54±2 157±1 166±1 176±1 44±2 

*each value is average of two measurements; calculated for the weight of EVOH in the sample 

**using 100% pure crystalline PVA with ∆H  m°=157.8 J/g[246] 

 

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

temperature. It can be concluded that the addition of the zeolite filler does not modify the 

thermal properties of the EVOH polymer matrix. 

The results obtained for the cooling are presented in Table 3.7. 

 

Table 3.7. Thermal properties of EVOH44 and EVOH44/NZL nanocomposites during 

cooling: temperatures of onset, endset and maximum of crystallisation peak (Tc), 

enthalpy of crystallisation (∆Hc). 

 T 
endset [°C] Tc [°C] Tonset [°C] ∆Hc [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±1 114±2 70±1 

EVOH44/NZL-15 wt % 144±1 134±1 112±1 67±1 

EVOH44/NZL-20 wt % 144±1 133±1 111±1 65±2 

        *each value is average of two measurements; calculated for the weight of EVOH in the sample 

 

Table 3.7. shows that the addition of particles has no effect on the endset temperature of 

crystallisation. However, the presence of zeolite nanoparticles results in a decrease of the 
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onset (Tonset) and maximum (Tc) temperatures of the peak. It can be explained by the different 

populations of crystals formed during cooling for EVOH44 and EVOH44/NZL 

nanocomposites.   

It can also be noticed that the cooling peak for the nanocomposite samples does not have 

the second shoulder that had been observed during heating. Additionally, the presence of 

particles leads to a decrease of crystallisation enthalpy (∆Hc). 

2.6. Water sorption properties 

Zeolites exhibit good water sorption characteristics displaying Langmuir sorption isotherm, 

and are commonly used as desiccant materials. The water sorption properties of the 

EVOH/zeolite nanocomposites were characterised by gravimetric 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 nanocomposites on water sorption was 

studied by performing water uptake experiment by immersion of films into water at ambient 

temperature.  

Water sorption of EVOH44  

At first, we present the water sorption curve obtained in the case of an EVOH44 film with a 

thickness of 104 microns and a dry mass of 79.6 mg. The water sorption curve obtained from 

the gravimetric data of an EVOH44 film is presented in Fig.3.27. The water mass gain was 

obtained by dividing the measured mass gain by the dry mass of the sample before immersion 

and was plotted as a function of immersion time (Fig.3.27.a). The relative water sorption 

(M/M eq) was obtained by dividing the water mass by the water uptake Meq and was plotted as 

a function of the square root of time (Fig.3.27.b) to 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 time; (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 gain starts to increase linearly with time. After 

this first initial stage, the rate of water uptake decreases gradually until it reaches the 

asymptotic constant equilibrium value (Meq).  

From Fig.3.27.a, the water uptake (%) of EVOH44 can be determined at the plateau, giving 

Meq value of 5.7 %.  

Fig.3.27.b shows that the curve presents a linear shape in a first phase. This reflects a 

Fickian behaviour, as reported in the literature [249]. Assuming that classical Fickian diffusion 

takes place, water diffusion coefficient may be calculated from the initial linear part of the 

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

   1 = U �6t� `�    (Eq.2.13.) 

where b is the slope of the linear portion of the curve at the beginning of the sorption 

phenomena. The measured slope was 4.1×10-3 s-0.5. Considering a sample thickness of  

79.6 microns (79.6×10-4 cm), this gives a diffusion coefficient of 3.6×10-10 cm2s-1. 

Influence of zeolite loading on water sorption by EVOH44/NZL nanocomposites 

The influence of zeolite loading on the water sorption properties of the nanocomposites was 

then studied in the case of EVOH44 copolymer with increasing NZL loadings ranging from  

5 wt % to 20 wt %. The obtained data were processed following the same way as described 

just above and are plotted in Fig.3.28. The water mass gain as a function of time is given in 
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Fig.3.28.a and the relative water sorption as a function 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 nanocomposite films (with NZL 

loadings from 0 to 20 wt %) in water at 25 °C: (a) water mass gain as a function of 

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

 

Adding zeolite nanoparticles to EVOH44 has an effect on the water uptake EVOH44/NZL 

nanocomposites (Fig.3.28.a). The water uptake progressively shifts from 5.7 % in the case of 

neat EVOH44 up to 7.3 % for 20 wt % NZL loading. The behaviour observed in the case of 

nanocomposites can be attributed to both the water uptake 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 the analysed samples at least in the first period. 

One can then determine the diffusion coefficients for all the nanocomposites. The results are 

gathered in Table 3.8. This table also indicates the thickness of the samples and the sample 

dry mass (M), (in the case of the nanocomposites, this is the weighted mass of the sample). 

For NZL loadings higher than 5 wt %, the relative water sorption curves show two different 

linear slopes, the one used to calculate D (short immersion times) and a higher slope for time 

t0.5 > 100 s0.5, which did not receive any explanation. 

After prolonged exposure beyond the time for the equilibrium state, certain polymer 

systems are known to start losing mass due to chemical degradation. In such case, there is an 

additional stage in the curve which is for a lowering in M after “equilibrium”. This mass loss 

is mainly caused by decomposition of the low-molecular-weight constituents leading to 

leaching of species (ions) into the water medium. 

 

Table 3.8. Water uptake and diffusion coefficient for EVOH44/NZL nanocomposites 

(25 °C, 100 % RH). 

EVOH/NZL 

nanocomposites 
l [µm] M [mg] Water uptake [%] 

Slope,  

b [10-3 s-0.5] 

D 

[10-10 cm2s-1] 

EVOH44 104 79.6 5.7 4.1 3.6 

EVOH44/NZL-5 96 80.0 5.9 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 weak increase of the water diffusion coefficient 

with NZL loading. At the same time the water uptake also increases with NZL loading, which 

reflects the water getter property of zeolites. This results from a faster trapping of water 

molecules in the case of nanocomposites. It has however to be mentioned that the results 

obtained in the case of the nanocomposites reflect the transport of water in both the polymer 

and the zeolite, which should be treated using different theoretical models. This needs further 

experimentations (determination of sorption isotherms) and complementary concepts.  
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2.6.2. Dynamic vapour sorption analysis (DVS) 

The water sorption properties of EVOH44 and nanocomposites with 5 % and 20 % of NZL 

nanoparticles were also studied by dynamic vapour sorption analysis at 38 °C/85 RH %. The 

DVS analysis was very recently performed, because the DVS apparatus was set up at the end 

of this PhD work. The experiments were not repeated and should be considered as preliminary 

results and will not be discussed in this manuscript. Only the results obtained in the case of 

EVOH 44 will be presented in the manuscript and for seek of clarity, this issue will be 

presented in Chapter IV § 2.3, which deals with the influence of photooxidation on the water 

sorption properties and will not be discussed in this manuscript. 
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CONCLUSIONS 

 

This chapter was devoted to the characterisation of the properties of EVOH/zeolite 

nanocomposites, based on two different copolymers (EVOH27 and EVOH44) with various 

amounts of zeolites nanoparticles (NZL) and microparticles (DISC).  

The characterisation by UV-Visible absorption spectroscopy has shown that EVOH/NZL 

nanocomposites films remain transparent in the visible domain, which, considering the 

required optical properties, makes these materials suitable for encapsulation of OSCs.  

SEM and TEM observations have shown that NZL nanoparticules are well dispersed and 

and homogeneously distributed in the whole film thickness up to 20 wt % loading processed 

by DMSO solution mixing (method A). At opposite EVOH/DISC composites exhibit poor 

dispersion and sedimentation occurs with method A. 

DSC analysis did not reveal any observable nucleation effect of the zeolite nanoparticles on 

the polymer matrix, but at the same time attractive interactions between particles and polymer 

can be observed by DMTA. Introduction of zeolite nanoparticles led to a reinforcement with 

an increase of the viscoelastic moduli, the reinforcement being an important parameter for 

maintaining structural support of OSCs encapsulation.  

AFM analysis has shown that the presence of NZL has a strong influence on the surface 

properties of film, and in particular, by increasing the roughness. 

Experiments described in this chapter show the plasticising effect of the water. Adding 

20wt % of NZL particles in EVOH matrix results in increased water uptake and diffusion 

coefficient, which leads to a faster trapping of water molecules. These observations bring to 

the conclusion that EVOH/NZL nanocomposite can be a good material as a water getter for 

encapsulation coatings of water sensitive OPV. 

To achieve an EVOH/zeolite nanocomposite with transparency, mechanical and water 

sorption properties, 20 wt% of NZL zeolite nanoparticules dispersed in EVOH44 through 

DMSO solution mixing (method A) gives nanocomposites films with the required properties, 

although EVOH27 would give smoother surfaces. 

 

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

nanocomposites to determine the "best" nanocomposite composition and processing method 
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on the point of view of durability of the properties. The strong and the weak points of the 

materials and possible failure mechanisms will be studied in the next chapter. 
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INTRODUCTION 

This chapter is devoted to the study of the photochemical behaviour of EVOH and 

EVOH/zeolites nanocomposites exposed to UV light in the presence of oxygen, in conditions 

of artificial accelerated weathering. It aims to understand the impact of the zeolite particles on 

the photochemical behaviour of the materials. From a general point of view, a drawback to the 

use of nanoparticles is their negative impact on the photostability of the polymer. The addition 

of particles to polymers has been indeed shown many times to affect the photostability of the 

nanocomposites. While inorganic particles rarely experience significant photodegradation 

under sunlight exposure, they can change the mechanisms and/or the rate of photooxidation of 

the polymer matrix and must therefore always be accounted for when determining the 

photostability of the nanocomposite.  

In a first part, we will focus on the photooxidation of EVOH under UV-Visible light 

irradiation (λ > 300 nm). The main objective is to identify different products of oxidation, as 

well the macromolecular products as the molecular trapped in the solid polymer matrix or the 

volatiles migrating to the gas phase surrounding the material. For this purpose, measurements 

involving spectroscopic analysis (UV-visible and IR), SPME (solid phase microextraction) 

and ionic chromatography will be performed. Two copolymers were investigated, EVOH44 

and EVOH27, which allowed us to highlight the influence of the ethylene content. On the 

basis of the identification of the photoproducts, we will propose a comprehensive mechanism 

accounting for the photochemical degradation of EVOH copolymers. 

In a second part, the photochemical behaviour of new EVOH nanocomposites based on 

zeolite particles processed by solution or melt-mixing will be reported. The attention was 

mainly focused on composites with EVOH44. The influence of zeolite particles with different 

size (nano vs. macro) and loading increasing loading on the photooxidation of EVOH is 

studied, using the analytical techniques reported just above. This study was completed by the 

analysis of the consequences of ageing on the surface morphology of the materials, using 

SEM, AFM and ToF-SIMS. The modifications of thermo-mechanical, thermal and water 

barrier properties resulting from photoageing were also followed, using DMTA, DSC and 

DVS analysis. 

The work reported in this chapter aims to propose nanocomposite coatings for flexible solar 

cells taking into account the photostability of the barriers used for encapsulation. 
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1. PHOTOCHEMICAL BEHAVIOUR OF EVOH 

To study the photochemical behaviour of EVOH in the presence of oxygen and the 

influence of the ethylene content on the mechanism and rate of photooxidation, films of both 

EVOH (EVOH44 and EVOH27) with thickness of 20-60 µm (prepared by solution mixing 

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

air (see Ch. II § 2.1.).  

1.1. UV-Visible analysis 

The UV-Visible spectra of EVOH44 and EVOH27 films show a shift in absorbance to 

longer wavelengths without any defined maximum (Fig.4.1.). The increase of absorbance is 

however limited below 400 nm, and even after 750 h of exposure, both EVOH films do not 

show any absorption above this wavelength, in other terms no yellowing is observed and the 

samples remain transparent in the visible domain.  

One can notice that differences between the two materials in term of kinetic evolution, 

since the modification of the spectrum of EVOH44 occurs at a higher rate than for EVOH27. 
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Fig.4.1. UV-Visible spectra of EVOH films during photooxidation:  (a) EVOH44; 

(b) EVOH27. 

1.2. IR analysis 

The chemical changes resulting from irradiation of EVOH44 and EVOH27 were studied by 

infrared spectroscopy (IR). IR spectra during photooxidation for films of both samples are 

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

EVOH27.   

Irradiation of EVOH44 in presence of air provokes dramatic modifications of the IR spectra, 

as shown in Fig.4.2.a after 750 h of exposure, whereas few changes appear in the spectra of 

EVOH27 (Fig.4.2.b) after the same irradiation time. The main modifications observed for 

EVOH44 are in the hydroxylated and the carbonylated domains, which reflects the oxidation 

of the polymeric matrix. Fig.4.2.b shows that the IR spectrum of EVOH27 is also modified in 

these domains, but at a lower extent. EVOH27 is less sensitive to photooxidation, which can 

be linked to the higher concentration of ethylene unit, “PE unit”, in EVOH44. It is known that 

PE degrades much more faster upon irradiation than PVA [276].  
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1.3. Identification of photooxidation products 

In order to elucidate the photooxidation mechanism of EVOH copolymers, different 

methods and techniques were applied to EVOH44 films to identifying the photoproducts 

formed during exposure.   

1.3.1. IR analysis 

 Fig.4.3. displays the subtracted IR spectra of EVOH44 photooxidation in the hydroxylated 

(3650-2750 cm-1) and the carbonylated domain (1850-1550 cm-1) after various irradiation 

times between 0 and 750 h. This facilitates observing the modifications of the spectra 

resulting from exposure. 
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Fig.4.3. FTIR subtracted spectra of EVOH44 film during photooxidation: 

 (a) 3650-2750 cm-1; (b) 1850-1550 cm-1. 

The main changes correspond to a decrease of R-OH (3350 cm-1) and C-H (2930, 2910, 

2852 cm-1) vibration bands (Fig.4.3.a) and an increase in the carbonylated domain  

(1600-1800 cm-1) (Fig.4.3.b) related to the formation of a broad band with a maximum at 

1715 cm-1 and two  shoulders with maxima around 1730 cm-1 and 1780 cm-1. 

These modifications of the infrared spectra fit quite well those reported in the case of 

polyethylene photooxidation [183, 277]. Formation of absorption bands at 1640 cm-1 and  

910 cm-1 can also be noticed and can be attributed to double bonds, as also observed in the 

case of PE photooxidation [276]. These results indicate that the photooxidation of EVOH44 is 

similar to that of PE. 
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1.3.2. Chemical treatment 

In order to identify the carbonylated photoproducts observed by IR analysis of the films, 

chemical derivatisation treatments by ammonia (NH3) (Fig.4.4.) and 2,4- 

dinitrophenylhydrasine (2,4-DNPH) were performed (Fig.4.5. and Fig.4.6.) on photooxidised 

EVOH films. As described in the experimental part (Chapter II), NH3 reacts with carboxylic 

acids and esters, and 2,4-DNPH reacts with aldehydes or ketones [237].  

NH3 treatment 

The IR spectra recorded after treatment by NH3 of a photooxidised EVOH44 film (after  

155 h of exposure) are displayed in Fig.4.4.   
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Fig.4.4. Derivatisation treatment with NH3 of a photooxidised EVOH44 film (155 h of 

photooxidation). FTIR spectra before (black) and after 1h of NH3 treatment (red), 

subtracted spectra after-before (blue). 

A decrease of absorbance at 1710 cm-1, associated with the appearance of an absorption 

band at approximately 1565 cm-1 is observed. On the basis of the numerous publications on 

NH3 derivatisation treatments [278-280] , these modifications reflect the reaction of carboxylic 

acids in the dimer form (observed at 1710 cm-1) with NH3 to form carboxylates (1565 cm-1).  

 

2,4-DNPH 

Reactions with 2,4-DNPH of either aldehydes or ketones give derivatives of  

2,4-dinitrophenylhydrasone [238]. The spectral modifications in IR and in UV-Visible domains 

after the treatments of photooxidised films of EVOH44 and 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 (a) EVOH44 and (b) EVOH27 

photooxidised  230 h and 380 h respectively. FTIR spectra before irradiation (blue), 

before treatment (black), after 18 h of socking in MeOH (read) and after 2,4-DNPH 

treatment (green). 
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Fig.4.6. UV-Visible spectra of 2,4-DNPH treatment of (a) EVOH44 and (b) EVOH27 

photooxidised 230 h and 380 h respectively: before irradiation (blue); before treatment 

(black), after 18 h of socking in MeOH (read), after 2,4-DNPH treatment (green). 

As explained in Ch. II, the DNPH treatment was performed following two successive phases: 

at first, an immersion in MeOH to extract the low-molecular-weight soluble products, trapped 

in the polymeric matrix, and then immersion in a methanolic solution of DNPH. The 

modifications of IR spectra observed in Fig.4.5. show a decrease of the whole carbonyl band, 

which indicates that some MeOH soluble products were removed. Then, a small decrease of 

the absorbance is observed with the simultaneous appearance of two absorption bands at 1618 

cm-1 (C=N in hydrazone) and 1592 cm-1 (ν(C=C) of aromatic ring), which reflects the reaction 
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of ketones and/or aldehydes. The observed decrease of the carbonyl absorbance resulting of 

the treatment by DNPH is rather weak and it corresponds to the decrease of the absorbance 

around 1717 cm-1.  

We verified in parallel that no modifications of the spectra were observed in the case of non-

irradiated samples.  

Fig.4.6. displays the UV-Visible spectra following the same procedure. In this case, MeOH 

socking only gives a weak modification of the spectrum, whereas the reaction with DNPH 

gives the characteristic band at 365 nm indicating the reaction of ketones and/or aldehydes. 

Based on the results obtained in this paragraph and the results previously described for PE 

photooxidation, the attribution of band maxima in carbonyl domain can be summarised in 

Table 4.1.  

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

carbonyl domain 

Wavenumber (cm-1) Photooxidation products Source 

1710 Carboxylic acids NH3 treatment 

≅1717 Ketones 2,4-DNPH treatment,  

1730 Esters [276, 281] 

1780 Lactones/ anhydrides  [276, 281] 

 

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

EVOH copolymers consist of ethylene and vinyl alcohol units. The IR analysis of EVOH44 

film after 750 h of photooxidation reveals the oxidation of the PE units. However, previous 

studies on PVA photooxidation [282] have shown that a non negligible part of the PVA 

photoproducts are volatile and consequently cannot be detected by IR analysis of the 

photooxidised film, due to their migration out of the polymer matrix. Analysis of gas phase 

formed during EVOH photooxidation has then to be performed to detect any degradation 

products coming from the PVA units of EVOH. To determine the influence of the relative 

content of ethylene and vinyl alcohol groups on the quantities of detected products,  

SPME-GC-MS experiments were performed on EVOH44 and EVOH27. The composition of 

the gas phase of EVOH44 and EVOH27 photooxidised films is represented by the 

chromatograms in Fig.4.7.  
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Fig.4.7. SPME-GC-MS chromatograms of gas phase of EVOH photooxidised films: (a) 

EVOH44 irradiated for 180 h and (b) EVOH27 irradiat ed for 280 h.  

Several compounds were identified using this technique and are described in Table 4.2.  
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Table 4.2.  Photoproducts of photooxidised EVOH films detected in gas phase 

 by SPME-GC-MS 

№ Retention time (min) Compound 
Area, Pct 

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 products such as γ-valerolatone, acetic and 

propionic acids were found in higher amounts in the case of EVOH27, whereas the quantities 

of acetone, 2-butanone, 2-propanol, and 2-pentanone were higher for EVOH44. Previous 

work carried out in our group [283] has shown that the same products as those observed in  

Table 4.2. were identified in the gas phase surrounding photooxidised PVA, except hexan-

2,5-dione, propanol and pentanone. These three compounds are present in both EVOH 

copolymers, the last two being detected at higher concentrations in the case of EVOH44.  

The presence of γ-valerolactone can be also detected in the solid phase of EVOH film 

by the absorbance at 1770 cm-1 where an IR absorption band developed upon photooxidation 

of EVOH film. 

1.3.4. Ionic chromatography 

To propose more comprehensive mechanism of photooxidation of EVOH, ionic 

chromatography (IC) was performed to analyse the low-molecular-weight photoproducts that 

were trapped in the film. A photooxidised film was soaked in water and the aqueous solution 

was analysed to identify the extracted molecular photoproducts. By comparing these products 

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

chromatography 

Compound Formula 
C [mg/l]* C [mg/g]**  

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 CH3-(CH2)3-COOH 8.4 3.9 0.8 0.3 

Glutaric acid HOOC-(CH2)3-COOH 6.4 6 0.6 0.5 

Malic acid HOOC-CH2-CHOH-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, malic acid, pentanoic acid and glutaric acid have 

been detected. Acetic and formic acids can be also detected in the case of PVA, pentanoic 

acid, glutaric acid and α-hydroxylated malic acid were only observed in the case of the 

EVOH copolymers. Their formation can be explained by a mechanism involving the 

oxidation of different vinyl alcohol and ethylene unit sequences ( “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 film (infrared spectroscopy), by analysis of the 

gas phase (SPME-GC-MS) and by analysis of extracts in solution (ionic chromatography) 

show that carboxylic acids are the main photoproducts formed by irradiation of EVOH in the 

presence of oxygen. Others classes of compounds, such as ketones and esters, have been also 

detected.  

EVOH photooxidation mechanism involves the formation of photoproducts similar to those 

obtained in the case of PE and PVA (Scheme 4.1.), and also specific for EVOH 

photooxidation due to alternation of PE units and PVA units. 

The photooxidation mechanisms of the PE and PVA homopolymers can be summarised on 

the basis of previous studies and published papers (Scheme 4.1.).  
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Scheme 4.1. Mechanisms of photooxidation of PE [281]and PVA [282]. 

The photooxidation of PE (Scheme 4.1. left) leads to the formation of hydroperoxides as 

primary photoproducts. Hydroperoxides decompose by scission of the O–O bond, which gives 

a macro-alkoxy and a hydroxyl radical HO. The macro-alkoxy radical can react by several 

routes: β-scission with cleavage of the main chain to form aldehydes, abstraction of hydrogen 

without cleavage of the chain to form alcohols, cage reaction between the formed radicals, i.e. 

macro-alkoxy radical and hydroxyl radical HO. The latter reaction produces chain ketones, 

which then photochemically react by Norrish type I or type II reactions. Photolysis of ketones 

by Norrish II processes results in the formation of vinyl-type unsaturated fragments, and 

produces a chain-end ketone, which also reacts by a Norrish II reaction and forms a vinyl 

unsaturation and acetone. The formation of carboxylic acids, esters and lactones comes from 

the various reactions involving both the aldehydes and the keto radicals formed by Norrish I 

reactions. The formation of vinylenes results from the mesomerism of allylic radicals [276]. 

Regarding the photooxidation of PVA (Scheme 4.1. right), the main photoducts are 

carboxylic acids and ketones. Depending on the site of hydrogen abstraction (C1 or C2), α- or 

β-hydroxy carboxylic acids can be formed.  

Two types of chain scissions may take place in the alkoxy radical obtained from the 

oxidation of C1: 

- cleavage of the C-O bond leading to the formation chain ketone and a hydroxyl radical; 
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-cleavage of the C-C bond causes the formation carboxylic acids and chain alkyl 

macroradical.  

The alkoxy macroradical formed after reaction involving C2 can lead to the formation of  

α-carboxylic acids as a result of subsequent β-scission. 

 

EVOH photooxidation mechanism 

A comprehensive mechanism of EVOH photooxidation can be proposed on the basis of all the 

detected photoproducts and taking into account the photooxidation mechanisms of PE and 

PVA. This mechanism involves photoproducts formed as well in the case of the PE units as in 

the case of the PVA units, but also specific photoproducts that are only formed in the case of 

EVOH due to alternating sequences of PE units and PVA units. This mechanism is given in 

Scheme 4.2.-Scheme 4.4. 
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Scheme 4.2. Mechanism of photooxidation in PVA-PE-PVA unit involving oxidations 

at the tertiary (C1) and the secondary (C2) carbon atoms. 
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Scheme 4.3. Mechanism of formation of malic acid from PVA-PE-PVA unit 

photooxidation.  
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Scheme 4.4. Mechanism of photooxidation in PVA-PE-PE unit. 

The identification of the various formed products gives evidences that the photochemically 

induced oxidation of EVOH involves the oxidation either on the tertiary (C1) and/or on the 

secondary carbon (C2 and C3) in α- and β-positions to hydroxyl group (Scheme 4.2.- 

Scheme 4.4.) as well in the PE units, as in the PVA units, and that the PVA-PE-PVA and 

PVA-PE-PE sequences have also to be considered. The mechanisms are based on the classical 

sequences hydroperoxidation/decomposition of hydroperoxides/β-scission of alkoxy radicals, 

which have been reported many times in the literature to explain the oxidation of organic 

polymers [284]. The molecular carboxylic acids identified by ionic chromatography are formed 

by two oxidation steps. Glutaric acid is formed by oxidation on two tertiary carbon atoms C1 

on a PVA-PE-PVA segment unit (Scheme 4.2.). The secondary carbon noted C2 reacts as in 

PVA photooxidation and leads to an α-hydroxylated acid, this reaction being followed by an 
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oxidation on a secondary carbon in β-position atom (C3). This leads after chain scission to 

malic acid (Scheme 4.3.). Oxidation on a tertiary carbon atom C1 in a PVA-PE-PE segment 

unit leads to a carboxylic function and an oxidation on a C3 carbon atom can give after chain 

scission pentanoic acid or propanoic acid depending on which PE unit is oxidised  

(Scheme 4.4.). 

Formation of photoproducts such as 2-pentanone requires the presence of sequence of three 

ethylene groups in EVOH, which is not the case in PVA. A higher relative amount of 

pentanoic acid is detected in the case of EVOH 44 compared to EVOH27, this is consistent 

with more PE-PE sequences in the case of 44 wt % of ethylene units. 

To summarise, the mechanism of EVOH photooxidation involves oxidation on secondary 

and tertiary carbon atom, both in PE and PVA units, but also in specific alternating sequences 

of PVA-PE-PVA or PVA-PE-PE due to the chemical structure of EVOH copolymers. 

2. INFLUENCE OF ZEOLITE NANOPARTICLES ON EVOH 

PHOTOOXIDATION 

The behaviour of EVOH/NZL nanocomposites irradiated in presence of oxygen was 

studied in order to evaluate the influence of zeolite on the photochemical reactivity of the 

polymer. This study was carried out on nanocomposites based on EVOH44 (with 44 mol % of 

ethylene unit). To start with, EVOH/zeolite nanocomposites with 20 wt % of NZL 

nanoparticles were studied and then, the influence of both zeolite type (NZL or DISC) and the 

influence of the zeolite content (from 5 wt % to 20 wt %) was investigated.  The influence of 

processing methods, solution mixing (method A) and melt-mixing (method B), on EVOH 

photooxidation rate was also studied.  

2.1. Photooxidation of EVOH/NZL nanocomposites at λ > 300 nm  

At first, the photochemical behaviour of EVOH44/NZL 20 wt % nanocomposite films 

processed by solution mixing (method A) was investigated. 

2.1.1. UV-Visible analysis 

The UV-Visible spectra of an EVOH/NZL-20 nanocomposite film during photooxidation 

are displayed in Fig.4.8.  
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Fig.4.8. UV-Visible spectra of EVOH/NZL-20(A) nanocomposite film during 

photooxidation.  

A shift of the absorption front towards the longer wavelengths is observed. As previously 

observed for pristine polymer, the absorption does not overlap the domain of the visible light. 

Thus, the nanocomposite film remains transparent and uncoloured. This is an important issue 

for encapsulation of electronic devices such as OSCs. 

2.1.2. IR analysis 

The modifications of the IR spectra during photooxidation of EVOH/NZL-20 

nanocomposite film (Fig.4.9.) are similar to those of pristine EVOH (Fig.4.2.-Fig.4.3.) 

showing a decrease of band intensities in the hydroxyl domain corresponding to R-OH and C-H 

vibrations, and an increase in the carbonyl domain. This indicates that zeolite particles do not 

modify the photooxidation mechanism of the polymer. No changes of the IR bands that 

correspond to zeolite particles are observed, which suggests that the particles are 

photochemically stable. 
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Fig.4.9. (a) FTIR spectra of EVOH/NZL-20(A) nanocomposite film during 

photooxidation, (b) in carbonyl region (1550-1900 cm-1). 

In order to look at the influence of the particle content, the changes in subtracted IR spectra 

in carbonyl domain for EVOH44/NZL nanocomposite with different zeolite content (0-20 wt 

%) are shown in Fig.4.10. 
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Fig.4.10. FTIR subtracted spectra of EVOH44/NZL film 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 a maximum at 1715 cm-1, which shifts to  

1730 cm-1 at longer irradiation time, and a shoulder at 1780 cm-1. This indicates that NZL 

particles do not modify the photooxidation mechanism of EVOH in the whole range of NZL 

content. However, these figures show that the concentration of oxidation photoproducts 

formed increases with the particle content, indicating a 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 the size of the zeolite particles on the 

polymer photostability, two types of zeolite particles (DISC and NZL, which are microsized 

and nanosized, respectively) were included into the polymer matrix (20 wt %) by method A. 

Fig.4.11. presents the oxidation kinetics evaluated by plotting the increase of absorbance at  

1730 cm-1 and the decrease at 2852 cm-1 as a function of irradiation time, for pristine 

EVOH44 and EVOH44 loaded with 20 wt % NZL or DISC prepared by solution mixing.  
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Fig.4.11. (a) Formation of carbonylated products and (b) a decrease of C-H bands 

intensity of EVOH44 and EVOH44/composite during photooxidation: pristine 

EVOH44(A) (black), EVOH44/NZL –20(A) (red), EVOH44/DISC –20(A) (green). 

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

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

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

EVOH. Regarding the composite stability in terms of particles type, DISC has a slightly 
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higher prodegrading effect than NZL, (Fig.4.11.a and Fig.4.11.b). One can also notice a 

slightly higher oxidation rate in the case of the micro-zeolite (DISC). 

Such behaviour can be explained by the presence of iron impurities that are present in both 

zeolite particles, with an even higher amount in the case of DISC (10 times higher 

concentrations). Iron is known to induce the photodecomposition of hydroperoxides [193, 285, 

286], producing radicals that can initiate oxidation of the polymer. This effect has been 

reported in the case of natural clays such as montmorillonite [176, 192, 219, 287-290]. The 

photoinducing effect of iron impurities is not proportional to the amount of iron, since it is 

expected that iron acts through a catalytic cycle. Another parameter that has to be taken into 

account is the specific surface of the particles, since nanoparticles (NZL) have a higher 

surface interaction than microparticles (DISC). Even if the amount of iron is lower in the case 

of the NZL nanoparticles, the observed effect on the polymer oxidation very certainly reflects 

the high specific surface of the zeolite nanoparticles. 

2.2.2. Influence of zeolite loading 

The influence of the zeolite loading on the photooxidation rate of EVOH was studied with 

increasing amount of NZL nanoparticles by plotting the increase of absorbance at 1730 cm-1 

and the decrease at 2852 cm-1 as a function of irradiation time (as described in Ch.II § 2.1.) 

for EVOH44/NZL nanocomposites with particles from 5 up to 20 wt % (Fig.4.12.).  
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Fig.4.12. (a) Formation of carbonyl products and (b) a decrease of C-H bands 

absorbance for EVOH44(A) and EVOH44/NZL(A) nanocomposite films with different 

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

The kinetic curves clearly show that the prodegradant effect of NZL increases with the 

NZL particles content. Increasing the particle amount slightly 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 on the photostability of the EVOH polymer 

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

obtained through evaporation of DMSO solution (A) or by press (B) (Fig.4.14.). 
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Fig.4.13. Formation of carbonyl products for (a) EVOH44(A) and (b)EVOH44(B). Film 

thickness: (a) 15 μm and (b) 52 μm. 

Fig.4.13. shows differences in the band intensities of carbonylated photoproducts, which 

results from the different initial thickness of the films (the IR spectra were not corrected by 

sample thickness). The increase of the normalised absorbance at 1730 cm-1 (absorbance 

divided by the absorbance of an IR band of the polymer at 1460 cm-1) 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 function of irradiation time: EVOH44 

film processed by solution (green) and (b) by press (red). 

The kinetic curves in Fig.4.14. show a higher oxidation rate in the case of the EVOH44 film 

prepared by press. This might be explained by small amount of chromophoric degradation 

products resulting from the extrusion at 210 °C and hot pressed at 200 °C. However after  

250 h of irradiation, the oxidation rate of the EVOH44 film prepared by press decreases, 
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which corresponds to the shift of the absorption maximum seen in Fig.4.13.b. This probably 

reflects the impact of the thickness on the oxidation, since film processed by method A was 

about 15 µm thick while film prepared by method B exhibited 3.5 times higher thickness 

(52 µm).  

2.3. Surface morphology 

The morphology changes of film surface for pristine EVOH polymer and the 

(nano)composites during photooxidation were followed by SEM and AFM analysis. All the 

studied films were processed by solution mixing (method 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 the film surface of a neat EVOH44 film before 

and after ageing.  
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Fig.4.15. SEM surface images of EVOH44(A) films (a-b) before (0 h) and (c-d) after 

1200 h of photooxidation.  

One can observe that irregularities, voids and bulges that were formed during film drying 

became smaller and the surface became smoother after 1200 h of photooxidation. The formed 

holes almost disappeared after 1200 h of irradiation. 

EVOH44/NZL nanocomposites  

The influence of NZL nanoparticles on the surface morphology of nanocomposite film 

upon photooxidation can be evaluated from SEM images of EVOH44/NZL-20 nanocomposite 

film surfaces given in Fig.4.16. 
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a c 
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Fig.4.16. SEM surface images of EVOH44/NZL – 20 (A) films (a-c) before (0 h) and 

(d-f) after 1200 h of photooxidation.  

Different trend is observed for nanocomposite film surface with 20 wt% of zeolite 

nanoparticles than thus for unfilled EVOH. It seems that after 1200 h of light exposure, 

particles remain at the surface meanwhile a loss of polymer from the surface is noticed. The 

loss of the EVOH polymer matrix can be explained by the photooxidation mechanism of 

EVOH involving chain scissions (as previously shown in the photooxidation mechanism  in 

e b 

a d 

c f 
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Ch.IV §1.4.) and subsequent migration of low-molecular-weight products in the gas phase (as 

previously observed in the case of PVA degradation [191]). Consequently, zeolite agglomerates 

became more visible at the surface (Fig.4.16.f).  

SEM images also indicate the formation of cracks and voids during photoageing at the 

surface of EVOH44/NZL-20 nanocomposite film (Fig.4.17). 

 

  

  

Fig.4.17. Formation of cracks and voids at the surface 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 and the corresponding EVOH/NZL-20 

nanocomposites obtained by solution mixing (method A) were also characterised by atomic 

force microscopy (AFM). AFM images obtained for EVOH44 and EVOH27 film surfaces 

during photooxidation are shown in Fig.4.18.  

a 

b 

c 

d 
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  Fig.4.18. AFM 3D height images of (a-d) EVOH44(A) and (e-h) EVOH27(A) during 

photooxidation: (a,e) 0; (b,f) 300 h; (c,g) 500 h; (d,h) 1200 h. 
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Fig.4.18. shows that for both EVOH copolymers, EVOH44 and EVOH27, the film surfaces 

become smoother with the degradation time. This is consistent with observations made in 

SEM images (Fig.4.15.).  

The AFM images of EVOH44/NZL-20 and EVOH27/NZL-20 nanocomposite 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/NZL-20(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/NZL-20 and EVOH27/NZL-20 

nanocomposite film surfaces changes during polymer oxidation, resulting in surface 

roughness changes, but different images are obtained for same irradiation time depending on 

the EVOH copolymer. AFM images of EVOH44/NZL-20 nanocomposite film (Fig.4.19.a-c) 

show that initial irregularities, introduced by solvent evaporation process disappeared with 

degradation time, leading the surface smoothing. However, at the same time, the presence of 

NZL nanoparticles leads to higher roughness for longer degradation times (Fig.4.19.d,h).  

This effect is less pronounced in the case of EVOH27/NZL-20 nanocomposite that is less 

oxidised for the same irradiation time compared to EVOH44 based nanocomposites (as 

observed from IR analysis on pristine EVOH copolymers). In order to better observe the 

effect of nanoparticles loading on photooxidation of copolymer surfaces, the surface 

roughness (Ra) of pristine EVOH44 and EVOH27 copolymers and their nanocomposites with 

20 wt % of NZL nanoparticles are plotted versus degradation time in Fig.4.20. 

As it is observed in Fig.4.20., the roughness of unfilled polymers (EVOH44 and EVOH27) 

shows a slight decrease with degradation time, which reflects the smoothing effect of 

photooxidation observed in AFM images (Fig.4.19.) and also in SEM images (Fig.4.15.).  

At the same time, the Ra evolution is different for nanocomposites of EVOH44 and 

EVOH27. In the case of EVOH44/NZL-20 nanocomposite film, the roughness decreases up 

to 800 h of photooxidation, the last roughness value is probably an artefact as films present 

voids and cracks for such long irradiation time (as observed in SEM images Fig.4.17.). In the 

case of EVOH27/NZL-20 nanocomposites, the roughness values are lower than in the case of 
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Fig.4.20. Evolution of surface roughness during photooxidation: (a) EVOH44(A) and 

EVOH44/NZL-20 (A); (b) EVOH27 and EVOH27/NZL-20(A).  
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the EVOH44 nanocomposites and display rather a small increase in roughness upon 

photooxidation in presence of zeolite, a different kinetic rate of polymer oxidation can lead to 

different morphology of particles agglomeration at the surface. 

Particles distribution 

AFM images of an EVOH44/NZL-20 film before and after 500 h of photoageing were also 

performed in peak force tapping mode (Fig.4.21.) in order to distinguish the presence of the 

particles and the modification of their distribution during photooxidation.  

 

EVOH44 EVOH44/NZL – 20 wt % 

  

  

  

Fig.4.21. AFM 3D images of (a-c) EVOH44(A) and (d-f)EVOH44/NZL-20(A) after 

500h of photooxidation. Plot type: (a,d) height, (b,e) height mixed with modulus, (c,f) 

height mixed with adhesion. 

 

Fig.4.21. displays 3D height images (Fig.4.21.a,d), an height mixed with elastic modulus 

(Fig.4.21.b,e) and height mixed with adhesion (Fig.4.21.c,f). As it was previously explained 

in Ch.III § 2.2.2., the colour code in the mixed images (Fig.4.21.b-f) corresponds to the value 

(c) (f) 

(a) (d) 
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of the elastic modulus or adhesion (in white-high values and in black-low values for the 

modulus and opposite for adhesion). 

The 3D height images of EVOH44 and EVOH44/NZL-20 nanocomposite after 500 h of 

light exposure show a higher surface roughness in the case of EVOH44/NZL-20 

nanocomposite, as it was previously observed by AFM experiment (Fig.4.18.-Fig.4.19.).  

The 3D images of height mixed with modulus (Fig.4.21.b,e) show that the image contrast is 

different for neat polymer and nanocomposite. The AFM image in Fig.4.21.e of 

EVOH44/NZL-20 nanocomposite shows clearly the presence of particles that exhibited high 

modulus (bright colours), which cover all the analysed nanocomposite surface. Based on the 

observations in Ch. III, Fig.3.18., where a clear contrast between zeolite (white spots) and 

polymer (dark areas), it suggests that in Fig.4.21.e. are mainly present NZL zeolite particles 

and only traces of remaining polymer. The same explanation can be given for height-adhesion 

images but with opposite colour (dark colours –particles; bright polymer) (Fig.4.21.c,f). 

In order to better observe these differences, 2D mixed AFM images of EVOH44/NZL-20 

film before and after 500 h of photodegradation are compared in Fig.4.22. 
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Fig.4.22. AFM 2D image of EVOH44/NZL-20 nanocomposite film(A) (a-b) before and 

(c-d) after 500h of photooxidation. (a,c) Height mixed with modulus; (b,d) height mixed 

with adhesion. 

2D images confirm the decrease of polymer quantity at the film surface after 

photooxidation. AFM images of photooxidised EVOH44/NZL-20 nanocomposite 

 (Fig.4.22.c-d) indicate polymer traces (in white circles). 

2.4. ToF-SIMS surface analysis 

The changes of chemical composition at the surfaces of EVOH polymer and EVOH/NZL 

nanocomposite were followed by time-of-flight secondary ion mass spectrometry (ToF-

SIMS). This experiment was performed at International Laser Centre in Bratislava. This 

method allows the chemical analysis of material composition by the detection of secondary 

ions resulted from molecules fragmentation during surface bombarding by primary ions. The 
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evolutions of detected ions were achieved from an information of ion peak areas extracted 

from the mass spectra of films irradiated during 0, 500, 900, 1200 and 1500 h.  

As it was mentioned in Ch.III, negative field of ion detection is more promising for analysis 

of samples contained O, C, H, Si in sample composition. This phenomenon  is based on 

higher ionisation probabilities in the negative polarity of these elements. The evolutions of 

intensities of negative secondary ions during photooxidation are shown for EVOH44 and 

EVOH44/NZL-20 nanocomposite films in Fig.4.23. and Fig.4.25. respectively, where the 

mass spectra of samples degraded during 1200 h are displayed and the ion evolutions during 

photooxidation (an increase or a decrease), based on the calculated normalised ion peak areas, 

are indicated by arrows.   

EVOH44 

The negative-ion mass spectra of EVOH after 1200 h of photooxidation is given in 

Fig.4.23.  The ions of interests are labelled by numbers placed next to corresponding peak of 

the spectrum. Peak descriptions are located at the right side of the figure. The arrows next to 

the ion peaks indicate the evolution of the peak area with the degradation time, where ↑ means 

an increase and ↓ indicates a decrease of ion peak area with photooxidation time. No arrow is 

shown for peaks without consequent increase/decrease evolution of peak area. 
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   Fig.4.23. Negative-ion ToF-SIMS spectra of EVOH44 film surface after 1200 h of photooxidation. 

Mass spectra represented in two different mass ranges: (a) 0-55 and (b) 55-105 m/z. 
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The fragments with different number of carbon atoms (from 1 to 7) are detected in the 

studied mass range (0-105 m/z). It suggests no specific chain length fragment is dominantly 

formed during bombarding. Observed high intensity of F-involved ions, considered to be 

related to processing additives, can be explained by high relative sensitivity of detector to this 

element. The evolutions of both, oxygen involved patterns (CxHyOz
-) and those without 

oxygen (CxHy
-), are observed during photooxidation. In general, CxHy

- ions are mainly related 

to non-oxidised carbon atoms of polymer molecule while CxHyOz
- corresponds as to oxidised 

fragments as to non-oxidised parts of polymer indicating vinyl alcohol group fragment(s). 

Basically, up to three oxygen atoms were detected to be included in CxHyOz
- fragment 

compositions. With an increase of number of oxygen atoms, the probability of this ion, related 

to the product of photooxidation, increases. Fig.4.24. show the normalised peak areas of the 

oxygen-contained ions plotted versus photooxidation time. 
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Fig.4.24. Negative ion normalised peak areas as a function of irradiation time. 

  From Fig.4.24.a, one can observe that the concentration of all displayed three types of ions 

(CxHyOz
-, z:[1-3]) increases with degradation time but, CxHyO

- concentration at 1500 h 

decreases while other ions concentrations remain at the same value range as those at 1200 h. It 

might be explained by higher order of polymer chain oxidation caused by long-term 

degradation what results in the reduced formation of the ions contained just one oxygen atom.  

More general view on oxidation processes taking place in polymer chain can be represented 

by Fig.4.24.b. The evolutions of peak areas of O- and O2
- have similar trends and increase 

with degradation time up to 1200 h. It shows the evidence of present photooxidaton processes. 

At the same time –OH ion does not show clear evaluation trend. 
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Concluding, the concentration of numerous fragments, related to the polymer matrix 

fragmentation, increases with irradiation time up to 1200 h of exposure and then, either 

decreases or remains similar as this for 1200 h.  It might be due to the high level of 

crosslinking in the polymer chain what hinders the ion formation.  

EVOH/NZL analysis 

In order to investigate the nanofiller effect, ToF-SIMS mass spectra of EVOH44/NZL 

nanocomposite, degraded in the same conditions as the pristine EVOH44 polymer, were 

recorded. The negative-ion mass spectra of EVOH44/NZL-20 after 1200 h of irradiation are 

shown in Fig.4.25. 
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 Fig.4.25. Negative-ion ToF-SIMS spectra of EVOH44/NZL-20 film surface after 1200 h of 

photooxidation. Mass spectra represented in two different mass ranges: (a) 0-55 and (b) 55-105 m/z. 
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Similarly to pristine polymer, the list of ions is given and their evolutions are displayed by 

arrows as in case of mass spectra of pristine EVOH44. The same groups of ions than those 

observed for pristine EVOH fragmentation are observed in EVOH/NZL spectra. The ions 

related to F-cotained processing additives, similar to previously described in Ch.III 

DynamarTM additive [270], exhibit high intensity and are represented by labelled numbers 

3,6,8,19,20.  

As for EVOH44, CxHyOz
- fragments were evaluated for EVOH44/NZL nanocomposite as a 

function of the irradiation time.  In order to compare the evolutions obtained for pristine 

polymer, the plot of CxHyOz
- ions with 1-3 oxygen atoms is shown in Fig.4.26. 
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Fig.4.26. CxHyOz
-  normalised ion peak areas as a function of irradiation time. 

It is shown that the ions contained two and three oxygen atoms exhibit more or less the 

same evolution trends (an increase and then a decrease of the peak areas with the time) as 

those of pristine polymer. Nevertheless, CxHyO
- decrease during all period of photoageing. As 

it was said before, this ion can be related to both, oxidised and non-oxidised fragments of 

EVOH. Suggesting that it basically characterises the initial state of the polymer, different 

evolutions of this ion for EVOH44 and EVOH44/NZL can be explained by the remaining of 

zeolite nanoparticles at the film surface during photoageing while the polymer is oxidising 

and consequently removed from the surface in the form of volatile photoproducts. Thus, less 

and less polymer matrix can be exposured by primary ions and lower quantity of the 

fragments related to polymer can be detected. This tend can be confirmed by Fig.4.27., which 
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represents the sum of peak areas of detected negative ions related to the polymer (Cx
-, CxHy

-

and CxHyOz
- where x>2) as a function of irradiation time. 
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Fig.4.27. The total ion peak area of polymer related ions detected during EVOH44 

and EVOH44/NZL surface sputtering as a function of irradiation time. 

The figure above confirms differences caused by the particles presence. In case of pristine 

polymer the total ion area increases up to 1200 h and then slightly decrease due to 

fragmentation hindering. But, in case of nanocomposite, the areas drop is observed already 

after 900 h and is more significant. It can be explained by accelerated polymer degradation 

caused by zeolite nanoparticles as it was shown in Ch.IV §2.2.2. Nevertheless, based on the 

previous observations of AFM and SEM experiments the effect of particles remaining is more 

probable. 

Moreover, an increase of O-, OH- and O2
- ions can be observed from the mass spectra 

(Fig.4.25.). Better observation of ion area evolutions is shown on the plots presented in 

Fig.4.28. 
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Fig.4.28. O-, OH- and O2
- normalised ion peak areas as a function of irradiation time. 

 

Displayed in Fig.4.28. ions can be related to polymer as well as to zeolite fragmentation. It 

is observed that areas of OH-, O- and O2
- ions exponentially increase with the time. In the 

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

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

the degradation time.  

Next, it was interesting to compare O- and O2
- ions with carbon contained ions which were 

considered to be mainly formed from oxidation products. The evaluations of CO2
- and CHO2

- 

ions are shown in Fig.4.29. 
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 Fig.4.29. CHO2
-and CO2

- normalised ion peak areas as a function of irradiation time. 
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One can see that CO2
- and CHO2

- ions do not follow the same trends as O- and O2
- ions. A 

decrease of CO2
- and CHO2

- ion areas at high irradiation times indicates a decrease of polymer 

fragmentation mainly linked to a decrease of its concentration at the film surface. 

Another ion group of interests of this study was a group related to the zeolite nanoparticles. 

It can be mentioned that more significant evolutions were observed for Si-contained ions 

while fragment ions with Al in general exhibited low relative peak areas. Thus, more attention 

was paid to ions contained Si. Fig.4.30.a. shows the evolution of Si-involved pattern. The 

ratio of total ion peak areas related to polymer and to particles is presented in Fig.4.30.b. 
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Fig.4.30. (a) Normalised peak areas of Si contained ions as a function of irradiation 

dose; (b) Ratio of total ion peak areas related to EVOH polymer and NZL particles. 

It is observed that the formation of SiO2
- and SiHO2

- ions rise after 900 h of photooxidation 

and indicates an increase of particles concentration at the surface with irradiation time. 

At the same time, Fig.4.30.b. shows that the ratio between polymer and nanocomposite 

particles remains constant up to 900 h and then was halved during 900-1500 h degradation 

time range. 

Nevertheless, it is not possible, based on the data extracted from mass spectra, to conclude 

anything about the exact mechanism and the exact structure changes appeared upon 

photoageing. 

Summarising, ToF-SIMS confirms the assumption of particles remaining at the composite 

surface during photoageing. Thus, it is hard to compare the ion peak areas of pristine 

EVOH44 and EVOH44/NZL-20 as the initial concentration of polymer matrix at the surface 
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is different and also evaluates differently during degradation due to present inorganic filler in 

nanocomposite composition.    

2.5. Influence on viscoelastic properties  

Ageing processes into polymers can impact their viscoelastic properties including 

flexibility, stiffness, and elongation at break. These properties are important for the assigned 

application as flexible encapsulation. Thus, the changes of mechanical properties were studied 

by dynamic mechanical thermal analysis (DMTA). 

Degradation of neat EVOH44 copolymer 

The changes of mechanical properties of EVOH44 caused by photooxidation can be 

observed in Fig.4.31. Fig.4.31.a represents the loss and storage moduli, and tan delta of an 

EVOH44 film before and after 900 h of photooxidation. Fig.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 delta, storage and loss moduli of 

EVOH44 before (solid) and after 900 h of photooxidation (dash); (b) Tan delta with 

exposure time. 

Fig.4.31.a shows that 900 h of irradiation of EVOH44 leads to a decrease of storage and 

loss moduli in the domain below room temperature. Modification of tan delta curves is also 

observed. This is shown in Fig.4.31.b, which displays the curves at different irradiation times. 

The evolution of α-transition with degradation time, as shown in tan delta curves, (Fig.4.31.b) 

shows a progressive shift of the glass transition to higher temperatures with irradiation time. 

This transition is no more observed after 900 h of irradiation. At the same time, an increase of 

tan delta at the temperature of the α’-transition is observed as it was already noticed from 
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Fig.4.31.a. It seems that the whole area of tan delta remains more or less constant during 

irradiation.  

The storage and loss moduli at 20 °C and the calculated Young’s modulus are reported in 

Table 4.4. 

 

Table 4.4. Viscoelastic behaviour of EVOH44: storage, loss and Young’s moduli 

measured at 20 °C. 

Irradiation time Storage modulus* 

[MPa] 

Loss modulus* 

[MPa] 

Young’s modulus 

[MPa] 

0 2495±200 100±10 2595±210 

300 2838±400 110±15 2948±415 

500 3220±150 115±20 3335±170 

900 2900±500 121±32 3021±532 

        *each value is an average of two measurements 

 

Table 4.4. shows that at room temperature, the storage and loss moduli values are nearly 

constant with irradiation time.  

Degradation of EVOH44/NZL-20 nanocomposite 

Fig.4.32. displays the viscoelastic behaviour of EVOH44/NZL-20 nanocomposite before 

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

EVOH44/NZL-20 nanocomposite before and after 900 h of 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 and loss moduli, and tan delta of 

EVOH44/NZL-20 nanocomposite before (solid) and after 900 h of photooxidation 

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

Comparison of Fig.4.31.-Fig.4.32. indicates similar behaviours for the EVOH44/NZL 

nanocomposites and the pristine polymer. The Tα progressively shifts to higher temperature 

and the corresponding peak is progressively hidden by the peak of the α’-transition 

(Fig.4.32.b). However, Fig.4.32.a shows a decrease of the storage and loss moduli at room 

temperature. 

The storage, loss moduli and the calculated Young’s modulus at room temperature (20 °C) 

are given in Table 4.5.  

 

Table 4.5. Viscoelastic behaviour of EVOH44/NZL-20 nanocomposites: 

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

Irradiation time Storage modulus* 

[MPa] 

Loss modulus* 

[MPa] 

Young’s modulus 

[MPa] 

0 3550±300 240±50 3790±350 

300 3480±200 200±70 3680±270 

500 4010±270 190±40 4200±310 

900 2820±600 186±30 3006±630 

        *each value is average of two measurements 

 

These DMTA experiments reveal that the temperature of the α-transition progressively 

shifts to higher values, independently of the presence of NZL nanoparticles. After 900 h of 
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irradiation, the α-transition is no more observed, the tan delta peak being convoluted with the 

one of the α’-transition. The difference between the nanocomposite and the pristine EVOH44 

deals with the storage and loss modulus at room temperature, which decrease in the case of 

the nanocomposite, whereas they remain constant in the case of the pristine polymer. 

2.6. Thermal properties 

Degradation of neat EVOH44 copolymer 

The impact of photooxidation on the thermal properties of EVOH was also studied by DSC 

analysis of EVOH44 films at different photoageing times.  

The results are shown in Fig.4.33., which displays the first heating and cooling curves. 
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Fig.4.33. Normalised DSC curves of EVOH44 at different photooxidation time: (a) first 

heating; (b) cooling. 

The first heating DSC curves show that the melting peak temperature as well as its intensity 

decreases. At the same time, the onset and enset temperatures of melting also decrease. All 

these observations suggest a decrease of polymer crystallinity and a decrease of the size of 

crystallites giving rise to a new crystal population that can be formed with ageing. By the 

cooling curves, it can be confirmed that the changes of crystallisation peak follow the same 

trends as those of melting. 

Additionally, it seems that intensity of glass transition peak becomes weaker and glass 

transition cannot be anymore observed after 300 h of photoageing. This trend confirms the 

evolution of glass transition (α-transition) shown by DMTA experiment. 

The values obtained for the melting and crystallisation temperatures, enthalpies and relative 

crystallinity of EVOH44 during photooxidation are reported in Table 4.6. 
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Table 4.6. Thermal properties of EVOH nanocomposite during first heating and 

cooling: onset, endset and temperatures of melting (Tm), crystallisation temperature 

(Tc), enthalpies of melting (∆Hm) and crystallisation (∆Hc), relative crystallinity χc 

 

Tg onset 

[°C] 

Tm
 
onset 

[°C] 

Tm
 

[°C] 

Tm endset 

[°C] 

Tc 

[°C] 

∆Hc 

[J/g] 

χc
**  

[%] 

EVOH44 – 0h 54±1 159±1 166±1 177±1 138±1 70±1 45±1 

EVOH44 – 300h 60±2 150±1 167±1 177±1 125±1 44±1 42±1 

EVOH44 – 700h - 151±1 166±1 174±1 123±1 40±1 41±1 

EVOH44 – 900h - 146±1 166±1 173±1 119±1 36±1 42±1 

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 with ∆Hm°=157.8 J/g[246] 

 

The values in Table 4.6. support the observations from Fig.4.33. Tm decreases from 166 to 

158 °C after 1500 h of photoageing leading to the subsequent decrease of onset and endset 

temperatures by around 18 and 9 °C respectively. The relative crystallinity drops from 45 to 

36 % after 1500 h. 

Data from cooling run are in a good agreement with the first heating run, displaying a 

decrease of the cooling temperature from 138 to 112 °C and of the cooling enthalpy from 70 

to 18 J/g.  

Degradation of nanocomposite 

The thermal analysis was also carried out on films of EVOH44/NZL-20 nanocomposites 

degraded in the same conditions as for pristine EVOH44 polymer in order to investigate the 

nanofiller effect. The obtained DSC curves are given in Fig.4.34.  
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Fig.4.34. Normalised (to the amount of EVOH44 polymer in the sample) DSC curves of 

EVOH44/NZL-20 during photooxidation: (a) first heating; (b) cooling. 

Similar evolution trends as those observed for neat EVOH are detected. All three values of 

temperatures of onset, endset and melting peak are decreasing during photooxidation 

indicating a decrease of crystal sizes. The shape of melting peak also changes. The second 

peak/shoulder at around 169 °C disappears after 300 h which can result from reorganisation in 

the polymer upon light exposure when the temperature is set up at 60 °C and polymer is close 

to its glass transition and therefore exhibits high mobility of the polymer chain. Cooling plots 

confirms the decrease of crystallinity and size of crystals. The data of thermal properties of 

EVOH44/NZL-20 nanocomposite are given in Table 4.7. 
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Table 4.7. Thermal properties of EVOH/NZL–20 nanocomposite during first heating 

and cooling: melting (Tm) and crystallisation (Tc) temperatures, enthalpies of melting 

(∆Hm) and crystallisation (∆Hc), relative crystallinity χc
 

 

Tg onset 

[°C] 

Tm
 
onset 

[°C] 

Tm
 

[°C] 

Tm endset 

[°C] 

Tc 

[°C] 

∆Hm
 

[J/g] 

∆Hc 

[J/g] 

χc
**  

[%] 

EVOH44/NZL - 0h 54±2 157±1 166±1 176±1 133±1 61±2 65±2 44±2 

EVOH44/NZL - 300h - 151±2 166±1 174±2 129±1 60±1 60±1 44±2 

EVOH44/NZL - 700h - 152±1 164±1 175±1 124±2 58±1 38±2 38±1 

EVOH44/NZL - 900h - 150±1 163±2 174±1 124±1 56±1 36±1 37±1 

EVOH44/NZL - 1500h - 143±2 163±1 172±1 120±1 50±1 29±1 35±1 

*each value is average of two measurements 

**calculated for the EVOH amount according to 100% pure crystalline PVA with ∆Hm°=157.8 J/g[246] 

 

Table 4.7. reflects the trends observed in the DSC curves (Fig.4.34.). The crystallinity of 

EVOH44 in the nanocomposite decreases during photooxidation, from 44 to 35 % after 

1500 h of irradiation. Melting and crystallisation temperatures decrease from 166 to 163 °C 

and from 133 to 120 °C respectively. 

Summarising, similar evaluations of thermal properties were observed for EVOH44 with and 

without particles addition. The germination process in the EVOH44 copolymer is becoming 

more and more impeded, the crystals are becoming smaller and are formed in smaller 

quantities. These phenomena have already been observed in the case of PVA photoageing [283] 

and were attributed to chain scissions occurring during light exposure. It might be the case for 

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

2.7. Influence on water sorption properties 

The impact of photooxidation on the water sorption properties of EVOH44 was studied by 

DVS. The DVS analyses were very recently performed, because the DVS apparatus was set 

up at the end of this PhD work. The experiments should then be considered as preliminary 

results and only the results obtained in the case of the pristine material EVOH44 are reported 

in the manuscript. The experiments were performed before and after 200 h and 500 h of 

irradiation. The curves were treated as in Ch. III §2.6.1 using second Fick’s law (described in 

Ch. II § 3.7). 
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The water sorption curve obtained from the DVS experiments of an EVOH44 film after 

different irradiation times is presented in Fig.4.35.a. The water mass gain was obtained by 

dividing the measured mass gain by the dry mass of the sample before immersion and was 

plotted as a function of immersion time. The relative water sorption (M/Meq.) was obtained by 

dividing the water mass by the water uptake Meq. at the plateau and was plotted as a function 

of the square root of time to characterise the diffusion behaviour of water in this EVOH44 

copolymer at the various irradiation times considered here. 
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Fig.4.35. Water sorption curves of EVOH44 films obtained by DVS (85 % RH /38 °C) 

after different irradiation times: (a) water mass gain as a function of time; 

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

Fig.4.35.b shows a Fickian behaviour for all the samples at least in the first period. One can 

then determine the diffusion coefficients. The results are gathered in Table 4.8. This table also 

indicates the thickness of the samples and the sample dry mass.   
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Table 4.8. Water uptake and diffusion coefficient for EVOH44 at different irradiation 

times (0, 200 and 500 h) 

Irradiation 

time [hours] 

l  

[µm] 

Mdry sample 

[mg] 

Meq  

[mg] 

Water uptake 

[%] 

Slope,  

b [10-2 s-0.5] 

D 

[10-9 cm2s-1] 

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 are linked to water diffusion rate, change with 

irradiation time and an increase can be noted. The changes of morphology reported above 

(crystallinity, presence of interfacial groups, segmental mobility, formation of cracks and 

voids) can explain the increase of the slope and then the increase of the diffusion coefficient.  
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CONCLUSIONS 

 

In this chapter, we have studied the photooxidation of EVOH44 and EVOH27. The analysis 

performed by UV-Visible absorption spectrometry has shown that the polymers remained 

transparent under irradiation, which confirm their potentiality for applications as encapsulant 

coatings for OSCs.  

The identification of the macromolecular and volatiles oxidation photoproducts revealed 

that the oxidation involves the oxidation either on the tertiary and/or on the secondary carbon 

in α- and β-positions to hydroxyl group as well in the PE units as in the PVA units and that, 

the sequences PVA-PE-PVA and PVA-PE-PE have also to be considered. On the basis of the 

identification of the products, a comprehensive mechanism accounting for the photooxidation 

of EVOH44 and EVOH27 was proposed. 

Concerning the role played by zeolites on the photooxidation of EVOH44, we have shown 

that the nanocomposites remained transparent in the visible. The molecular analysis has  

shown that the photooxidation of EVOH mechanism remained unchanged in the presence of 

zeolites. However, our results indicate that the rate of oxidation of EVOH was modified in the 

presence of zeolites, which act as prodegradant and accelerate the photochemical oxidation of 

EVOH. This effect was mainly attributed to the iron impurities in the zeolite particles. This is 

a reasonable assumption, as iron ions are known to induce the photodecomposition of 

hydroperoxides, which in turn increases the rate of oxidation of the polymer. Moreover, as 

shown in the case of nanoparticles, this effect is proportional to the amount of zeolite in the 

composite (from 5 wt % to 20 wt %).  

Photoageing was shown to slightly smooth the surface of the films, as well in the case of 

EVOH as for nanocomposites. The loss by evaporation of the low-molecular-weight 

photoproducts allowed for the observation of zeolites particles at the surface. This was 

confirmed by ToF-SIMS experiments. 

The thermo-mechanical analysis that were performed in the case of EVOH44 and 

EVOH44/NZL nanocomposites indicate a shift around 40 °C of the α transition to higher 

temperatures, but did not evidence any modification of the Young’s modulus at ambient 

temperature.  
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The preliminary experiments performed for measuring the water barrier properties indicate 

that the diffusion coefficient increases with photoageing, which confirms the necessity of a 

photostable polymer for developing encapsulation materials with durable barrier properties. 
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INTRODUCTION 

 

This chapter is dedicated to the studies of barrier properties of the developed materials and 

their testing as encapsulant coating for organic solar cells. All the experiments reported in this 

chapter have been performed at Belectric OPV in Nuremberg, Germany 

Three different kinds of experiments are described in this chapter: 

- first, an electrical calcium test was carried out in order to determine the performance and 

applicability of EVOH and EVOH/NZL nanocomposites as barrier coatings. 

- second, the films were used for encapsulation of OSC to test the device performance and 

lifetime in damp heat conditions.     

- third, the experiment of different layer multistacks containing EVOH film and materials 

used for OSCs processing (substrate, glue, additional encapsulation layer(s)) was performed 

in damp heat conditions with the aim to model and understand 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 water transmission rate of EVOH44 and 

EVOH27 and their nanocomposites. This experiment is based on the principle that water, 

permeating through a barrier film, reacts with metallic calcium layer converting it into 

transparent unconducive calcium hydroxide. As a result of this reaction, the drop of 

conductivity can be detected and water permeation rate can be calculated from the slope of the 

conductance decrease 1/R, plotted versus time t as it is described in Ch.II Eq.2.22.: 

� = −=R(BA�A�D)R(3) +� 7̀ Jx1 ~& yJ>     (Eq.2.22.) 

where n=2, δ(Ca dencity)=1.54g/cm3, ρ(Ca resistivity)=4.09×10-6Ωcm (at 75 °C) [291] and 

MH2O/MCa=0.4495. 

The descriptions of sample preparation and the calcium test are given in Ch.II § 1.2. and 

§3.7. respectively. 

Orthogonal (perpendicular to film surface) and lateral water diffusion have been studied by 

Ca-test and are described below. 

1.1. Orthogonal diffusion 

The calcium sensors encapsulated by a single layer of EVOH or of EVOH/NZL 

nanocomposite were used to investigate the effect of zeolite content on the stability of the 

sensors. The conductance of the calcium film was monitored during all lifetime of sensors, 

which was indicated as the time when all the metallic calcium has reacted with permeant 

forming unconducive product. Two types of substrates, flexible ultra-barrier (from 3M) and a 

glass plate, were used to investigate films barrier properties. As an adhesive, UV-curing based 

on modified epoxy resin glue was used. 

a. Flexible substrate 

The results of the calcium test performed on the samples with flexible substrate can be 

represented by plotting the normalised conductance as a function of damp heat exposure time, 

as shown in Fig.5.1. 
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Fig.5.1. Normalised conductance of sensors on flexible substrate versus damp heat 

exposure time (65°C/85 % RH). Encapsulation foils: PET (e=125 μm), EVOH44 (e=82 

μm) and EVOH/NZL nanocomposites with different particle content: 5 wt % (e=72 μm); 

10 wt % (e=80 μm); 15 wt % (e=70 μm); 20 wt % (e=116 μm).   

The conductance curves shown above exhibit characteristic shapes. The conductance versus 

damp heat exposure time shows no variation in the first hours, which is often interpreted as a 

“time lag” [292]. This time can be explained as a “reservoir effect” of the polymeric  

barrier [293], by a long tortuous path of H2O molecules[137], or by high resistance of samples 
[294]. Next, the conductance rapidly drops within 1-2 hours of damp heat exposure and then 

reaches zero. This “fall off” region is mainly related to the interaction of diffused water with 

calcium film causing its transition into hydroxide. Time at zero conductance corresponds to 

sensor lifetime. Fig.5.1. shows that all the studied samples exhibit time lags between 2 and 3.5 

hours. Unexpectedly, neat EVOH as well as EVOH/NZL nanocomposites show lower barrier 

performance than the PET film. 

To better understand the mechanism of fast sensor failure, the photos of sensors taken 

during the damp heat experiment are shown and analysed below.  
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Fig.5.2. Pictures of calcium corrosion during electrical 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 the conductance drop is not related to the lateral 

water diffusion. In the sensors covered by EVOH based films, the calcium reaction with water 

randomly appears in the whole area of the metal layer, as well at the edges of the sensor as in 

the central area. After 4 hours of experiment, the calcium layer in all the samples, except for 

PET and EVOH44/NZL-20, was significantly oxidised exhibiting transparent areas of calcium 

film. At the same time the remaining opaque areas represent the metallic calcium. 

Nevertheless, the contact between electrodes and calcium has already been lost due to 

isolation of metallic areas by formed calcium hydroxide. This observation is in good 

agreement with the conductance plot, which shows that sensors covered by pristine EVOH44 

and EVOH44 with 5, 10 and 15 wt % of NZL nanoparticles exhibit zero conductance after  

4 hours. The better stability of sensors covered by PET and EVOH44/NZL-20 films can be 

explained by different reasons, one of the main reasons being the higher thickness of these 

two encapsulation layers in comparison to EVOH or the others nanocomposite films.   

To better observe the changes on calcium sensors after damp heat exposure, Fig.5.3., given 

below, represents the pictures of calcium sensors after 7 h in damp heat experiment.   

 

(a) 

 

(b) 

 

Fig.5.3. Calcium sensors after 7 h of damp heat experiment: bright areas on the 

sensor display the barrier-calcium films delamination. Samples encapsulated by (a) 

EVOH materials and (b) PET. 
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These pictures suggest that the drop of conductance in “fall off” region for sensors covered 

by EVOH and EVOH/NZL (Fig.5.3.a) is mainly caused by delamination processes appearing 

between the encapsulation film and calcium layer. Further, by visual analysis, it was found 

that delamination mainly takes place at epoxy glue-calcium interface. 

Although not presented in this chapter, the electrical calcium studies on the sensors sealed 

with EVOH27 and EVOH27/NZL nanocomposites with 5-20 wt % of particles content were 

also performed. All the samples displayed the same delamination problems as those observed 

with EVOH44. Due to this reason, the extraction of the representative water barrier properties 

of those films was not done.   

The observed phenomenon can be related to the water sorption property of EVOH and 

EVOH/NZL nanocomposites, which leads to important water uptake by the samples in damp 

heat conditions of experiment and thus, to an increase of their volume at the expense of the 

bending. To support this assumption, one can mention that the polymer exists in its rubbery 

state under experimental conditions [295, 296]. At the same time, no notable delamination was 

observed between calcium layer and PET (Fig.5.3.b), which is commonly used as a substrate. 

b. Glass substrate 

In order to improve the stability and to determine the impact of the substrate on the sensor 

behaviour, the flexible substrate was replaced by a glass plate. EVOH/NZL nanocomposite 

films with increasing amount of zeolite nanoparticles (from 0 up to 20 wt %) were used to 

encapsulate glass based sensors. As in the case of flexible sensors, a sensor encapsulated with 

PET was used as a reference. The corresponding conductance plots are displayed in Fig.5.4.  
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 Fig.5.4. Normalised conductance of sensors on flexible substrate versus time. 

Encapsulation foil: PET (e=125 μm), EVOH44 (e=80 μm) and EVOH/NZL 

nanocomposites: 5 wt % (e=88 μm); 10 wt % (e=85 μm); 15 wt % (e=89 μm); 20 wt % 

(e=89 μm). 

Unfortunately, the obtained curves of normalised conductance show that the substrate 

replacement does not improve the stability of the sensors, as indicated by the sensor lifetimes 

detected in the range of 1-2 h (Fig.5.4.) which are even shorter than those observed for 

sensors on flexible substrates. 

This fast failure of the sensors was also attributed to the delamination due to volume 

expansion as observed on the flexible substrate. This conclusion can be supported by an 

example comparing sensors covered by EVOH and PET after calcium test shown in Fig.5.5. 
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(a)  

 

(b) 

 

Fig.5.5. Calcium sensors after damp heat experiment: bright areas on the sensor 

display the delamination and bending of encapsulation layer. Samples encapsulated by 

(a) EVOH materials and (b) PET. 

It can be mentioned that significant bending processes appeared for EVOH polymer while 

PET remains flat. 

Summarising, the results obtained during calcium test do not represent the water barrier 

properties of the EVOH films, but reflect the delamination processes that appeared between 

the encapsulation and the calcium layers of the sensors. This experiment highlights the 

problem of dimensional stability of the polymer during ageing in damp heat conditions. 

1.2. Lateral diffusion 

In order to estimate the water diffusion through the EVOH films, an alternative approach 

was used and the lateral water diffusion into calcium sensors was studied. For this 

experiment, the sensors composed of substrate-calcium-electrodes-EVOH film were 
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additionally encapsulated by a glass plate on the top of EVOH layer using the same epoxy 

glue. It was expected that this top glass plate prevented the EVOH films from bending and 

delamination. A scheme giving the different layers of this “glass –Ca-sensor” has been shown 

in Ch.II § 1.2. Fig.2.5. 

Assuming that water cannot come from front or rear sides of the sensor (protection by a 

glass plate), the decrease of calcium conductivity would be assumed to result from the water 

ingress through the lateral side. This lateral diffusion includes the impact of barrier properties 

of EVOH film and of the adhesive (epoxy glue) used to seal glass substrate-calcium-silver 

electrodes part of the sensor with EVOH film and then by top glass plate. As a reference 

sensor, a multilayer stack without internal EVOH layer was studied. In the case of reference, 

the lifetime of Ca sensor depends on the water permeation through the adhesive. This 

investigation will help to separate the contribution of the adhesive and EVOH to estimate the 

process of water diffusion through EVOH films, and its impact on the stability/degradation of 

the device with integrated encapsulation layer. 

Photos obtained during the damp heat test (Fig.5.6.) display the different stability of all 

three types of sensors. While the reference does not display any corrosion of the calcium 

layer, sensors encapsulated either by the neat EVOH44 polymer or nanocomposite with  

20 wt % zeolite nanoparticles indicate the reaction of metal with water. 
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Fig.5.6. Pictures of calcium corrosion during lateral diffusion of water into the sensors 

studied by electrical calcium test. 

 

In the case of EVOH44, the calcium corrosion takes place at the edges of Ca layer, while 

for EVOH44/NZL-20 the corrosion of entire layer area is observed. This difference is 

illustrated by the scheme given in Fig.5.7., which indicates the different water permeation 

rates through EVOH44, EVOH44/NZL, and epoxy glue, respectively abbreviated Sp
1, Snc

1 
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and S2. It is hard to compare S1 and S2 as the thickness of the glue layer is unknown. 

However, it can be postulated that Snc
1 >> S

p
1. 
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Fig.5.7. Schematic cross sectional view of water lateral diffusion into calcium sensor 

encapsulated by (a) EVOH and (b) EVOH/NZL-20 films. S1 - water diffusion rate of 

EVOH or EVOH/NZL, S 2 - water diffusion rate of epoxy glue.  

The normalised conductance as a function of time obtained for the calcium sensors sealed 

with EVOH44 and EVOH44/NZL-20 nanocomposite films is shown in Fig.5.8.  
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Fig.5.8. Normalised conductance versus degradation time of sensors encapsulated by 

EVOH44 or EVOH44/NZL-20 and a glass plate. 

The characteristic values extracted from the curves given in Fig.5.8. are summarised in  

Table 5.1.  

 

Table 5.1. Characteristics of calcium sensors under damp heat conditions. Lateral 

diffusion studies: time lag, sensor lifetime and water permeability rate 

 Time lag [hours] Lifetime [hours] Permeability rate [g m-2 day-1] 

Reference Stable up to 260 h of experiment 

EVOH44 41±5 120±10 0.0084±0.002 

EVOH44/NZL-20 8±3 14±2 0.28±0.1 

* values of two parallel measurements 

 

The comparison of Fig.5.8. and Table 5.1. indicates that the calcium sensor encapsulated by 

the neat EVOH44 polymer has much longer time lag and lifetime than the sensor 

encapsulated with EVOH/NZL-20 nanocomposite. It can be noticed from the photos in 

Fig.5.6., the reference sensor with only the glue between top glass plate and calcium layer was 

stable during the whole time of measurements (260 h). The permeation rates, which were 

calculated from the slope of drop off conductance, show that the rate of water lateral diffusion 

significantly increases with the nanoparticles addition. This data is in a good agreement with 

the conclusions made on the basis of sensor photos shown above (Fig.5.6.).  
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2. Encapsulation of organic solar cells with nanocomposite layers  

To investigate the efficiency of the EVOH based encapsulation layers, solution processed 

organic solar cells (OSCs) (see Ch.II. § 1.2.) were encapsulated by EVOH or EVOH/NZL 

nanocomposite films with both EVOH44 and EVOH27. In order to obtain the best device 

stability, two different adhesives and substrates were tested. The influence of the following 

factors on OSCs stability has been studied and reported in this paragraph:  

- ethylene content of the EVOH copolymer (EVOH44/EVOH27) 

- adhesive (epoxy or acrylic) 

- substrate (flexible  / glass plate) 

- encapsulation (single EVOH film or multistacks of EVOH sandwiched with PET 

film(s). 

The composition of the encapsulation layers on flexible and glass substrates studied in this 

paragraph is described in Table 5.2.  

 

Table 5.2. The composition of substrate and encapsulations used in the current 

experiments 

 Substrate 
Encapsulation layer(s) 

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 deposited on PET substrate were encapsulated by 

PET, EVOH or EVOH/NZL-20 films (Table 5.2. # 1-3), using acrylic-based UV-curable 

adhesive. The performance of OSCs under damp heat conditions is represented by the plots of 

average power conventional efficiency (PCE) as a function of damp heat exposure time, 

which are shown in Fig.5.9.  

0 200 400 600 800 1000 1200 1400
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

 

 

 PET
 EVOH44
 EVOH44/NZL-20
 EVOH27

P
C

E
 [

%
]

Degradation time [min]
 

Fig.5.9. OSCs power conversion efficiency as a function of time under damp heat 

conditions. Materials: encapsulation (PET, EVOH44, EVOH44/NZL-20, EVOH27); 

acrylic adhesive; 3M flexible substrate. 

The devices sealed with EVOH27/NZL-20 and EVOH27/NZL-20-PET multistacks were 

destroyed immediately after the contact with humid environment of the climatic chamber, no 

result can be obtained. 

Fig.5.9. displays that the PCE of devices encapsulated by EVOH based materials is 

between 2 and 3 %, which is in the range of values previously obtained for P3HT:PC60BM 

based OSCs [297]. However, PCE of these devices significantly drops after only 200 min of 

exposure. The PCE decrease of PET encapsulated OSCs was not so significant after 200 min 

of experiment but reached similar value after 1300 min of exposure as those of the EVOH44-

encapsulated cells.   

In order to understand why PCE drops, the photos of OSCs after first 1.5 hours of damp 

heat exposure are given in Fig.5.10. 
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Fig.5.10.  Organic solar cells after 1.5 h at damp heat conditions. Encapsulation layer: 

(a) PET, (b) EVOH44, (c) EVOH44/NZL-20, (d) EVOH27, (e) EVOH27/NZL-20. 

These photos show that the decrease of device performance is related to delamination 

processes appearing in the devices. The cells encapsulated with EVOH27 and its 

nanocomposite (Fig.5.10.d-e.) show significant delamination after 1.5 h. In case of the 

EVOH44 based materials, delamination was not so significant but then, further damp heat 

exposure also resulted in delamination inside the device. Encapsulation failure can be 

observed in Fig.5.11. as shown in the photos of the devices after the experiment. 

   

Fig.5.11. Organic solar cells after damp heat degradation experiment. Encapsulation 

layer: (a) PET, (b) EVOH44, (c) EVOH44/NZL-20. 

In contrast to EVOH, the device sealed with PET did not exhibit any delamination 

problems and the PCE decrease, observed in Fig.5.9., is indeed related to the barrier 

performance of this polymer. 

(d) (e) 

(a) (b) (c) 

(a) (b) (c) 
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In general, all devices suffered from the delamination of encapsulation layer, EVOH44, 

EVOH27, and their nanocomposites. Thus, these devices were destroyed after 1300 min  

(~22 h) (Fig.5.10.-Fig.5.11.). After visual examination of the failed samples, it was concluded 

that the delamination mainly occurred in the area of the active part of the cell, at PEDOT:PSS 

active layer interphase. At the same time, no notable delamination problems were detected at 

the edges of the device, where encapsulation is in direct contact with the substrate.  

It has already been reported that, due to its high hygroscopicity [29, 35, 38, 298-300], degradation 

of PEDOT:PSS is associated with the degradation of solar cells exposed to ambient humidity. 

Moreover, the failure mechanisms in inverted devices have been related to chemical changes 

at the PEDOT:PSS interface with the active layer [35]. Based on the literature and the results of 

current experiment, we can assume that delamination in OSC devices sealed with EVOH-

based encapsulation layers is caused by both, high water uptake of EVOH films and high 

hygroscopicity of PEDOT:PSS. When EVOH leads to the penetration of water into the cell, 

then the PEDOT:PSS layer results in the rapid delamination.  

 

b. OSC on glass substrate 

Based on the results given above, it was considered to change the adhesive from acrylic 

glue to epoxy-based (from DELO) and to use a rigid substrate to improve the stability of the 

samples. All the studied encapsulation foils were based on EVOH44, because of the lower 

stability of EVOH27 encapsulated devices. Additionally, different multistacks layers of 

EVOH44 and PET (shown in Table 5.2. #4-8) were used in order to avoid the fast EVOH 

expansion due to direct contact with humid environment. Deposition of PET layer over 

EVOH will also model the use of EVOH nanocomposite layer as a water scavenger, as it is 

supposed to be introduced in encapsulation multilayer stacks as an internal layer.  

The modifications of the device performance are shown in Fig.5.12.  
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Fig.5.12. OSCs power conversion efficiency as a function of time under damp heat 

conditions. Materials: encapsulation (PET, EVOH44 and EVOH44/NZL-20 based 

foils) epoxy adhesive; rigid glass substrate. 

 

During the first 4 h, all the cells show no significant changes of PCE values. However, 

keeping samples in the glove box during 10 h leads to the full or partial delamination of the 

samples encapsulated by EVOH44, PET/EVOH44/PET. Then samples were placed back to 

the climatic chamber. After 200 min of damp heat exposure (total experiment time 1400 min) 

all the devices with EVOH-based layers in their encapsulation were delaminated or exhibited 

zero efficiency.   

This experiment suggests that these modifications did not bring any improvement, in 

particular, did not solve the delamination problem. 

The delamination can be observed on the photos of device before the experiment 

(Fig.5.13.a) and after complete delamination (Fig.5.13.b).  
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Fig.5.13. (a) Device before damp heat exposure (bright part at the active part displays 

the delamination); (b) Device after delamination: (left) glass 

substrate/ITO/ZnO/P3HT:PCBM, (right) PEDOT:PSS/electrodes/encapsulation. 

The delamination in the devices before damp heat exposure (Fig.5.13.a) can be indicated by 

brighter color in cell area. The delamination of the devices before experiment appeared 

mostly in the devices with bi- and three layer systems included EVOH based films. It might 

indicate high stress created by different viscoelastic behaviour of each layer after UV curing 

of the adhesive.   

As it is seen after complete device delamination (Fig.5.13.b), the active layer remains on 

the substrate and the electrodes on the encapsulation. This indicates that the weak point is the 

PEDOT:PSS active layer interface.  

Concluding, the experiment of device performance in damp heat conditions failed due to 

delamination that mainly appeared at the PEDOT:PSS active layer interphase. This 

delamination was caused by the bending/expansion of encapsulation layers, in particular by 

EVOH based materials and high hygroscopicity of PEDOT:PSS. The main reason of polymer 

expansion was suggested to be the high polymer water uptake and a plasticiser effect of 

absorbed water.  

 

3. Testing of multistacks in damp heat conditions 

In order to better understand the mechanism of calcium sensors and OSCs devices failure, 

different combinations of material layers were simply stacked together using UV-curable 

adhesive and then tested in damp heat conditions. 

The various multilayer stacks including the use of two different glues (epoxy or acrylic) 

and two substrates (a glass plate or a flexible ultra-barrier (UB) were tested. EVOH44 or 

EVOH27 or PET were deposited on a substrate using adhesive glue and then flowed through a 

(a) (b) 
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laminator in order to remove excess adhesive. In some cases, stacks consist not only in a 

single layer that was deposited as “an encapsulation coating”, but also in the combinations of 

EVOH-PET and PET-EVOH-PET layers deposited on a substrate. Then all the samples were 

cured for 20 min. All procedure was carried out in air.  

All the studied combinations of substrate-polymer layer stacks are summarised in  

Table 5.3. 

 

Table 5.3. The structures of layer multistacks tested in damp heat conditions.  

 Substrate 
Polymer (multi) layers 

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 acrylic-based adhesive, and the other one 

using epoxy-based adhesive 

  

After UV-curing, the samples were placed into the climatic chamber at 65 °C/85 RH % for 

3 weeks. After this period of storage in damp heat conditions, we did not observe any 

bending, shrinking, expanding, delamination between the layers. The samples were 

considered to be in the same state as they were before the damp heat exposure.  

Taking into account this information, the delamination, which was observed for calcium 

sensors and OSC devices during their testing in damp heat conditions, is initiated by not 

sufficient adhesion between encapsulation and cell part in the devices. In contrast, the 

adhesion force bonding EVOH (or EVOH/NZL) based encapsulation with the substrate was 

strong enough to hold all the layers in the stack and to 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 a proof of concept of the developed EVOH 

nanocomposites as materials for OSCs encapsulation. Two main experiments were performed, 

damp heat degradation test analysed with an electrical calcium corrosion test and ageing test 

of encapsulated organic solar cells under damp heat conditions. In both cases EVOH and 

EVOH/NZL nanocomposite played the role of encapsulation layer. In order to optimise the 

systems, different materials were tested.  

The main conclusions of this chapter are: 

- the water barrier properties of the EVOH based encapsulation layers could not be 

measured due to failure of the test caused by delamination under damp heat conditions. 

- the main causes of delamination was water uptake by the polymer leading to subsequent 

layer expansion and bending, and also the hygroscopicity of PEDOT:PSS; 

- OSCs delamination appears in the active part of the cell and mainly takes place at 

PEDOT:PSS interface. At the same time, no significant delamination was observed at the 

device edges, between the encapsulation and the substrate. 

- EVOH27 leads to even faster device delamination than EVOH44 and EVOH44/NZL 

nanocomposite;  

- the obtained results suggest that the flexibility of the substrate, the nature of the adhesive, 

and even an additional top layer do not solve the main problem of device failure: delamination 

under damp heat environment. 

In order to integrate the developed EVOH nanocomposite into 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 (OSCs) has led to a significant improvement 

of the cell efficiency, bringing the organic photovoltaic technology closer to 

commercialisation. Nevertheless, ageing processes in the cell, caused mainly by sunlight and 

ingress of water and oxygen, lead to a loss in cell efficiency due to a drop in charge carrier 

transport, worsen light absorption, morphology changes and delamination. Ageing thus limits 

the cell lifetime, which is a current issue for OSCs market.  

One strategy to address this problem is utilisation of effective encapsulation in order to 

prevent the permeation of water vapour and oxygen, and thus, degradation of organic devices.  

Different approaches have been proposed to achieve sufficient barrier properties of OSC 

encapsulation. One of the most efficient techniques, that is currently being used to establish 

ultrabarriers, is based on alternation of thin layers with different nature and properties. 

However, the high manufacturing costs are an issue limiting progress in OSCs 

commercialisation. As an alternative, low-cost solution for improvement of performance of 

encapsulation, the introduction of functional nanofillers into the polymer matrix was 

employed in our research. The processing and characterisation of new nanocomposites based 

on ethylene vinyl alcohol (EVOH) copolymers and zeolite (nano)particles have been 

described in this manuscript. 

The research approach was consisted of several steps. Firstly, the most appropriate 

composite materials were identified based on their initial functional properties such as 

morphology, transparency, surface roughness, thermo-mechanical, thermal, and water 

sorption properties. Then, the durability of chosen candidates was examined under accelerated 

weathering conditions. This allowed us to identify the photooxidation mechanism of EVOH 

polymer and its possible modifications with particle addition. Consequently, the impact of 

zeolite nanofiller on polymer durability was estimated on the different levels; the modification 

of molecular structure, and influence on the relevant material properties. Finally, the 

long-term stability of properties of chosen nanocomposites was investigated in order to assess 

their suitability as OSC encapsulants.  

Two kinds of zeolite particles, with nano-(NZL) and micro-dimensions (DISC), and two 

EVOH copolymers based on different ratios of units in their compositions were used for 

composite processing with aim to identify the most suitable material in terms of target 

application.  
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Microscopy observation of films morphology detected homogenous distribution of 

particles just for the NZL nanofiller while the DISC addition resulted in the particle 

sedimentation during the film processing leading to poor overall dispersion. Additionally, all 

EVOH/NZL nanocomposites with the filler concentration up to 20 wt % exhibited good 

optical transparency in the visible range allowing their use for the encapsulation layer. 

However, particles had a significant influence on the surface morphology of the films, in 

particular, increasing the surface roughness.  

Due to observed advantages of NZL nanofiller over the DISC particles, the main 

attention was then focused on EVOH/NZL nanocomposites characterisation. It has been 

shown that nanofiller addition does not cause any significant changes of the thermal 

properties and crystallinity of EVOH polymers, suggesting no considerable nucleation effect 

of the NZL zeolite. However, nanocomposite films exhibited reinforced mechanical 

properties indicating the desired maintaining of structural support of OSC encapsulation. 

Particular interest was focused on nanofiller acting as an adsorbent of permeant molecules, 

especially with regard to moisture ingress as one of the main issues for the cell durability. The 

performed water uptake experiment highlighted the increased capacity and adsorption rate by 

nanocomposite films with 20 wt % particles addition, indicating the reinforcement of water 

scavenger properties.  

The studies dedicated to initial material properties  showed that 20 wt % of NZL zeolite 

dispersed in EVOH44 creates the films with required film transparency, mechanical and water 

sorption properties, nevertheless, EVOH27 films achieve smoother layer surface. 

 The research interest was also focused on the photochemical behaviour of EVOH 

copolymers and the nanocomposites. In order to fully understand the particles influence, the 

photooxidation mechanism of EVOH was determined. It was indicated as being based on the 

classical sequence of hydroperoxidation/decomposition of hydroperoxides/β-scission of 

alkoxy radicals. The analysis of gas and solid phase of photoxidised EVOH film indicates the 

formation of the products inherent for PVA and PE oxidation as well as the products 

characteristic just for EVOH. These photoproducts were found to be generated by 

photooxidation of different unit sequences of copolymer chain. The oxidation of EVOH 

occurred either on the tertiary and/or on the secondary carbon in α- and β-positions to 

hydroxyl groups. The comprehensive phooxidation mechanism of EVOH44 and EVOH27 

was proposed in a schematic form. 



General conclusions and outlook 

 

 

213 
 

Regarding the photooxidation mechanism of EVOH/NZL nanocomposites, the particles 

addition did not modify the photooxidation mechanism of the polymer but, the prodegrading 

effect of nanofiller was clearly showed through monitoring of infrared spectra of polymer and 

nanocomposite with 5-20 wt % of nanoparticles during the ageing process. This effect was 

considered to be mainly caused by the iron impurities, which are known to be involved in the 

photodecomposition of hydroperoxides, and thus accelerate oxidation rate of the polymer. 

Even though the nanocomposites displayed higher photooxidation rates than the pristine 

polymers, good transparency of films in the visible domain was still maintained after the 

irradiation, supporting the applicability for the OSC encapsulation materials. 

The surface smoothing was observed for EVOH44 as well as for nanocomposite during 

the photoageing. The SEM and ToF-SIMS analysis of nanocomposite films revealed the loss 

of polymer matrix while the particles remained on the surface. However, no significant impact 

of particles on the evolution of viscoelastic properties and polymer crystallinity during EVOH 

and EVOH/NZL-20 photoageing was found. The preliminary studies of water uptake showed 

increase of water diffusion rate with the progressing polymer degradation. This highlights 

importance of good material photostability in order to ensure durability of encapsulation.   

To conclude the study, a preliminary testing of selected materials as encapsulants for 

OSCs was performed at BELECTRIC OPV. The electrical calcium test, performed in order to 

estimate the water barrier properties of EVOH and EVOH/NZL nanocomposites, showed the 

issues of EVOH film application in the damp heat conditions (65 °C/85 % RH). The tested 

films bend and delaminate due to high film water uptake and water plasticising effect. This 

film behaviour did not allow measurement of water barrier properties of the films. Further 

testing of EVOH/NZL as encapsulation of OSCs indicated the same drawback, leading to 

delamination between the cell and the encapsulation layer. The observed delamination took 

place mainly at PEDOT:PSS and active layer interface and was initiated by the hydroscopicity 

of the hole transport layer. Unfortunately, the optimisation of the device composition using 

two different adhesives, glass or flexible polymeric substrates and deposition of additional 

PET encapsulation layers did not lead to any considerable improvement of the device 

stability. In addition, EVOH27 and EVOH27/NZL nanocomposites were found to be affected 

by humid environment even more than EVOH44 based films due to higher molecule polarity 

of the polymer matrix. Thus, the integration of EVOH/NZL nanocomposite into encapsulation 

for OSCs remains a challenge, which will require further investigation. 
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To summarise, EVOH27/NZL can be considered to be more suitable choice in terms of 

polymer photostability and film surface properties. However, regarding the applicability and 

operation in damp heat conditions, this nanocomposite suffers from low dimensional stability 

leading to consequent failure of encapsulated OSC device. At the same time, EVOH44/NZL 

is more promising to reach the structural stability in humid environment after additional 

material optimisation. On the other hand, it might not achieve the appropriate encapsulation 

lifetime due to faster photodegradation of EVOH44.  

The continuation of this work should be focused on the two research aims. One is the 

introduction of EVOH/NZL nanocomposite layer into the encapsulation system and its further 

optimisation in terms of barrier performance and applicability.  At the same time, the attention 

should be paid to further studies of OSCs encapsulated with developed materials, monitoring 

the performance of encapsulated devices. The water uptake properties need to be investigated 

in more detail upon EVOH/NZL ageing in order to obtain more information with regard to 

durability of its barrier properties. At the same time, additives acting as a metal deactivator 

can be introduced during the nanocomposite processing for sake of deactivation of zeolite iron 

impurities and improvement of material stability. However, the ultimate evaluation of the 

proposed materials should be made on the basis of their introduction into the encapsulation 

multilayer stack. This approach will allow for evaluation of EVOH/NZL films from the point 

of view of their main purpose - trapping the water molecules that already passed through the 

barrier layers structure in the encapsulation multilayer stack.  
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Fig.A.1. (a) FTIR spectra of pristine EVOH27(A) and EVOH27/NZL(A) nanocomposites 

with different particle contents (7-30 wt %); (b) absorbance evolutions at 1033 cm-1,  

1093 cm-1, and 478 cm-1 as a function of particle content in EVOH44/NZL(A) 

nanocomposites. 

 

 

 

Fig.A. 2. TEM images of cross-sections of EVOH44/NZL–20 nanocomposite films 

processed by melt-mixing. NZL loading, wt %: (a,b) 5, (c,d) 10, (e.f) 15, (g,h). 
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Fig.A. 3. TEM images of cross-sections of EVOH27/NZL–20 nanocomposite films 

processed by melt-mixing. NZL loading, wt %: (a,b) 5, (c,d) 10, (e.f) 15, (g,h). 
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Abstract:  The goal of this work was to develop EVOH/zeolite nanocomposites based on 
inorganic fillers such as zeolites for potential encapsulation of OSCs and to investigate their 
photochemical behaviour. The research was focused on the photooxidation mechanism of 
pristine EVOH copolymers and on the impact of the filler addition on this mechanism. 
EVOH/zeolite nanocomposites functional properties were characterised taking into account 
different particle sizes and filler contents.  

Properties of EVOH copolymers and EVOH/zeolites nanocomposites such as optical 
transparency, surface morphology, mechanical and thermal properties, and water uptake 
properties were investigated. On the basis of obtained results, the best candidate(s) for 
encapsulation of organic solar cells has been proposed. The chemical degradation mechanism 
of pristine polymers has been proposed, the materials photostability and the impact of the 
zeolite particles on the photochemical behaviour of the polymer have been studied. Electrical 
calcium test and performance of encapsulated OSCs were carried out in order to evaluate the 
ability of the studied materials to be used as potential candidates for efficient and stable 
encapsulation coatings for OSCs applications.  

Keywords: EVOH, nanocomposite, zeolite, photodegradation, OSCs, encapsulation. 
 
Résumé: L'objectif de ce travail était le développement des nanocomposites 

d’EVOH/zeolites à base de charges telles que les zéolites pour l’encapsulation des cellules 
solaires organiques, et l’étude de leur comportement photochimique. Ce travail a porté sur 
l’étude du mécanisme de photooxydation des copolymères d’EVOH puis sur l'impact des 
zéolites sur ce mécanisme. Les propriétés fonctionnelles des nanocomposites 
d’EVOH/zéolites ont été étudiées en prenant en compte le taux de charge et la taille des 
particules. 

Les propriétés des copolymères d’EVOH et des nanocomposites d’EVOH/zéolites comme 
la transparence optique, la morphologie de surface, les propriétés mécaniques et thermiques, 
et les propriétés d'absorption de l'eau ont été étudiées. Sur la base des résultats obtenus, les 
meilleurs candidats pour l'encapsulation des cellules solaires organiques ont été proposés. Le 
mécanisme de photooxydation des copolymères a été proposé, la photostabilité des matériaux 
et l'impact des zéolites sur le comportement photochimique du polymère ont été étudiés. Le 
test électrique de calcium et le suivi des performances des cellules solaires organiques 
encapsulées ont été effectués afin d'évaluer l’efficacité des matériaux étudiés comme 
candidats potentiels pour une encapsulation efficace et stable des cellules solaires. 

Mots-clefs: EVOH, nanocomposite, zéolite, photodégradation, cellule solaire organique, 
encapsulation. 

 

 

 

 


