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Preface 

Materials are of fundamental importance for the development of the 

technology that adds luxury and amenities to our daily life, the typical 

examples being laptop computers and digital cell phones. The challenges 

of creating novel and more useful types of different classes of materials 

grow with the needs of the society. Recent developments in 

nanotechnology have revolutionized all walks of human activity with 

immense benefits not limited to the arenas of science and technology 

alone, but to those influencing everyday life as well. The size and shape 

dependent properties of the nanostructured materials have opened up, the 

possibilities for tuning the properties as desired, over wide ranges of the 

particle size. Polymer nanocomposites, consisting of host polymers and 

nanostructured filler materials dispersed within the host polymers, offer 

unprecedented application possibilities owing to the unique combination 

of the beneficial characteristics of the component materials.The 

experimental realization of graphene in 2004 has revolutionized the realm 

of nanotechnology and given wings to the dreams of achieving 

unparalleled breakthroughs in materials science and device technology. It 

is now possible to imagine the design of computers as fast as lightning but 

small enough to be folded up and carried in pockets and smart phones that 

can continue working without being recharged for weeks together. The 

products of advanced nanotechnology, yet to be made accessible in the 



coming decades, promise even more innovative applications, far beyond 

the scope of the current products. 

The entire research work included in the thesis is portrayed in 

different sections as follows: 

 The first chapter begins with an overview of the developments in 

the fields of nanotechnology and polymer nanocomposites, with 

emphasis on their application prospects. The motivation and the 

objectives of the present study are also addressed, which form an 

integral part of this chapter.  The impetus for selecting poly(vinylidene 

fluoride) (PVDF) as the host polymer matrix and its beneficial features 

are elucidated, followed by a brief description of the nanostructured 

filler materials chosen, with due emphasis on their technological 

application prospects.  

 A brief description of the various experimental techniques 

employed for the characterization of the polymer nanocomposites 

developed for the present investigations is given in chapter 2. The 

structural, optical, thermal and electrical characterizations of the samples 

are carried out using different sophisticated techniques and a 

comprehensive description of them is included in this chapter. 

The detailed analysis of the photoluminescence emission from 

free-standing and flexible, PVDF/ doped ZnS nanocomposite films, 

forms the focal theme of chapter 3.The semiconductor, ZnS, 

synthesized to be in the nanostructured form and doped with manganese 



(ZnS:Mn) and copper (ZnS:Cu) are used for making nanocomposites 

with PVDF and flexible, free standing films of PVDF/ZnS:Mn and 

PVDF/ZnS:Cu are grown using the simple method of solution casting. 

These ZnS:Mn and ZnS:Cu based nanocomposite films are found to 

show intense yellow orange  emission at 598 nm  and blue emission at 

432 nm respectively and can be of ample application prospects in 

developing flexible, luminescent devices. Plenty of scope also exists for 

realizing white light emitting, flexible devices by mixing the yellow and 

blue emissions from these nanocomposite films in the appropriate way.   

The excellent UV shielding  characteristics of the nanocomposite 

films of the well-known transparent conducting oxide ZnO, with PVDF, 

obtained as flexible and free standing films of thickness around 20 

micrometers along with the observation of the intense 

photoluminescence emission all through the visible region, giving rise to 

the appealing white light emission, are comprehensively addressed in 

chapter 4. The simultaneous observation of excellent UV shielding 

characteristics and white light emission is  the novelty of the work on 

PVDF/ZnO nanocomposite films.The work also extends ample scope for 

developing white light emitting flexible films, in a cost effective way.  

The chapters 3 and 4 constitute the first phase of the work, related 

to the investigations on PVDF nanocomposite films, using the inorganic 

semiconductors, ZnS and ZnO as the nanostructured filler materials.The 

second phase of the work deals with the studies on the nanocomposite 



films of PVDF using the carbon based nanostructured materials, reduced 

graphene oxide (RGO) and graphene as the fillers. 

 The PVDF/RGO nanocomposite films are grown by solution 

casting method using the filler material RGO, synthesized from graphite, 

using the modified Hummer’s method. Significant enhancement of the β 

phase of PVDF, which is the most ordered polymorph form of PVDF, is 

found to be achieved by the addition of RGO to PVDF. The central 

theme of the work described in chapter 5 is focused on assessing the 

nonlinear optical response of these nanocomposite films using open 

aperture and closed aperture Z scan technique, employing pulsed 

Nd:YAG laser of 532 nm wavelength, as the source. The novelty and 

highlight of the work on PVDF/RGO nanocomposite films is the 

achievement of normalized transmittance as low as 10% and the low 

optical threshold power around 7.84 MW/cm2. These flexible films of 

PVDF/RGO nanocomposite of thickness around 10 microns offer plenty 

of scope for realizing efficient optical limiting devices of any shape or 

size.  

The final part of the work is centered on studying the electro-

magnetic interference (EMI) shielding properties of the PVDF/graphene 

nanocomposite films, obtained by solution casting method using 

commercially available graphene and is the essence of chapter 6. The 

EMI shielding measurements are done using wave guide transmission 

line technique in a Vector Network Analyser, in the frequency range 



 4-12 GHz. Convincing evidence for the increase in the β phase of PVDF 

with the addition of graphene, similar to the one observed upon the 

addition of RGO to PVDF, has been obtained from the structural 

characterization of the PVDF/graphene composites using XRD, Raman 

and FTIR spectroscopic techniques. The FESEM and TEM studies 

clearly establish the dense dispersion of graphene within the PVDF 

matrix, the interconnectivity between the graphene flakes and the high 

extent of crystallinity of the PVDF/graphene films. The high electrical 

conductivity of these nanocomposite films around 16 S/cm, is a 

consequence of the good connectivity among the graphene flakes and the 

high carrier concentration and carrier mobility observed in these 

nanocomposite films, which is quite significant for effective EMI 

shielding behaviour. The novelty of these studies is the observation of 

remarkably high electro-magnetic interference (EMI) shielding 

effectiveness of about 47 dB, observed in the  highly conducting, 

ordered and flexible films of the PVDF / graphene nanocomposite of 

thickness around 20 microns, in the X-band frequency  range of the 

microwave spectrum. This impressive EMI shielding effectiveness has 

been achieved in these films with 15% graphene loading, without adding 

foaming agents or surfactants. These free standing and flexible films are 

ideal for EMI shielding applications, without the geometrical constraints 

of the shape or size of the object. The absorption dominated shielding 

properties of these flexible nanocomposite films are found to be quite 

suitable for stealth applications as well. 



The salient features of the investigations are summarized and the 

summary of the research work along with the conclusions drawn from 

these investigations, form the integral part of chapter 7. The highlights 

and novelty of the results and the scope for further investigations, based 

on the outcomes of the present studies are also emphasized. 
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This chapter serves as a general introduction to the work presented in the 

thesis. Investigations on the status of poly (vinylidene fluoride) (PVDF) as 

an exotic host matrix for realizing technologically important 

nanocomposites form the essence of the thesis. The basic concepts and 

relevance of nanotechnology with emphasis on polymer nanocomposites 

and the significance of the host polymer PVDF are discussed. The 

motivation for carrying out the present study, the importance of the 

materials chosen as nanostructured  filler materials (ZnO, ZnS, reduced 

graphene oxide  and  graphene) to form the polymer nanocomposites and 

the objectives of the present study are also portrayed in this section. 

1.1 Motivation of the present study 

Laptop computers, digital cell phones and touch screens are 

examples that add convenience and luxury to our daily life. Since the 

demands of the society are increasing constantly and new needs emerge 

day by day, a systematic understanding of the productivity of available 

materials and the efforts towards the development of novel types of 
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materials with tunable characteristics must be continued with increasing 

drive, to meet the current and future requirements. Polymers constitute 

one of the most successfully exploited classes of materials due to the 

implausible variety of chemical structures available and their wonderful 

properties, along with their relatively low cost and applicability as 

sustainable materials. The area of polymer nanocomposites (PNCs) has 

grown to represent one of the largest classes within the scope of 

materials science, offering ample scope in the development of advanced 

materials for numerous technological applications. 

In the search for a suitable polymer matrix for realizing the 

polymer nanocomposites investigated in the present work, poly 

(vinylidene fluoride) (PVDF) has been identified as the host polymer 

matrix, considering the quite impressive and unique features associated 

with this polymer. It is a semicrystalline fluoropolymer which is nontoxic 

and is endowed with excellent mechanical strength and is easy to process 

in the form of films. Its high dielectric permittivity, relatively low 

dissipation factor and high dielectric strength have made this polymer a 

very useful capacitor dielectric as well. It exhibits polymorphism and 

exists in five different forms as α, β, γ, δ and ε. It has a glass transition 

temperature (Tg) of about −35°C and is structurally 50 – 60% crystalline. 

It is an attractive material for use in various applications, because of its 

promising piezoelectric, ferroelectric and pyroelectric properties. It is 

chemically, thermally and mechanically very stable and is a highly 

flexible and processable material [1-4]. Because of its excellent film 
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forming properties, it is ideal as a polymer matrix for obtaining a variety 

of polymer nanocomposite films. It is unaffected by long-term exposure to 

sunlight and other sources of ultraviolet radiation and is nontoxic. It is 

resistant to most acids and alkalis and is valued for its toughness, good 

thermal and mechanical stability and distinct engineering advantages. 

Generally polymer nanocomposites exhibit superior properties 

compared to those of the component materials. The improvement in the 

properties depends mainly on the type and size of the nanofiller 

materials used. Zinc oxide (ZnO) and zinc sulphide (ZnS) are 

semiconductors of  the II-VI group, with wide band gap energy and high 

exciton binding energy, endowed with quite interesting electrical and 

optical characteristics. By making composites of nanostructured ZnO 

with the polymer PVDF, the UV shielding properties of the composite 

films can be enhanced, since ZnO is a very good absorber of UV 

radiation. Doped ZnS is a very good phosphor at room temperature and 

the nanocomposite films of PVDF/doped ZnS can be expected to be of 

application in the designing of free standing luminescent films for 

flexible device applications. Reduced graphene oxide (RGO) and 

graphene are highly sought after, carbon based nanofiller materials, 

capable of enhancing the electrical conductivity and mechanical strength 

of the resulting nanocomposite films with PVDF. It is also expected that 

these nanofiller materials can bring about enhancement in the β phase of 

the polymer PVDF, which is, structurally the most ordered polymorphic 

phase of PVDF [5-7]. 



Chapter 1  

4    Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 

1.2. Nanoscience and Nanotechnology  

Nanoscience is one of the most interesting areas of applied 

materials science, in which behavior of systems confined to nanoscale 

dimensions is studied. Nanostructured materials are of vast scientific 

interest as they act as a bridge between bulk materials and atomic or 

molecular structures. The properties of bulk materials are not size 

dependent but for materials with nano-scale dimensions this is often not 

the case. The most striking features of nanostructured materials, quite 

different from their bulk counterparts, can be attributed to the sensitive 

dependence of the material properties on the particle size. 

The ideas and concepts behind the development of nanoscience 

and nanotechnology started with the talk entitled “There’s plenty of 

room at the bottom” by the famous physicist Richard Feynman at an 

American Physical Society meeting at the California Institute of 

Technology (CalTech) on December 29, 1959 [8]. 

Nanoscience deals with the art of manipulating matter at atomic and 

molecular scales, and generally involves the studies of structures sized at 

the nanoscale at least in one dimension. Nanostructured materials are gifted 

with properties quite different from what they exhibit on a macro scale, 

enabling exclusive applications. Nanotechnology is considered to be the 

next industrial revolution and is believed to cause huge impacts on the 

society, economy and life in general in the near future. One of the striking 

aspects of nanotechnology is the vastly increased surface to volume ratio of 

the nanostructured materials which makes possible new quantum 
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mechanical effects, like the “quantum size effects” whereby the material 

properties of solids are surprisingly altered with reductions in particle size. 

For the synthesis of nanostructured materials, there are two main 

approaches, the "bottom-up" approach where materials are built up atom by 

atom and the "top-down" approach where they are synthesized by removing 

existing materials from larger entities. 

Nanocomposites are multiphase materials, where one or more of 

the phases have at least one dimension in the nanoscale, with enhanced 

functionality and a wide range of applications. The phases may be 

inorganic, organic, or both, with amorphous, semi-crystalline or 

crystalline phases or combinations of these phases. The driving force 

behind the creation of novel nanocomposites is to achieve innovative 

functionalities suitable for many technological applications. The material 

properties of nanocomposites are in general much superior to those of the 

component materials.  

Depending on the types of the matrices used, nanocomposites can 

be mainly divided into (1) polymer matrix nanocomposites (2) ceramic 

matrix nanocomposites and (3) metal matrix nanocomposites [9]. The 

research work included in the thesis is specifically focused on polymer 

nanocomposites. They are of considerable interest because they combine 

the advantages of both polymers and filler components. The size and 

shape of the filler materials, especially if they are nanostructured, have 

direct effect on the properties of the resulting nanocomposites. The 

aspect ratio of the nanofillers, the extent of dispersion of nanofiller 
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materials in the polymer host matrix, individual properties of the host 

matrix and the interfacial regions shared by both the components affect 

the properties of the polymer nanocomposites. Generally, polymer 

rnanocomposites can be obtained by both in-situ and ex-situ techniques. 

In in-situ methods, the nanostructured filler particles are generated inside 

the polymer matrix by decomposition or chemical reduction of a metallic 

precursor dissolved in the polymer. In the ex-situ approach, the 

nanofillers are first synthesized by soft chemistry routes and then 

dispersed in the polymeric matrices. 

Among the many highly glorified technological products 

developed, polymer nanocomposites have shown ubiquitous presence in 

various fields of applications as illustrated below. 

• In food packaging and flexible and rigid drinking water bottles 

• As mirror housing materials on various types of vehicles and in 

door handles, engine covers and belt covers 

• As covering materials for portable electronic equipment such as 

mobile phones and pagers 

• As transparent  UV shielding  materials suitable for applications in 

UV-sheltering windows, contact lenses and goggles 

•  As optical switches, optical limiters and other nonlinear optical  

devices  for fast and efficient processing of the information 

content of data 
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• In drug delivery, bio sensing, bone tissue engineering and neural 

network applications 

• As electrodes in flexible batteries and high power super capacitors, 

as solid electrolyte materials and as efficient electromagnetic 

interference shielding materials  

1.3.  Materials used in the present work 

1.3.1. Poly(vinylidene fluoride) (PVDF) -- an exotic polymer 

host matrix 

Poly (vinylidene fluoride) (PVDF) is a non-reactive and non 

toxic thermoplastic fluoropolymer with high molecular weight, synthesized 

by the polymerization of vinylidene fluoride. It is a semi crystalline 

polymer with the repeat unit of CH2-CF2   and consists of both amorphous 

and crystalline phases [1,2]. The chemical structure of PVDF is shown in 

figure (1) and the photograph of PVDF granules in figure (2). 

               The glass transition temperature (Tg) of PVDF is about −35 °C 

 and is quite stable and easy to handle at room temperature [10,11]. 

 Dr. Heiji Kawai discovered the piezoelectric properties of PVDF, in 

1969 [3]. Furakawa and Johnson confirmed PVDF’s piezoelectric nature 

in 1981 and identified the Curie point of PVDF as 103 ºC. 
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Fig (1)  Chemical structure of PVDF Fig (2)  Photograph of PVDF granules 
 

         Since PVDF has a low density of ~1.78 gm/cc and low cost 

compared with other fluoropolymers, it has been used to make pipes, 

sheets, films, filaments, plates for various applications and as an 

insulator material for premium wires. It can be injected, molded or 

welded and is commonly used in the chemical, semiconductor and 

medical industries and is also used as a binder in lithium ion cells. This 

material, with its impressive piezoelectric, ferroelectric and pyroelectric 

behaviour finds widespread applications in sensors, transducers, energy 

harvesters, actuators  and MEMS [12,13]. The PVDF based fluorocarbon 

paints have superior weather resistance and their long term reliability 

allows outdoor use with less maintenance [14,15]. It is well known that 

PVDF membranes are quite useful for filtering and reverse osmosis 

applications [16,17]. The important properties of PVDF can be listed as 

follows 
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 Excellent film forming property and good flexibility 

 Low weight 

 Low thermal and electrical conductivity and good insulating 

properties 

 High chemical corrosion resistance. 

 Good heat resistance. 

 High mechanical strength and toughness. 

 High abrasion resistance. 

 Resistance to most chemicals and solvents. 

 Low permeability to most gases and liquids 

 Good biocompatibility 

 High piezoelectric coefficient  

 Low acoustic and mechanical impedance 

 High elasticity 

 Unaffected by long term exposure to UV-radiation 

For the advanced applications requiring electrostatic dissipation and 

electromagnetic interference shielding, the high electrical resistivity of 

PVDF is a limitation. This is usually addressed by making composites with 

highly conducting carbon nanofillers like graphene and carbon nanotubes  

[18,19]. 
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 Poly (vinylidene fluoride) has several polymorphs including four 

known chain conformations and a fifth suggested one termed as α, β, γ, δ 

and ε [20]. The most common crystalline phase is the α phase, which occurs 

in a Trans-Gauche–Trans-Gauche (TGTG) conformation. The α phase with 

monoclinic unit cell is generally formed during polymerization and 

crystallizes from the melt at all temperatures. It is a non-polar phase and 

does not exhibit piezoelectricity, pyroelectricity and ferroelectricity . 

The most popular β-phase which is piezoelectrically and 

pyroelectrically active, with an orthorhombic unit cell in Trans–Trans 

(TT) conformation can only be obtained after special processing. In this 

all trans (TTTT) conformation, fluorine and hydrogen atoms are located 

on opposite sides of the polymer backbone which gives rise to a net non-

zero dipole moment for the polymer. The presence of this dipole moment 

makes PVDF a good, piezoelectrically and pyroelectrically active 

polymer. Conversion of α-phased PVDF to β-phased one is done by 

mechanical drawing at high pressures and poling at high voltages. In its β- 

phase form, PVDF finds extensive applications in polymer sensors, 

actuators, transducers, energy harvesters and MEMs. [21,22]. 

The third phase is the γ-phase which is considered as the 

intermediate phase between the α and β-forms. This phase is formed due to 

the crystallization of PVDF at a temperature of 160 °C. The δ-phase is the 

polar form of α-phase and is generally obtained by polarization of α-form 

under a strong electric field and it has the same unit-cell dimensions and 
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chain conformation as the α-phase [23,24]. The fifth hypothetical 

polymorph is the ε-phase which contains T3GT3G′ conformation similar to 

the γ-phase but in an anti-polar arrangement.  

         The good solubility of PVDF in polar solvents such as esters, 

acetone, Dimethyl formamide (DMF), N-methyl-2-pyrrolidone (NMP) 

and Tetra hydro furan (THF) is advantageous for film casting from the 

solutions. The most commonly used copolymers of PVDF in piezoelectric 

and electrostrictive applications are P(VDF-trifluoroethylene), (PVDF-

TrFE) and P(VDF-tetrafluoroethylene) (PVDF-TFE). They improve the 

piezoelectric response by improving the crystallinity of the material. The 

polymorphs α, β, γ and δ of PVDF are shown in figure (3) and the 

important physical properties of PVDF are given in the Table (1). 

 
Fig. (3) Polymorphs of PVDF 
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Table (1): Important material properties of PVDF 

Properties Reported values 

Melting point 174 °C 

Glass transition temperature ~ -35 °C 

Density 1.78 gm/cc 

Heat capacity (300K) 1.9 Jg-1K-1 

Tensile strength 35 -50 MPa 

Dielectric constant (1MHz) 8 

Dielectric strength 160  kV/mm 

Resistivity 1014ohms.cm 

Thermal conductivity 0.2 Wm-1K-1 

Piezoelectric co-efficient 6-7 pC/N 

Refractive index 1.42 

Co-efficient of linear expansion 14 x10-5 K-1 

1.3.2. Zinc Oxide (ZnO) 

Nanostructured semiconductors are quite important in various 

types of device applications since their electrical, magnetic and optical 

properties can be tuned by changing the particle size [25]. 

Currently, there has been an increasing demand for the 

development of semiconductor nanostructures for applications in 

optoelectronic and electronic devices with multifunctionality [26-28]. 

ZnO is a n-type semiconductor of the II-VI group , with wide direct 
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bandgap energy of  3.37eV [29,30] and exciton binding energy of 60 meV 

at room temperature, well known for its room temperature luminescence 

characteristics. The structural, morphological and luminescence properties 

of nanostructured ZnO are quite sensitively influenced by the synthesis 

techniques. Zinc oxide, endowed with high chemical and environmental 

stability, high electrochemical coupling coefficient, broad range of 

radiation absorption, optical transparency in the visible range, high 

electron mobility, high photo-stability and impressive room temperature 

luminescence characteristics, is a low cost and nontoxic multifunctional 

material and offers  ample opportunities to develop light emitting diodes 

(LEDs), solar cells and transparent electronic and optoelectronic devices 

[31-34]. Its UV absorbing property has been utilized in the design of UV 

shielding films and the synthesis of cosmetic sunscreen lotions. Because 

of its low toxicity, biocompatibility and biodegradability, ZnO can be 

used as a material of interest for biomedicine, bio imaging and drug 

delivery applications. The high third order optical nonlinearity associated 

with ZnO can be of application in developing  efficient optical limiters for 

protection against high intensity laser radiation [35-37]. Some of the key 

properties of ZnO are shown in table 2 and important crystal structures of 

ZnO are shown in figure (4a) and figure  (4b). 
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Table (2) Important characteristics of ZnO 

Properties      Values 

Band gap energy                                   3.37 eV 

Exciton binding energy                         60 meV 

Dielectric constant                                3.7 

Refractive index                                    2.008 

Stable crystal structure                         Wurtzite 

Lattice parameters                               a= 0.325nm and  c= 0.521nm 

Thermal conductivity                            0.6-1.2 Wcm -1K-1 

Specific heat capacity                           Cp=40.3 J mol  -1K -1 

Solubility in water Insoluble 
 

 

Fig (4a)  Wurtzite (hexagonal packing) Fig (4b)  Zinc blend (cubic packing) 
 

1.3.3. Zinc Sulphide (ZnS) 

 Zinc sulfide is another important II–VI semiconductor, which has 

been studied  extensively because of its broad spectrum of potential 
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applications  in catalysts, cathode-ray tubes (CRT), field emission displays 

(FED), electroluminescent devices and photodiodes. Doped nanostructures 

of ZnS with dimensions below Bohr diameter are specifically suitable for a 

variety of applications in optoelectronics and nanophotonics [38,39]. It has 

a large bandgap of 3.72 eV for cubic zinc blend and 3.77 eV for hexagonal 

wurtzite structures respectively and has been widely used as an important 

phosphor material for photoluminescence (PL), electroluminescence (EL) 

and cathodoluminescence (CL) device applications due to its better 

chemical stability compared to other chalcogenides like ZnSe [40,41]. Its 

atomic structure and chemical properties are comparable to the more 

popular and widely known ZnO [42,43]. 

The nanostructured, manganese doped ZnS, (ZnS:Mn) has been 

widely investigated since the first report of efficient luminescence 

emission in the yellow-orange region in ZnS:Mn, by Bhargava et al 

[44,45]. The nonlinear, multiphoton absorption characteristics of 

nanostructured ZnS:Mn in the infrared and visible wavelength regions 

have intensified the research attraction of this material due to the 

prospects in bioimaging applications. Important properties of ZnS are 

shown in table 3 and important crystal structures of ZnS are shown in 

figure (5a) and figure (5b). 
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Table (3) Important characteristics of ZnS 

Properties      Values 
Band gap energy                                   3.7 eV  

Exciton binding energy                        40 meV 

Dielectric constant                                8.9  

Refractive index                                   2.356  

Stable crystal structure                         Zinc blende  

Lattice parameter a= 0.541 nm  

Density                              4.102 gm/cc  

Melting point                 1850 °C  

Solubility in water  Insoluble  

   

Fig (5a)  Zinc blend (cubic) Fig (5b)  Wurtzite (hexagonal) 
 

1.3.4. Reduced Graphene Oxide (RGO) 

Reduced graphene oxide (RGO) is commonly used as a carbon 

based nanofiller material for the synthesis of polymer nanocomposites. It 

is endowed with graphene like properties and can be  synthesized in 

large quantities using easier methods compared to those adopted for 
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synthesizing single layer graphene or multi layer graphene. For many of 

the applications involving graphene, RGO can be used as a cost effective 

substitute. The commonly adopted synthesis approach of RGO starts 

from the low cost material, graphite. The deep oxidation of graphite 

using Hummer’s method [46,47] results in graphene oxide (GO). The 

reduction of graphene oxide (GO) to RGO can be achieved through 

chemical, thermal or electrochemical methods. Each method has its own 

merits and drawbacks. Some of these drawbacks include the use of toxic 

substances, longer hours of reaction and the need for maintaining high 

temperatures and harsh conditions [48].Some reported examples of 

graphene oxide reduction are given below. 

• Treating graphene oxide with the reducing agent, hydrazine 

hydrate at 100°C for 24 hrs.  

• Exposure to hydrogen plasma for several seconds 

• Exposure to powerful pulsed light from xenon flashtubes 

• Heating the graphene oxide with urea as an expansion-reduction 

agent 

• Direct heating of graphene oxide in a furnace to very high 

temperatures 

The RGO produced by chemical reduction method often has 

comparatively lower electrical conductivity and surface area. 

Electrochemical production of RGO would be the preferred commercial 
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method in future, since it yields a material almost identical in structure to 

pristine graphene. Generally, RGO resembles graphene, but contains 

residual oxygen and other hetero atoms as well as structural defects [49]. 

It is widely used in graphene research, rechargeable batteries, 

supercapacitors, printable graphene electronics and catalysis. The electrical 

conductivity of RGO is generally less than that of graphene [50], since the 

former cannot have the perfect graphene structure and there can be oxygen 

functional groups attached to the surfaces of RGO.  In the present work, 

RGO is used as the filler material to make nanocomposites with PVDF, as 

the cost effective substitute for graphene and study the nonlinear optical 

response of this nanocomposite.  

1.3.5. Graphene 

The experimental realization of graphene in 2004 has 

revolutionized the realm of nanotechnology and given wings to the 

dreams of achieving unprecedented breakthroughs in materials science 

and device technology. It is now possible to imagine the design of 

computers as fast as lightning but small enough to be folded up and 

carried in pockets and smart phones that can continue working without 

being recharged for weeks together. Graphene, a highly sought after 

carbon nanostructure in the form of a two-dimensional, atomic-

scale, hexagonal packed lattice structure, is endowed with many intriguing 



Introduction 

Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 19 

unique properties which include the superior electrical conductivity and 

thermal conductivity even higher than those of metals,  the quantum Hall 

effect,  quite high charge carrier mobility at room temperature, good 

optical transparency,  surprisingly high young’s modulus and mechanical 

strength and excellent flexibility [7].  

Graphene is emerging as the most glorious two dimensional 

material because of its unique combination of superb properties, which 

has been utilized for applications in a wide spectrum of areas ranging 

from nano-electronics to nanophotonics, bioimaging, biosensing and 

targeted drug delivery. The excellent mechanical strength of this 

material has resulted in the development of various types of graphene-

reinforced composites [51-54]. 

Another promising application of this material includes the 

development of graphene based polymer nanocomposites. The interfacial 

effects between graphene flakes and polymer chains are quite interesting 

to be pursued in depth, but such studies have not been carried out deeply 

to tap the full potential of graphene based polymer composites in practical 

applications. 

Graphene considerably improves the properties of polymer 

composites even at a little loading and the very high surface conductivity 

of graphene facilitates the formation of numerous types of electrically 
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conducting polymer composites. These conducting polymer / graphene 

nanocomposites have been widely used in sensors, memory and energy 

storage devices, antistatic coatings, as EMI shielding materials and as 

bipolar plates for fuel cells. The discovery of graphene as a filler material 

for polymer nanocomposites has opened new dimensions for realizing  

light weight and high performance composite materials for a range of 

applications in aerospace, automobile, petrochemical and biomedical 

industries [55-57]. 

Prior to the synthesis of polymer/graphene nanocomposites, 

graphene should be made dispersible in or compatible with the chosen 

polymer matrices. Chemical modification or functionalization of 

graphene is generally required to effect its homogeneous dispersion in 

polymer matrices. Earlier reports have established that functionalization 

can effectively prevent the agglomeration of graphene and improve the 

interfacial bonding between graphene flakes and polymer chains. In the 

present work, the PVDF/graphene nanocomposite films, grown as free 

standing and flexible films with high electrical conductivity and good 

crystalline order have been studied to assess their suitability as light 

weight shields against the unwanted electromagnetic interference which 

can adversely affect the performance of electronic devices. 
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The important properties of graphene are given in table (4). 

Table. (4) Important properties of graphene 

Properties Values
Tensile strength 130+- 10GPa 

Thermal conductivity 4.84x103 to 5.3x103  Wm-1K-1 

Electrical conductivity 10 8 Sm-1 

Young’s modulus 1TPa 

Optical transparency 97.7% 

Surface area  2630 m2g-1 

Carrier mobility 104 cm2 V-1 s-1 

Inter planar spacing 0.335 nm 

1.4. Objectives of the present study 

The thesis portrays a journey, exploring the versatile roles of the 

semi-crystalline fluoropolymer, PVDF as an exotic polymer matrix to 

realize polymer nanocomposite films, using different but intrinsically 

connected filler materials, with ample prospects for flexible device 

applications. 

• The first category of these nanocomposite films belongs to the films 

of PVDF/doped ZnS  in which, manganese and copper doped 

samples of nanostructured ZnS act as the filler materials. It is 

envisaged to realize PVDF /ZnS:Mn and PVDF/ZnS:Cu 

nanocomposite films by solution casting method, as free standing 

and flexible films and investigate in detail their photoluminescence 



Chapter 1  

22    Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 

characteristics by varying the concentration of doping. As a sequel 

to these studies, it is anticipated to assess the prospects of these 

nanocomposite films in flexible light emitting device applications 

and in the design of white light emitters. 

• The potential of the polymer matrix PVDF for growing flexible 

films of PVDF / nanostructured  ZnO, will be assessed as the 

next phase of work. The main objectives will be focused on 

investigating the UV shielding properties and the photo 

luminescence characteristics of these nanocomposite films and 

the application prospects. 

• Reduced graphene oxide (RGO), generally considered as a cost 

effective substitute to graphene will be synthesized by Hummers 

method and will be used as the third type of filler material to 

realize PVDF/RGO nanocomposite films by solution casting 

method. Expecting an enhancement in the β phase of PVDF upon 

the addition of RGO, the structural aspects of the nanocomposite 

will be investigated in detail. The nonlinear optical response of 

the PVDF/RGO nanocomposite films will be explored using Z 

scan technique and the scope of these films in the design of 

flexible optical limiting devices will be assessed.  

• The last phase of the work will be focused on using graphene as 

the filler material to grow PVDF/graphene  nanocomposite films, 

after the chemical treatment of graphene to facilitate its effective 
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dispersion in PVDF. Expecting the films to have quite good 

electrical conductivity, these nanocomposite films will be 

investigated to evaluate their effectiveness in electromagnetic 

interference (EMI) shielding applications. The prospects of 

developing light weight and flexible EMI shields with impressive 

shielding effectiveness in the broad region of the electromagnetic 

spectrum, using PVDF/graphene nanocomposite films will be 

addressed in detail. 
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This chapter portrays the brief description of the experimental techniques used 

for the characterization of the different types of samples used for the present 

studies. The structural, optical and thermal characterizations of the synthesized 

samples are carried out using different sophisticated instruments and a 

comprehensive description of the tools utilized is addressed in this chapter. 
 

2.1. Introduction 

It is mandatory to determine the particle size and analyse the 

structural and morphological details of the different types of the 

nanocomposite samples used in the present work. A variety of techniques 

can be used for this purpose, and the details are given in the following 

sections. The sophisticated techniques used for the structural and 
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morphological characterization of the samples investigated in the present 

study include, X-ray diffraction (XRD), Raman spectroscopy, Fourier 

transform infrared (FTIR) spectroscopy, transmission electron microscopy 

(TEM) and field emission scanning electron microscopy (FESEM). The 

thermal studies were carried out using thermo gravimetric analysis (TGA) 

and differential scanning calorimetry (DSC). The UV-visible –NIR 

absorption spectroscopy and the photoluminescence (PL) spectroscopy 

techniques were used for the optical characterization of the various 

nanocomposite film samples. The thickness of the films was measured 

using the stylus profiler. 

2.2. X-Ray Diffraction (XRD) 

X-ray diffraction can be used to study the crystallographic 

properties of polycrystalline, powder and thin film samples and also for 

the compositional analysis of nanocomposites. The given sample 

generates a characteristic X-ray diffraction pattern, whether it is present 

in the pure state or as one of the constituents of a mixture of substances. 

This fact is the basis for the diffraction method of chemical analysis. The 

diffraction methods are much faster and they require only very small 

amounts of sample and are non-destructive. X-ray diffraction data can 

provide information about the crystal structure, atomic spacing, lattice 

parameters, phase composition and grain size of the samples studied. 

The average grain size ‘d’ of the sample can be calculated using 

the  Scherrer’s formula,         d= 0.9 λ / β cos θ 
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where,  λ is the wavelength of the X-rays used, β, the full width at half 

maximum intensity of the diffraction peaks and θ is the glancing angle in 

radians. 

 It is a non-destructive analytical technique which can yield the 

unique fingerprint of Bragg reflections associated with a crystal 

structure. The wavelength of X-rays is typically the same order of 

magnitude (1–100 angstroms) as the spacing between the crystal planes 

[1 – 3]. In the present work, XRD  studies were carried out using Rigaku 

model D max 2500 X-ray diffractometer. 

 
Fig. (1) X-ray diffractometer 

2.3. Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy is the analytical 

technique based on the interaction of infrared radiation with matter as a 

function of photon frequency, which provides specific information about 
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the vibrational and rotational states of the chemical bonding and 

molecular structures, making it quite useful for analyzing the structural 

aspects of materials. An infrared spectrum represents a fingerprint of a 

sample with absorption peaks corresponding to the frequencies of 

vibrations between the bonds of the atoms making up the material. The 

advantages of infrared spectroscopy include wide applicability, 

nondestructiveness, measurement options under ambient atmosphere and 

the capability of providing detailed structural information [4 – 6]. 

Attenuated Total Reflectance (ATR) is the most widely used FTIR 

spectroscopic sampling tool. This technique generally allows qualitative 

or quantitative analysis of samples with little or no sample preparation 

formalities, which increases the speed of sample analysis. The main 

benefit of ATR sampling comes from the very thin sampling path length 

or depth of penetration of the IR beam into the sample. This is in contrast 

to the traditional FTIR spectroscopic sampling by transmission, where the 

sample must be diluted with IR transparent salt and pressed into a pellet or 

pressed to a thin film, prior to analysis, to prevent totally absorbing bands 

in the infrared spectrum. The ATR technique is an easy way to identify 

the presence of certain functional groups in a molecule or to detect the 

presence of specific impurities and is a leading FTIR spectroscopic 

sampling tool due to its ease-of-use and speed of analysis [7,8]. In the 

present study, Fourier transform infrared spectra of the samples were 

taken using Shimadzu FTIR spectrophotometer, having a resolution of            

4 cm-1 in the range 400 – 4000 cm-1.  
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Fig. (2) FTIR (ATR) spectrophotometer 

2.4. Raman Spectroscopy 

Raman spectroscopy, based on the Raman effect is a powerful 

technique, commonly used to study the vibrational, rotational, and other 

low-frequency modes in materials. The energy of the laser photons 

increases or decreases when the laser light interacts with molecular 

vibrations, phonons or other excitations in the material under study. The 

shift in energy gives information about the phonon modes in the system. 

Raman spectroscopy named after Sir C.V.Raman is used to analyze the 

vibrational states of materials and also to obtain information about the 

structure and phase purity of materials and the phonon confinement in 

them. It is commonly used to provide a fingerprint of materials by which 

different molecules can be identified [9,10]. In the present work, Raman 

spectroscopic studies were carried out, using a Micro Raman spectrometer, 

HORIBA JOBIN YVON using a He-Ne laser (633nm) as the excitation 

source. 
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Fig. (3) Raman spectrometer 

2.5. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM),  used  for the 

microstructural characterization of materials, specifically nanostructured 

materials, is an imaging technique in which, a beam of electrons is focused 

onto the specimen under study, causing an enlarged version to appear on a 

photographic film or fluorescent screen or to be detected by a CCD camera. 

Using TEM images, the particle size of the nanostructured materials can be 

determined and it is also possible to identify the orientation of the crystal 

planes in the material. Selective area electron diffraction (SAED) is the map 

of the reciprocal lattice, which also gives the signatures of various planes in 

the material. Depending on the crystalline nature of the material, the SAED 

patterns will be orderly arranged spots, distinguishable rings or fused rings. 

It is a microscopy technique in which a beam of electrons is transmitted 

through an ultra-thin specimen and the electron beam interacts with the 
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specimen as it passes through. Electron microscopes have higher resolving 

power, compared to optical microscopes and can reveal the structure of 

lower dimensional objects. The transmission electron microscopes can 

achieve resolutions better than 50 pm and magnifications up to about 107 x, 

whereas most optical microscopes are limited to about 200 nm resolution 

and magnifications below 2000 x. In the transmission electron microscopes, 

electromagnetic lenses are used to focus the electrons into a very thin beam 

whereas in optical microscopes, glass lenses are used to focus the light [11–

13]. The TEM images of the samples in the present work were obtained 

using TEM, JEOL 2100 machine, operating at an accelerating voltage of 

200 kV. 

 
Fig. (4) Transmission Electron Microscope 



Chapter 2 

40    Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 

2.6. Field Emission Scanning Electron Microscopy (FESEM) 

Field Emission Scanning Electron Microscope (FESEM) is an 

electron microscope with a wide range of applications in materials 

science and engineering. The electrons, liberated by a field emission 

source interact with the atoms that make up the sample, producing 

signals that contain information about the sample's surface topography, 

composition, and surface roughness. The electrons liberated from the 

field emission source are accelerated in a high electrical field gradient. 

The main difference between the Scanning Electron Microscope (SEM) 

and the Field Emission Scanning Electron Microscope (FESEM) is 

regarding the type of the electron emitter used. The FESEM gives 3 to 6 

times better resolution than the conventional SEM and produces a clean 

image of the sample with less electrostatic distortions and good spatial 

resolution and provides specific information about the topography, 

crystallography, surface features and specimen composition [12,14,15]. 

The FESEM images of the samples in the present work were obtained 

using Carl-Zeiss Sigma, field emission scanning electron microscope.  
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Fig. (5) FESEM experimental setup 

2.7. Thermo Gravimetric Analysis (TGA) 

Thermo gravimetric analysis (TGA) is a method of 

thermal analysis in which mass of the sample is measured as a function of 

increasing temperature (with constant heating rate) or time. The 

experimental atmosphere may be purged with an inert gas to prevent 

sample oxidation or other undesired reactions. The technique of TGA can 

be utilized for the determination of the degradation temperatures and 

absorbed moisture content of materials, the concentration of inorganic and 

organic components in materials, the decomposition points of explosives, 

and the presence of solvent residues. Materials analyzed by TGA include 

polymers, plastics, composites, laminates, adhesives, food, coatings, 

pharmaceuticals, organic materials, rubber, petroleum, chemicals, 

explosives and samples. In the present work, TGA is used primarily for 
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determining the thermal stability of polymers and polymer nanocomposite 

films [16,17].  A derivative weight loss curve (DTG curve) can identify 

the point where weight loss is most apparent. The thermo gravimetric 

measurements in the present study were done using Perkin Elmer, 

Diamond  TG/DTA instrument  at a heating rate of 10 °C /min in nitrogen 

atmosphere. 

 
Fig. (6) TGA experimental setup 

2.8. Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) is the technique used to 

measure the temperature and heat flow associated with transitions in 

materials in controlled atmosphere. These measurements provide 

quantitative and qualitative information about the physical and chemical 

changes that involve endothermic or exothermic processes, or changes in 
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heat capacity. Using this technique, it is possible to calculate the melting 

temperature (Tm), the crystallization temperature (Tc), the glass transition 

temperature (Tg) and the percentage of crystallinity of the samples under 

study [18,19]. In the present work, the differential scanning calorimetry 

(DSC) experiment was done on a Mettler Toledo DSC 822e instrument.  

 
Fig. (7) Inner side of the DSC setup 

2.9. UV-visible absorption spectroscopy 

Absorption spectroscopy refers to spectroscopic techniques that 

measure the absorption of radiation, as a function of frequency or 

wavelength, due to its interaction with matter. The UV-visible 

spectrophotometry uses radiation in the UV and visible parts of the 

electromagnetic spectrum as the source. The radiation in this wavelength 

range can excite the electrons from the ground state to higher energy levels, 

giving rise to absorbance at wavelengths specific to the samples under 
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study. The absorption ability of a material is measured by its absorption 

coefficient α, where α is related to the intensity of the transmitted radiation I 

as,   I = I0exp (-αt) where, I0 is the intensity of the incident radiation and t, 

the thickness of the sample. The band gap energy of samples can be 

determined by extrapolating the linear portion in the (αhυ)2 versus (hυ) plot 

to the abscissa in the case of direct allowed transitions [20,21]. In the 

present study, the optical absorption of the samples was recorded using 

JASCO V-570 spectrophotometer, having a deuterium lamp (190-350 nm) 

and a halogen lamp (330-2500 nm) as sources. 

 
Fig. (8) UV-visible spectrophotometer 

2.10. Photoluminescence Spectroscopy 

Photoluminescence (PL) spectroscopy is a non-contact and non-

destructive method of probing the luminescence emission characteristics 

of materials under the excitation by photons. When photons are absorbed 
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by a sample, photo-excitation causes the electrons to jump to higher 

energy states. The excited electrons then release the energy (photons), as 

they relax and return to lower energy states. The radiative transitions to 

lower energy states result in the emission of light and this process is 

known as photoluminescence. The photoluminescence (PL) spectrum 

provides information on the spectral distribution of the light emitted by a 

sample for a given excitation wavelength [22]. In the present work, the 

excitation and emission spectra of the samples were recorded using 

Fluoromax-4 spectrofluorometer, consisting of 150W Xenon arc lamp, 

monochromator and a detector. 

 
Fig. (9) Spectrofluorometer 

2.11. Stylus Profiler for film thickness measurement 

Thickness plays an important role in the film properties and it is 

the most important thin film parameter to be accurately determined. The 

thickness of the film samples investigated in the present work was 

measured using the Veeco Dektak 6M stylus profiler.  
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In the stylus profiler, the measurements are taken by moving the 

sample electromechanically beneath a diamond tipped stylus. The high 

precision stage moves the sample according to a user defined scan length, 

speed and stylus force. The stylus is mechanically coupled to the core of a 

linear variable differential transformer (LVDT) and the stylus moves over 

the sample surface. Surface variations cause the stylus to be translated 

vertically. Electrical signals corresponding to the stylus movements are 

produced as the core positions of the LVDT change. The LVDT scales an 

ac reference signal proportional to the position changes, which in turn is 

conditioned and converted to a digital format through a high precision, 

integrating, analog-to-digital converter [23]. The film whose thickness is 

to be measured is deposited on a substrate with a region masked. This 

creates a step on the sample surface. The thickness of the sample can be 

determined accurately by measuring the vertical motion of the stylus over 

the step. The photograph of Dektak 6M stylus profiler is given below. 
 

 
Fig. (10) Dektak 6M stylus profiler. 
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The search for developing freestanding, flexible and thermally stable films 
endowed with the excellent luminescent characteristics of doped zinc 
sulphide (ZnS) is the motivation behind the research work presented in this 
chapter. The detailed studies on the photoluminescence emission in 
poly(vinylidene fluoride) /doped ZnS nanocomposite films grown by solution 
casting method form the focal theme of this chapter. Nanostructured zinc 
sulphide is doped with manganese and copper for different doping 
concentrations. When PVDF/ doped ZnS nanocomposite films are subjected 
to UV excitation, bright yellow orange luminescence is observed for the 
manganese doped film and blue luminescence, for the copper doped film. 
These nanocomposite films offer high prospects of wide range of 
applications in field emission displays, plasma displays and 
electroluminescent devices. By combining the yellow orange emission of 
manganese doped ZnS and the blue emission of copper doped ZnS in the 
required optimised ratio, it is possible to develop white light emitting, 
freestanding, stable and flexible nanocomposite films of  PVDF/doped ZnS. 

 
 K.Sabira et al 
 Journal of Luminescence 188 (2017) 490–496 
 “Highly luminescent and free-standing, PVDF/doped ZnS 

nanocomposite films for flexible device applications” 
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3.1. Introduction 

Poly(vinylidene fluoride) (PVDF) is a semi crystalline polymer 

with the repeat unit of CH2-CF2. It is a highly sought after material 

because of its promising piezoelectric, ferroelectric and pyro- electric 

behaviour and finds widespread applications in sensors, infra-red 

detectors, transducers, energy harvesters, actuators, super capacitors and 

MEMS [1-3]. The advantageous properties of  PVDF can be attributed to 

its crystalline structures  for which five different polymorphs have been 

observed and are referred to as α, β, γ, ε and δ phases or forms. The first 

two are the most common crystalline structures observed in PVDF [4,5]. 

It is chemically, thermally and mechanically very stable and is a highly 

flexible and processable material. Because of its excellent film forming 

properties, it is ideal as a polymer matrix for growing a variety of 

polymer nanocomposite films. Due to its excellent piezoelectric and 

ferroelectric properties, PVDF and its copolymers have been extensively 

investigated by many research groups and are considered to be 

promising materials for making low cost sensors for applications in a 

variety of fields [6]. 

Semiconductor quantum dots (QDs) have potential applications in 

biological labeling, light emitting diodes (LEDs), solar cells and various 

types of display devices. Zinc sulphide  (ZnS), is one of the most 

important semiconducting optical materials of II–VI group with a wide 

band gap of 3.7eV, which has promising application prospects  as  
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photochemical catalyst, gas sensor, lasers and  infrared detector and 

material for solar cells, nonlinear optical devices, display devices and 

waveguides [7]. The doping of ZnS with transition metals such as Mn, Cu, 

Ni and Fe is interesting to researchers because of the intriguing effects of 

dopants on the photoluminescence properties of the semiconductor. 

Quantum dots of ZnS, doped with transition metal ions are the most 

popular materials for research in semiconductor quantum dots and these 

doped quantum dots generally have high yield of luminescence [8]. Due to 

their excellent luminescence properties, manganese doped and copper 

doped zinc sulphide quantum dots have  potential applications in displays, 

sensors, lasers and biomedical labeling [9,10]. 

Nanocomposite materials are multiphase solids where one of the 

phases has dimensions in the nanoscale regime. The development of 

polymer/inorganic nanocomposite materials is a rapidly expanding 

multidisciplinary research area with profound industrial application 

prospects [11-13]. Recently, incorporation of inorganic nanoparticles into 

polymer matrices has attracted much attention, because the combination of 

inorganic nanoparticles and polymers provides a simple route to design, 

stable and processable composite materials by integrating the promising 

properties of  both components. Composite materials consisting of zinc 

sulphide and polymers exhibit the merits of blending the advantageous 

properties of zinc sulphide with the processability and flexibility of 

polymers. Polymers like poly(methyl methacrylate) (PMMA), poly(styrene) 

(PS), poly(vinyl alcohol) (PVA), polyimide (PI) and  poly(vinyl 
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pyrrolidone) (PVP) have been used as matrices for synthesizing polymer 

nanocomposites [14-18]. The optical characterization of these materials 

provide rich information of various optical and electronic phenomena, vital 

for various device fabrication technologies. It is reported that PVA and PVP 

can be used as suitable capping agents in the synthesis of nanostructured 

ZnS and doped ZnS in order to reduce the particle size and thereby modify 

the optical characteristics [19,20]. There are no reports related to using 

PVDF as the matrix for synthesizing nanocomposites of ZnS and doped 

ZnS, especially in the form of flexible and free standing films. On 

comparing the reported luminous intensity of the yellow orange peak of 

various ZnS:Mn nanocomposites and the  blue peak of various ZnS:Cu 

nanocomposites, it is seen that,  the peak intensity reported in the present 

work is much higher [11,14,15]. Composite materials involving soluble 

polymers with excellent mechanical properties and easy film forming 

properties can be of profound applications in realizing large area flat panel 

displays and efficient polymer light emitting diodes [21,22]. 

 In the present work, chemical co-precipitation method was used 

to synthesize nanostructured, Mn/Cu doped ZnS. The nanocomposite of 

doped ZnS with PVDF was obtained by solution mixing and the 

corresponding nanocomposite films were grown in a petri-dish using 

solution casting. Detailed studies were carried out on the structural, 

thermal and luminescent properties of the free standing, nanocomposite 

films of PVDF/doped ZnS and the application prospects of these films in 

display devices and solid state lighting technology were assessed.  
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3.2. Experimental Details 

3.2.1. Materials and methods 

 In the present work, zinc acetate [Zn(CH3COO)2.2H2O] 

(purity>98%), manganese acetate, [Mn(CH3COO)2.4H2O] (purity >99.5%), 

copper acetate [Cu(CH3COO)2]  (purity >99.5%) and sodium sulphide 

[Na2S.9H2O]  (purity  >98%) were purchased from Merck Specialities 

Private Limited, Mumbai. Poly vinylidene fluoride, [(CH2-CF2)n] 

granules (product code RM 4439) were obtained  from Hi  Media  

Laboratories, Private Limited, Mumbai and  N,N-Dimethyl formamide 

(DMF) was purchased from Spectrochem Private Limited, Mumbai. 

3.2.2. Sample preparation 

3.2.2.1. Synthesis of manganese/copper doped ZnS 

Manganese doped, nanostructured ZnS, (ZnS:Mn) was synthesized 

using  the simple technique of chemical co-precipitation method. Freshly 

prepared, aqueous solutions of zinc acetate, manganese acetate and 

sodium sulphide were used for the synthesis. In a typical reaction, 50 ml 

of 1 M solution of zinc acetate was mixed with 50 ml of 0.01 M solution 

of manganese acetate in a conical flask. To this solution, 50 ml of 1 M 

sodium sulphide solution was added drop by drop, from a burette, with 

vigorous stirring for 2 hrs at 60 0C. The precipitate was washed several  

times with distilled water and methanol and dried in an oven at 50 0C 

and thoroughly ground in a mortar [22,23]. The experiment was repeated 
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with 0.02 M, 0.04 M and 0.06 M manganese acetate solution without 

varying the molarity of zinc acetate or sodium sulphide. Similar 

procedures were adopted for synthesizing copper doped, nanostructured 

ZnS, (ZnS:Cu), using copper acetate instead of manganese acetate. 

3.2.2.2. Casting of PVDF/ ZnS:Mn and PVDF/ ZnS:Cu nanocomposite 

films 

In the solution mixing technique, 1 gm of PVDF granules was 

dissolved in 10 ml of DMF, by heating at 60 0C, on a magnetic stirrer for 

two hours under stirring. To this solution, the well sonicated, 

homogeneous dispersion of 5% of 0.01 M ZnS:Mn in DMF was added 

and stirred vigorously for 6 hrs. This solution was poured into a petri-

dish and kept in an oven at 100 0C for 2 hrs. It was found that the 

nanocomposite film formed could be easily peeled off from the petri-

dish to get freestanding films of thickness around 20 micrometers [2]. 

These freestanding films were used for all further characterizations. 

Adopting similar routes, the corresponding PVDF/ZnS:Cu  nanocomposite 

films were also grown in the petri-dish, which could be peeled off to get 

free standing films. The only difference was that, copper acetate was 

used instead of manganese acetate for synthesizing copper doped  ZnS 

[24]. 
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3.3. Results and Discussion 

3.3.1. X-Ray Diffraction (XRD) analysis 

The structure of the doped nanocomposite samples was 

determined by XRD technique, using a Rigaku model D max 2500 X-ray 

diffractometer. The analysis was carried out using Cu-Kα radiation (λ= 

1.54 Å) at 30 kV and 20 mA with a scanning rate of 5° per minute from 

10° to 70°. The XRD patterns of ZnS:Mn powder sample and 

PVDF/ZnS:Mn film are shown in figures 1(a) and 1(b) respectively. The 

observed diffraction peaks correspond well with the standard powder 

diffraction data of cubic ZnS. The XRD pattern shows three prominent 

peaks at 29.37°, 48° and 57.56° corresponding to  (111), (220) and (311) 

lattice planes of the  zinc blend structure of  ZnS (JCPDS No. 050566) 

[25].  There is an obvious broadening of the XRD peaks which indicates 

the formation of nanosized ZnS:Mn. The XRD plot corresponds to the 

radiation reflected from the planes, where the periodic arrangement of 

the atoms is perfect and continuous. As the dopant Mn2+ ions do not 

significantly disturb the planes, due to the low concentration of the 

dopant, no change in XRD pattern was obtained upon manganese doping 

[26]. The average particle size of the nanostructured ZnS:Mn was found 

to be  in the range of 2 to 4 nm from Scherrer equation. Since the 

crystallite size is comparable to exciton Bohr radius of ZnS (2.5 nm), the 

resulting quantum confinement effects facilitate the formation of ZnS 

quantum dots. 
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Fig. (1a) XRD patterns of ZnS:Mn 

powder 
Fig. (1b) XRD pattern  of PVDF/ 

ZnS:Mn film 

Additional peaks are observed around 18.39°, 20.28°, 26.86° and 

38.82° for the PVDF/ ZnS:Mn nanocomposite  film. These peaks 

correspond to (020), (110), (120)  and (200) planes respectively  of α 

PVDF [2]. In the XRD pattern of the nanocomposite film, the presence 

of the peak at 29.3°, corresponding to the prominent diffraction peak of 

ZnS:Mn, confirms its presence in the nanocomposite.   

3.3.2. UV-visible absorption spectroscopic studies 

The optical absorption of the samples was recorded using JASCO 

V 570 spectrophotometer over the range 200 nm-700 nm and the 

absorption spectra of  nano-structured  ZnS:Mn and  PVDF/ZnS :Mn  

films are given respectively in figures (2a) and (2b). The  absorption 

peak  for nano-structured ZnS:Mn  appears around 314 nm which is 

fairly blue shifted from that of the bulk (340 nm)[7][10][27]. The band-

gap energy is found to increase from 3.88 eV to 3.96 eV which is an 

indication of strong quantum confinement effects.  
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Fig. (2a) Absorption  spectra of 

ZnS:Mn    
Fig. (2b) Absorption  spectra of 

PVDF/ZnS:Mn films   

 From the absorption spectrum of  ZnS: Mn, it is seen that there is a 
red  shift in the absorption peak, when the molarity of  ZnS :Mn  is 
increased from 0.01 M to 0.06 M [10],[22]. The same red shift in the 
absorption peak is observed in the case of PVDF/ZnS:Mn nanocomposite 
films  also, which confirms the good dispersion of ZnS:Mn  in the polymer 
matrix.  

3.3.3. Fourier Transform Infrared (FTIR) spectroscopic studies 

Fourier Transform infrared spectra of the samples synthesized in 
the present investigations were recorded using a FTIR spectrophotometer 
(Shimadzu) with a resolution of 4 cm-1 in the range of 400 cm-1 to               
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2500 cm-1 and the FTIR spectra for PVDF and PVDF/ZnS:Mn films  are 
shown  in figures (3a) & (3b). The peaks of  α-phase PVDF  appear at  556, 
676, 880, 1077, 1526, 1691 and 2312 cm−1, and the absorption band at  840 
cm−1 is  characteristic of β-phase [2]. The peak at 466 cm-1 corresponds to 
asymmetric bending and those at 601 cm-1 and 764 cm-1 to stretching 
vibrations in ZnS. Bands around 1100 and 1200 cm-1 are due to the 
characteristic vibrations of inorganic ions.  Weak additional bands  
observed around 975 cm-1 indicate the presence of resonance interaction 
between vibrational modes of sulphide  ions in ZnS [27,28]. Since there is 
no shift or change in intensity for the FTIR peaks of ZnS, after getting  
dispersed in the PVDF matrix, there is no possibility for any bond 
formation between PVDF and ZnS:Mn in the nanocomposite. This can be 
of application while investigating the photoluminescence properties of 
PVDF/ZnS:Mn  films. 

 
Fig. (3a) FTIR spectrum of PVDF 

film          
Fig. (3b) FTIR spectrum of 

PVDF/ZnS:Mn film 
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3.3.4. Thermal studies 

3.3.4.1. Thermo Gravimetric Analysis 

Thermo gravimetric analysis (TGA) is a useful technique to study 

the thermal characteristics of materials. In the present work, the thermal 

studies of the samples were carried out on a Perkin Elmer, Diamond 

TG/DTA instrument. Samples were heated to 700 °C at a scan rate of             

10°C per minute in nitrogen atmosphere. The polymer matrix, PVDF, is 

thermally stable upto 420 °C in an inert atmosphere, and upto 400 °C in 

the presence of oxygen. The thermo gravimetric analysis (TGA) curves 

of PVDF film and PVDF/ZnS:Mn nanocomposite film examined under 

the inert atmosphere of nitrogen gas are shown in figure(4). The 

degradation onset temperature of PVDF/ZnS:Mn nanocomposite film, 

measured as the temperature required for percentage degradation, is  

slightly higher than that of PVDF film. The thermal stability of PVDF 

film and PVDF/ZnS:Mn film is almost the same, when 5% mass loss is 

compared. The decline of the TGA curve of PVDF/ZnS:Mn film (curve 

2) before the decomposition temperature can be due to the release of 

trapped DMF, around 5%. By increasing the concentration of ZnS:Mn in 

the nanocomposite film, it may be possible to enhance the thermal 

stability still further. [21]. 



Chapter 3 

62    Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 

 
Fig. (4) TGA curves of PVDF and PVDF/ZnS:Mn films 

3.3.4.2. Differential Scanning Calorimetry studies 

Differential Scanning Calorimetry (DSC) measurements were 

carried out in Mettler Toledo DSC 822E instrument containing thermal 

analysis software for data interpretation, to investigate the changes in the 

thermal properties. The samples taken in sealed standard pans were 

ramped from -50 °C to 200 °C at a heating rate of 10 °C per minute in 

three cycles – initially heating from 30 °C to 200 °C and then cooling 

from 200°C to -50°C and finally heating from -50°C to 200°C. To avoid 

oxidative degradation, the sample and reference pans were purged with 

nitrogen at a constant flow rate. The DSC curves of PVDF film and 

PVDF/ZnS:Mn film are given in figures (5a) and (5b) respectively and 

the data is given in Table 1. 

(°C)
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Fig. (5a) DSC curve of PVDF film Fig. (5b) DSC curve of PVDF/ZnS:Mn 

film 

From the DSC curves, the values of temperature corresponding to 

melting peak (Tmp) and crystallization peak (Tcp) are obtained. There is 

not much difference between the Tmp and Tcp values in the two samples. 

The value of glass transition temperature (Tg), cannot be determined 

from the plots, since the steps in DSC are not clear.   

The percentage crystallinity was calculated from the equation,    

 % crystallinity =  (Hm/Hm
0) x100        

where, Hm is the heat of melting evaluated by  integrating the area under the 

melting peak  and Hm
0 is the heat of melting of the  theoretically 100% 

crystalline sample, which is reported to be 104.6 Jg-1 for PVDF [29].  

Table. (1) DSC data of PVDF film and PVDF/ZnS:Mn film 

Sample Tmp (°C) Tcp (°C) Hm (J/g) % crystallinity 
PVDF film 174 140 55.4 52.97 

PVDF/ZnS:Mn film 169.8 139.7 49.1 46.97 
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From the data given in Table 1, one can see that the thermal data is 

almost similar for PVDF film and the PVDF/ZnS:Mn nanocomposite film. 

3.3.5. Photoluminescence (PL) studies  

The photoluminescence (PL) spectra of nanostructured ZnS:Mn and 

PVDF/ZnS:Mn films were recorded using spectro fluorometer –Fluoromax 

4, at the excitation wavelength of 325 nm, for different concentrations of 

the dopant manganese. From the PL spectra depicted in figures (6a) and 

(6b), one can see that manganese doped ZnS has intense emission in the 

yellow orange region corresponding to 598 nm, as reported in earlier studies 

[23]. For the nanocomposite films, the emission is retained at the same 

wavelength with comparatively less intensity. The emission from the 

freestanding and flexible films of PVDF/ZnS:Mn is visible even for the 

naked eye and its photograph is shown in the inset of figure (6b). It is also 

observed that the intensity of the PL emission peak increases with the 

increase in manganese concentration which supports the inference that in 

manganese doped ZnS, the emission in the yellow orange region is 

determined mainly by the transition between the electronic states of 

manganese. The polymer PVDF serves as a stable and flexible matrix for 

the homogeneous assembling of ZnS:Mn molecules, retaining its exquisite 

luminescence characteristics. 

The PL peak observed at 598 nm for Mn doped  ZnS can be  

interpreted as due to an indirect excitation,  initially into the  states of the 

host matrix ZnS,  followed  by an energy transfer from the host to the 
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Mn2+ ions and the  subsequent de-excitation, leading to luminescence 

[23]. According to Bhargava, [30] when Mn2+ ions substitute  Zn2+cation 

sites  in ZnS lattice, the mixing of s-p electrons of host ZnS with 3d 

electrons of Mn2+ causes strong hybridization and makes the forbidden 

transition of 4T1 -- 6A1 partially allowed, giving rise to yellow orange 

emission at 598 nm. In doped semiconductor nanostructures one can 

expect efficient energy transfer of the electron hole pairs to the dopant 

impurity and it should depend on the particle size of the doped 

semiconductor. In nanostructured, manganese doped ZnS ,below the 

exciton Bohr diameter (typically ~ 5-10nm), the electron orbitals of the 

host ZnS, hybridize (mix) with Mn  electron orbitals due to quantum 

confinement. The electronic confinement experienced by the s-p host 

states and the corresponding increase of the overlap of their spatial 

wavefunctions with the localized ‘d’ electron states of manganese, 

promote the process of hybridization. An immediate benefit of the mixing 

is, an enhanced energy transfer rate to the ‘d’ electron levels. This will 

lead to fast trapping, resulting in an instant capture of the electrons by the 

activator, manganese. The captured electron must recombine at the 

impurity to yield appropriate emission spectra. The sp-d mixing 

(hybridization) can change the forbidden transitions to allowed transitions 

[31-33]. 

It is interesting to observe that in the PL emission spectra of both 

the ZnS:Mn powder samples and the PVDF/ZnS:Mn film samples, the 

emission is entirely confined to yellow orange region and the emission 
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due to defect states observed  generally in the blue region is almost 

quenched. In the ZnS:Mn powder sample, the much enhanced emission 

intensity in the yellow orange region brings about the almost vanishing 

of the defect related emission peaks in the blue region. The same effect 

is observed in the PVDF/ZnS:Mn films also. But the decrease in the 

intensity of the yellow orange emission peak in the nanocomposite films 

compared to that of the yellow orange emission in the nanostructured  

ZnS:Mn  powder sample can be due to the surface passivation effects of 

the polymer matrix PVDF. One of the highlights of the present work is 

the identification of the free-standing films of PVDF/ZnS:Mn as 

thermally, mechanically and environmentally stable, highly luminescent, 

flexible films with excellent application prospects in high contrast and 

flexible types of display devices. 

 

Fig. (6a) PL spectra of ZnS:Mn     Fig. (6b) PL spectra of PVDF/ZnS:Mn 
films 
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For the nanocomposite films of copper doped ZnS with PVDF, 

the XRD and FTIR plots are similar to those of the nanocomposite films 

of Mn doped ZnS with PVDF. The particle size of ZnS:Cu could be 

estimated from the XRD peaks and it comes to  about 3 nm. The thermal 

stability of the PVDF/ZnS:Cu nanocomposite films is found to be 

comparable to that of  PVDF/ZnS:Mn films, from the TGA studies. The 

PL studies comprise the most significant part of the work carried out on 

PVDF/ZnS:Cu films. From the earlier studies, ZnS:Cu is found to show 

intense PL emission around 430 nm [9].The PVDF/ZnS:Cu  nanocomposite 

films of the present work are found to be freestanding, thermally and 

mechanically stable and flexible, similar to PVDF/ZnS:Mn films. 

The PL emission spectra of PVDF/ZnS:Cu films for the different 

concentrations of the dopant  Cu in ZnS:Cu are shown in figure (7).It is 

observed that the emission peak is confined to the blue region. The 

photograph of the intense blue emission from the freestanding, flexible 

films of PVDF/ZnS:Cu is shown in the inset of figure (7). Both the 

dopants, Mn and Cu  are transition metals and hence the PL emission 

from the copper doped ZnS can be theoretically explained on similar 

footing to that of manganese doped ZnS [23]. It is observed that the  PL 

intensity increases when the concentration of Cu in the ZnS:Cu increases 

from 0.01 M to 0.03 M and  gradually decreases when the concentration 

is  increased to 0.05 M and above. This is  due to the formation of 

copper sulfide resulting in a decrease in the amount of Cu 2+ ions which 

may  otherwise serve as optically active luminescence centers in ZnS 
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[9][24][34-36]. Such a behaviour is however  not observed in the PL 

spectra of  PVDF/ZnS:Mn films, where emission intensity increases with 

the increase in the concentration of  manganese. 

 

 
Fig. (7) PL spectra of PVDF/ZnS:Cu films 

The chromaticity diagrams of PVDF/ZnS:Mn and PVDF/ZnS:Cu 

films are shown in figures (8a) and (8b) respectively. These diagrams 

agree quite well with the orange red emissin for the former and blue 

emission for the latter. 

 Another highlight of the present work is the possibility of 

realizing white light emitting, stable and flexible films of PVDF/doped 

ZnS nanocomposite, where the dopants refer to manganese and copper, 

since the blue emission from ZnS:Cu and the yellow orange emission 

from ZnS:Mn can be suitably combined to produce white emission. 
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Fig. (8a) Chromaticity diagram of 

PVDF/ZnS:Mn film 
Fig. (8b) Chromaticity diagram of  

PVDF/ZnS:Cu film 

 

By suitably optimizing the concentrations of manganese and 

copper, while synthesizing the doped samples of ZnS, there exist high 

prospects for achieving white emission from the flexible, nanocomposite 

films of PVDF in which the Mn doped and Cu doped ZnS are embedded 

in the required proportions. If suitably developed,these white light 

emitting, freestanding, flexible and stable nanocomposite films can 

emerge as efficient, cost effective and eco-friendly components of the 

contemporary solid state lighting technology. 

3.3.6. Photoluminescence Quantum Yield (PLQY) measurement 

Photoluminescence quantum yield of the nanocomposite films was 

measured using HORIBA JOBIN YVON NANOLOG spectrofluorimeter  

in combination with QUANTA-PHI integrating sphere, coated with BaSO4. 

The photo luminescence quantum yield is the ratio of the  number of 
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photons  emitted through  luminescence to the number of photons absorbed. 

It is a measure of the probability of the deactivation of the excited states by 

radiative mechanisms like fluorescence, rather than by other non- radiative 

processes [37]. The measured PLQY values are given in Table 2. In the 

given data, PZMn and PZCu refer to PVDF/ZnS:Mn and  PVDF/ZnS:Cu 

respectively and the numbers refer to the molarity of the dopant used.  

Table (2). PLQY data of PVDF/doped ZnS films 

SAMPLE PZMn 
0.01 

PZMn 
0.02 

PZMn
0.04 

PZMn
0.06 

PZCu 
0.03 

PZCu 
0.05 

PLQY (%) 1.89 4.78 7.78 8.15 1.6 0.95 

 
From the table it is observed that PLQY of manganese doped film 

samples increases with increase in manganese doping concentration. For 

the copper doped samples, it was possible to measure the PLQY only for 

two doping concentrations. The PLQY of 0.01 M and 0.07 M copper 

doped samples is almost zero. This observation agrees with the PL 

spectral result that the intensity of blue emission in the copper doped 

film samples decreases with increase in the dopant concentration above 

0.03 molarity. The PLQY data is quite consistent with the photoluminescence 

spectral data of both the PVDF/ZnS:Mn and PVDF/ZnS:Cu nanocomposite 

film samples. 

3.4. Conclusions 

In the present work, attempts have been made to develop, 

luminescent, freestanding, flexible and stable nano-composite films of 
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manganese and copper doped ZnS in PVDF matrix. These films are found 

to show intense emission in the yellow orange and blue regions 

respectively, when excited at 325nm. The PLQY measurements carried out 

on both the PVDF/ZnS:Mn and PVDF/ZnS:Cu nanocomposite films are 

quite consistent with the photo luminescence spectral data. The present 

results offer ample scope for developing white light emitting, freestanding 

nanocomposite films based on PVDF and suitably doped ZnS. The present 

work is novel, since the luminescent characteristics of the nanocomposite 

films of doped ZnS in PVDF matrix have not been reported earlier. The 

highly luminescent, freestanding, flexible, stable and eco-friendly 

signatures constitute the most advantageous aspects of these nanocomposite 

films of thickness around 20 micrometers. The highlight of the present 

investigations is the development of these luminescent, stable and 

freestanding nanocomposite films for the first time, with high application 

potentials in the present day display device technology and the day by day 

progressing solid state lighting technology. 
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The excellent UV shielding properties and white light emission observed in 
freestanding and flexible films of poly (vinylidene fluoride) /zinc oxide 
(PVDF/ZnO) nanocomposite, obtained by simple solution casting method, 
form the central theme of this chapter. From the UV-visible absorption 
spectral studies of these nanocomposite films, with varying ZnO 
concentrations, it is seen that, a UV absorption window appears in the range 
240 nm – 370 nm, and the intensity of UV absorption increases sharply with 
the increase of  ZnO content in the composite. For all the nanocomposite 
film samples, the transmittance in the UV region eventually becomes zero. 
These freestanding nanocomposite films hence offer ample scope for 
excellent UV shielding applications. These films show intense white light 
emission when excited at 320 nm and can be of profound application in solid 
state lighting. Simultaneous observation of UV shielding effects and white 
light emission in freestanding films of PVDF/ZnO nanocomposite are the 
highlights of the present work. 

 
K.Sabira et al 

Materials Letters 200 (2017) 125–127 
 “White light emission and excellent UV shielding observed  

in freestanding and flexible films of  poly(vinylidene fluoride) /zinc oxide  nanocomposite” 



Chapter 4 

80    Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 

4.1. Introduction 

The design and synthesis of novel polymer nanocomposites are of 

significant technological relevance and the past decades have witnessed 

remarkable progress in the practical realization of devices based on these 

composites [1,2]. A variety of polymer/inorganic filler nanocomposites 

that offer attractive mechanical, thermal, optical and electrical properties 

has been investigated extensively. As a filler material to realize polymer 

nanocomposites, the much renowned semiconducting  material, zinc 

oxide, has a host of possibilities to offer [3,4]. As explained in the 

previous chapters, poly(vinylidene fluoride) (PVDF) is a semi-crystalline 

fluoropolymer,  obtained by the polymerization of vinylidene fluoride 

and is one of the best-known examples of an active polymer noted for its 

excellent film forming properties, which makes it ideal as a polymer 

matrix for obtaining a variety of polymer nanocomposite films [5-8].  

Zinc oxide is a technologically important semiconducting 

material, noted for its intense luminescence emission in the visible 

region and ultraviolet (UV) laser action at room temperature [9,10]. It is 

comparatively cost effective, non toxic, with high optical transparency in 

the visible spectral region and is one of the best bio-friendly inorganic 

absorber of UV radiation. It is extensively used in photonic applications, 

owing to its intense light emission all through the visible spectrum. 

Because of its hardness, rigidity and piezoelectric properties, it is an 

important material in the ceramics industry, while its non toxic nature, 
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biocompatibility and biodegradability make it a material of interest for 

biomedical research [11-14].  

 The incorporation of inorganic metal oxides  like ZnO ,TiO2, 

SiO2, CeO2 and SnO2 can endow the resulting nanocomposites with 

excellent electrical, optical and mechanical properties. Inorganic  

polymer nanocomposites, which exhibit an ensemble of properties of 

both inorganic nanofillers and polymers, are excellent candidates for 

UV-shielding and light emitting applications. Such composites benefit 

from the physical flexibility and the ease of processing, which are the 

typical characteristics of polymers and the excellent optical properties of 

inorganic metal oxides [15,16]. Over-exposure to UV radiation can 

cause sunburn and some forms of skin cancer and may lead to direct 

DNA damage. Because of the changes in atmospheric composition and 

the thinning of the ozone layer during the past decades, it is important to 

ensure adequate  protection against the adverse effects of UV exposure. 

Zinc oxide is one of  the best nano-fillers for UV shielding applications, 

since it is a strong UV absorber and is also a nontoxic and biocompatible 

material [17]. 

 The UV shielding properties of polymer nanocomposite films 

have already been subjected to detailed studies by different groups. 

However, there are no reports on the simultaneous observation of  UV 

shielding effects and white light emission in freestanding and flexible 

films of polymer nanocomposites obtained by simple processing 
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methods, compared to the expensive techniques like electro-spinning 

and spin coating, reported earlier [18,19]. M.Sajimol Augustine and co-

workers have investigated the excellent UV absorption in spin-coated 

films of oleic acid modified zinc oxide nanorods, embedded in poly 

vinyl alcohol (PVA) [16]. Yao Tu and colleagues have developed 

transparent and flexible films of polystyrene/zinc oxide nanocomposite 

and studied the UV-shielding applications. P.P.Jeeju and co-workers 

have reported excellent UV absorption and shielding properties in spin-

coated polystyrene/zinc oxide nanocomposite films, which are found to 

be highly transparent throughout the visible region and the optical 

absorption in the UV region is quite high [19]. Yewei Zhang’s group has 

fabricated the visible light traversing and ultraviolet (UV) shielding, 

PMMA/ZnO nanocomposite films by incorporating suitable UV 

absorbing ZnO quantum dots into a transparent PMMA matrix [20]. 

These transparent nanocomposite films can almost completely absorb 

the UV radiation of wavelengths less than 340 nm and thus can be 

directly applied as UV-shielding organic glasses. X. M. Sui, C. L. Shao 

and Y. C. Liu reported the white light emission from PVA/ZnO hybrid 

nanofibers obtained by electro-spinning technique [18]. The excellent 

UV shielding properties and white light emission observed in flexible, 

free standing and thermally stable films of PVDF/ZnO nanocomposite of 

the present work, obtained by simple solution casting method, are being 

reported  for the first time. 

 



White light emission and excellent UV shielding observed in freestanding and flexible films of …………….. 

Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 83 

4.2. Experimental Details 

4.2.1. Materials and methods 

All the chemicals used in the present work were of analytical 

grade. Zinc acetate [Zn(CH3COO)2.2H2O] (purity>98%),  potassium 

hydroxide  (purity >99.5%) and methanol (purity >98%)  were purchased 

from Merck Specialities Private Limited, Mumbai. Poly(vinylidene 

fluoride) granules (product code RM 4439) were obtained from Hi Media 

Laboratories Private Limited, Mumbai and  N,N-Dimethyl formamide 

(DMF) was purchased from Spectrochem Private Limited, Mumbai. 

4.2.2. Synthesis of nanostructured ZnO 

Wet chemical method was used to synthesize nanostructured 

ZnO. In a typical reaction, 0.1 M zinc acetate solution in methanol was 

taken in a conical flask and was kept at 60 oC, to which, 0.1 M potassium 

hydroxide solution in methanol was added drop by drop from a burette. 

The mixed solution was stirred well for 3 hours. After stirring, the 

solution was cooled to room temperature, filtered and the filtrate was 

washed well with de-ionised water and methanol. It was then dried in an 

oven at 60 oC for five hours [9]. The white powder obtained was 

identified to be nanosized ZnO and was used to grow the PVDF/ZnO 

nanocomposite films. 
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4.2.3. Growth of PVDF/ZnO nanocomposite films  

 Initially, 1 gm of PVDF was dissolved in10 ml of DMF, by 

heating at 60 oC for 2 hours on a magnetic stirrer. Sonicated solution of 

ZnO in DMF, was added to this solution, followed by stirring for 5 

hours. The final solution was poured into a petri-dish and was kept in an 

oven at 60 oC. Upon evaporation of the solvent, free standing  films 

could be  peeled off  from the petri-dish which were used for all further 

studies[1]. Films with four different weight percentages of ZnO (5 %, 

10%, 20 % and 30 %) were obtained. For reference, pure PVDF films 

were also grown as free standing films. Thickness of the films was 

measured using stylus profiler. 

4.2.4. Characterization techniques 

The X- ray diffraction (XRD) patterns were obtained using a 

Rigaku X-ray diffractometer with Cu-Kα (1.5418 A0) radiation operating 

at 30 kV and 20 mA. Fourier transform infrared (FTIR) spectra of the 

samples were recorded using a Shimadzu spectrophotometer in the wave 

number range 400–2500 cm-1 with a resolution of 4 cm-1.The particle 

size and the structural details of ZnO and the PVDF/ZnO nanocomposite 

films were obtained from TEM and FESEM studies. Thermo gravimetric 

analysis (TGA) of the nanocomposite films was carried out on a Perkin 

Elmer, Diamond TG/DTA instrument. UV-visible absorption spectra 

were obtained using a Jasco V 570 spectrophotometer in the wavelength 

range 190–700 nm. The photoluminescence (PL) emission spectra of the 
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samples were recorded with Fluoromax-4 spectrofluorometer using 

Xenon lamp as the excitation source, under an excitation at 320 nm.  

4.3. Results and Discussion 

4.3.1. X-Ray Diffraction (XRD) analysis 

The X-ray diffraction pattern of nano-structured ZnO and those of 

PVDF/ZnO nanocomposite films (5 %,10 %, 20 % and 30 % ZnO) are 

shown in figure(1a) & figure(1b) respectively. 

   
Fig. (1a) XRD pattern of nano structured 

ZnO 
Fig. (1b) XRD patterns of PVDF/ 

ZnO films 

The diffraction peaks located at 31.9o, 34.5o, 36.3o, 47.8o, 56.7o, 

62.9o and 68.2o correspond to the planes of ZnO and can be indexed to 

match the standard diffraction pattern of wurtzite ZnO (JCPDS card no. 

36-1451). The diffraction peaks corresponding to (100), (002), (101), 

(102), (110), (103) and (112) planes indicate the hexagonal structure of 

zinc oxide [19,20]. Using the Scherrer formula, the particle size of the 

nanostructured ZnO was estimated as 17 nm. The peaks of ZnO are seen 
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in addition to those of PVDF  at 18o and 20o  in the XRD patterns of the 

nanocomposite films shown in figure (1b), which confirms the 

dispersion of ZnO in the PVDF matrix [21]. 

4.3.2. Fourier Transform Infra red (FTIR) spectroscopic studies 

 The FTIR spectra of PVDF film and PVDF/ZnO nanocomposite 

films are shown in figure (2a) and figure (2b) respectively. 

 
Fig. (2a) FTIR spectrum of PVDF film Fig. (2b) FTIR spectrum of PVDF/ 

ZnO film 

In figure (2b), the bands observed at 421, 453 and 601 cm-1 are 

assigned to Zn-O vibrations. In figures (2a) and (2b), the bands  at  671 

cm-1, 766 cm-1and  986 cm-1 correspond to the α form of  PVDF. The 

absorption peak at 878 cm-1corresponds to the vibration of the C-C bond 

and the one at 1178 cm-1 is assigned to CF2 stretching vibrations of 

PVDF, which are common to all the polymorphs of PVDF. The peak at 

1401 cm-1 is attributed to the CH2 deformation in PVDF [6,14,16,21]. 

The presence of the characteristic bands of both PVDF and ZnO in the 
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spectrum of PVDF/ZnO nanocomposite, gives additional proof for the 

dispersion of ZnO in the PVDF matrix. 

4.3.3. Morphological studies 

The structural and morphological aspects of the nanostructured ZnO 

and the PVDF/ZnO nanocomposite films were investigated using TEM and 

FESEM studies. The FESEM images were obtained using ZEISS Sigma 

field emission scanning electron microscope with an accelerating voltage of 

20 kV and the TEM image of the nanostructured ZnO, using transmission 

electron microscope (TEM), model JEM 2100 of JEOL Ltd, Japan. 

The FESEM images of PVDF film and PVDF/ZnO nanocomposite 

film are shown in figures (3a),(3b) and (3c) and the TEM image of  ZnO, 

in figure (3d). The particle size of ZnO estimated from the TEM image is 

20 nm, which is found to be close to that obtained from XRD studies 

using Scherrer formula. The hexagonal structure of ZnO is confirmed 

from the TEM image. 

   
Fig. (3a) & (3b) FESEM images of PVDF film at different magnifications 
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Fig. (3c) FESEM image of PVDF/ZnO 
film 

Fig. (3d) TEM image of ZnO 

The spherulitic structure of PVDF is clearly seen in figures (3a) 

and (3b). Spherulites are composed of highly ordered lamellae which can 

be observed in figure (3a). The PVDF crystallizes from the melt into 

spherulitic structures and the size of the spherulites and pores depends 

on the crystallization conditions, especially, the temperature. When 

nanostructured ZnO is added to the PVDF matrix, size of the pores is 

reduced and the size of the spherulites is increased. The uniformity of 

the distribution of ZnO in the PVDF matrix is quite clear from the 

FESEM image of PVDF/ZnO nanocomposite film. It is also observed 

that fine spherulites are arranged in well-defined fashion. 
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4.3.4. UV visible absorption spectroscopic studies 

   
Fig. (4a) UV-visible spectrum of ZnO Fig. (4b) UV-visible spectra of 

PVDF/ZnO films 

The optical absorption spectra of the samples were recorded 

using Jasco V570 spectrophotometer over the range 200 nm – 800 nm 

and the absorption spectra of nano-structured ZnO and PVDF/ZnO films 

are given respectively in figures (4a) and (4b). It is clear from figure (4a)  

that ZnO is nanostructured, since the absorption peak is blue shifted and  

the band-gap energy is increased to 3.48eV,  from 3.31 eV of the bulk 

ZnO. The UV- visible absorption spectra of PVDF/ZnO nanocomposite 

films depicted in figure (4b), exhibit some interesting features, where the 

symbols, PZnO 10, PZnO 20 and PZnO 30  refer to 10%, 20% and 30% 

of ZnO,  respectively in the nanocomposite films. For these films, there 

is substantial increase in the UV absorption intensity compared to PVDF 

film, as the concentration of ZnO in the nanocomposite increases from 

5% to 20%. For the nanocomposite films, an absorption window is 

found in the UV range 240 nm – 370nm. 
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The range of UV wavelengths is often subdivided into UV-A 

(400–315 nm), UV-B (315–290 nm) and UV-C (290–200 nm). 

Protection against UV-C radiation is generally not a major concern, in 

contrast to the dangers posed by UV-A and UV-B radiations. The UV-B 

radiation is the principal cause of sunburn reactions and it is greatly 

effective in stimulating the tanning reaction in the skin. The UV-A 

radiation can also cause sunburns, but less compared to the UV-B 

radiation. It is observed from figure (4b), that UV absorption is quite 

enhanced in the region 200 nm - 370 nm, for these PVDF/ZnO 

nanocomposite films. These films hence offer ample scope as efficient 

and flexible UV radiation protectors in the entire UV-B region. This 

shielding efficiency is due to the UV absorption capability of 

nanostructured ZnO in the composite and PVDF serves the purpose of 

acting as a suitable host matrix for ZnO and facilitates the formation of 

flexible nanocomposite films. 

 From the transmittance plots shown in figure (5a), it is clear that, 

the PVDF film shows 40% transmittance in the visible region and the 

transmittance becomes zero only at 200 nm.  In the case of the 

nanocomposite films, shown in figures (5a) and (5b), the transmittance 

becomes almost close to zero in the UV region itself, below 370 nm and 

becomes zero around 210 nm [7,17,19]. The symbols, PZ 1, PZ 2, PZ 3 

and PZ 5 in figure (5b) refer to 1%, 2%, 3% and 5% of ZnO in the 

nanocomposite films. In the present work, PVDF/ZnO nanocomposite 

films of 20 μm thickness, are found to show about 99 % UV absorption 
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in the wavelength range from 200 nm to 370 nm with 5 % of ZnO 

loading in the composite.  

    
Fig. (5a) Transmittance curves Fig. (5b) Transmittance curves of PVDF/ 

ZnO films 

4.3.5. Themo Gravimetric Analysis (TGA) 

Thermo gravimetric analysis (TGA) of the PVDF and PVDF/ZnO 

nanocomposite films was carried out on a Perkin Elmer, Diamond 

TG/DTA instrument. The samples were heated to 700 °C at a scan rate 

of 10 °C per minute in nitrogen atmosphere. Thermo gravimetric 

analysis (TGA) determines the weight changes of a sample upon 

heating. The TGA curves of PVDF and PVDF/ZnO films are shown in 

figure (6) and the TGA data is summarized in Table (1). From figure (6), 

it is seen that the degradation temperature of PVDF/ZnO film is greater 
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than that of PVDF film. The degradation onset temperature of 

PVDF/ZnO nanocomposite film measured as the temperature required 

for % degradation is higher than that of pure PVDF film. In table(1), 

shown below, T0.1, T 0.3, T 0.5 and T 0.7 denote the temperatures for 10 %, 

30 %, 50 % and 70 % degradation in weight  respectively. From the 

table it is clear that, PVDF/ZnO film is more thermally stable than 

PVDF film [3,19]. The PVDF/ZnO nanocomposite films are stable up to 

470 oC and can be used in high temperature applications. 

Table. (1) TGA data of PVDF and PVDF/ZnO nanocomposite  films 

Sample  T 0.1 ( oC )     T 0.3 (oC )       T 0.5 (oC )       T 0.7  (oC )     

 PVDF film       458        476        488       560 

PVDF/ZnO film       473        492        505       585 
 
 

 
Fig. (6) TGA curves of PVDF and PVDF/ZnO films 
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4.3.6. Photoluminescence (PL) studies 

In the PL spectrum of ZnO shown in figure (7a), intense emission 

peaks are observed  in the visible region and a less intense peak is 

observed in the UV region [12]. The PL spectra of PVDF/ZnO 

nanocomposite films shown in figure (7b) consist of intense broad bands 

covering the visible region and the emission peak of ZnO in the UV 

region is found to be quenched. The symbols PZ 10, PZ 20 and PZ 30 in 

figure (7b) refer to 10%, 20% and 30% of ZnO in the nanocomposite 

films. The combined effect of intense emission all through the visible 

region gives rise to the white light emission observed from these films. 

The photograph of the observed white luminescence is shown as the inset 

of figure (7b) and the corresponding chromaticity diagram is given in 

figure (8).The chromaticity (CIE) coordinates for the samples PZ 10, PZ 20 

and PZ 30 are marked as (1), (2) and (3) in the chromaticity diagram. The 

chromaticity diagram matches quite well with the PL emission spectra.  

 
Fig. (7a) PL spectrum of ZnO Fig. (7b) PL spectra of PVDF/ZnO films 
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Fig. (8) Chromaticity diagram of PVDF/ZnO films 

The UV band edge emission generally observed in ZnO is due to 

excitonic transitions. The emission peaks observed in the visible region 

are generally related to defects and dopants. Various intrinsic defects 

such as Vo (oxygen vacancy),VZn (zinc vacancy), Zni (interstitial zinc) 

and Oi (interstitial oxygen) contribute towards the visible emissions 

observed in ZnO. The band edge emission in nanostructured ZnO of the 

present work is observed at 357 nm as shown in figure (8a). Violet 

emissions at 409 nm &434 nm are due to the transitions from the 

conduction band of ZnO to the zinc vacancies which can trap holes. The 

blue emission at 465 nm is attributed to the direct recombination of 

conduction band electron in the Zn3d band and hole in the O2p valence 

band. The green luminescence at 560 nm is assigned to the oxygen 

vacancies Vo or oxygen antisites (oxygen anti-sites refer to oxygen 

atoms sitting at the wrong lattice positions). The PL spectra shown in 

figures (7a) and (7b) are recorded for the UV excitation at 320 nm and 

hence the plots are shown in the wavelength range 350 nm to 600 nm. 



White light emission and excellent UV shielding observed in freestanding and flexible films of …………….. 

Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 95 

The yellow, orange and red emissions can be observed upon increasing 

the excitation wavelength to 370 nm. The yellow and orange emissions 

in ZnO can be attributed to transitions related to oxygen interstitials and 

the red emission, to transitions associated with zinc interstitials. Most of 

the visible emission in ZnO originates from the defect centres at the 

surface, which can be suitably modified to tune the emission to the 

required spectral region[18][22-27]. 

It is observed that PVDF film does not give any emission in the 

visible region. Comparing  figures (7a) and (7b), it is observed that the 

luminescence of ZnO in the UV region is quenched in the PL spectra of 

the nanocomposite films [28]. The intense broad band emission observed 

in the nanocomposite films, extending all through the visible region, 

results in the intense white light emission. 

4.4. Conclusions 

The PVDF/ZnO nanocomposite films of the present work are 

obtained by the cost effective and simple method of solution processing, 

compared to the already reported expensive techniques of electro-

spinning and spin coating. The XRD patterns and FESEM images of 

PVDF/ZnO nanocomposite films confirm the homogenous dispersion of 

ZnO within the PVDF matrix. These free-standing, flexible and 

thermally stable films can be of profound applications as excellent UV 

shielding materials and also as white light emitting films for realizing 

solid state lighting devices.  
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This chapter begins with a brief introduction to the materials showing 
nonlinear optical behavior and their prospective applications in optical 
communication and optical data storage and evolves into addressing the 
nonlinear optical characteristics of  free standing films of Poly (vinylidene  
fluoride)(PVDF) /Reduced Graphene Oxide(RGO)  nanocomposite,  to assess 
their suitability as  efficient optical limiters. The PVDF/RGO nanocomposite 
films of the present work have been grown by mixing different concentrations 
of RGO as the filler, with PVDF, using solution casting method. The open 
aperture and closed aperture Z-scan technique under nanosecond excitation 
(532 nm,7 ns) has been used to investigate the nonlinear optical 
characteristics of the PVDF/RGO nanocomposite filmsThe highlight of the 
present work is the observation of quite low values of normalized 
transmittance and low optical limiting threshold power in free standing films 
of PVDF/RGO nanocomposite. These flexible, free standing and stable 
nanocomposite films offer high application prospects in the design of efficient 
optical limiting devices of any desired size or shape.  

 



Chapter 5 

102    Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 

5.1. Introduction 

The past two decades have witnessed fabulous initiatives to 

identify novel organic materials with remarkable nonlinear optical (NLO) 

characteristics owing to their prospective applications in optical 

communications, optical signal processing, optical switching and optical 

limiting. It is possible to optimize the nonlinear optical response of many 

organic materials by adopting rational design criteria at the molecular 

level, without compromising their inherent thermal, mechanical and 

chemical stability. In this context, nanostructured organic materials, 

especially, polymer based nanocomposites offer ample scope as NLO 

materials and many of them are endowed with fast nonlinear optical 

response and large optical nonlinearity suitable for applications in optical 

communications and optical data storage. 

Poly(vinylidene flouride)(PVDF) is a highly non-reactive, semi-

crystalline, fluoro polymer having high molecular weight, well-known 

by its interesting properties like ease of processability, good mechanical 

strength, thermal stability and chemical resistance. It shows quite 

impressive ferroelectric, pyroelectric and piezoelectric properties as 

well. Among the five different crystal forms α, β, γ, δ and ε, β phase is 

primarily responsible for the piezoelectric properties of PVDF. Its 

supreme film forming properties facilitate its application as an excellent 

polymer matrix, for realizing a variety of polymer nanocomposite films 

with prospective applications in sensors, actuators and transducers [1-6]. 
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The area of polymer nanocomposites, with conventional polymers 

as hosts and conductive carbonaceous materials as the fillers, has drawn 

much attention as a route to obtain new materials with superior structural 

and functional properties. Polymer-graphene nanocomposites are being 

extensively investigated owing to the superior optical, electrical, 

mechanical and thermal properties of graphene. Graphene is quite 

expensive and generally it is difficult to disperse it in polymer solutions. 

Hence in the present work, reduced graphene oxide (RGO) is used as the 

nano-filler material, synthesized in our laboratory by modified Hummers 

method. The properties of RGO are very much similar to those of 

graphene [7-9].  

Recently, much work has been done to explore the nonlinear optical 

properties of different types of materials, to assess their application 

prospects in various nonlinear optical devices. Both graphene and RGO 

exhibit remarkable nonlinear optical (NLO) properties which make them 

potential materials for various applications in optical communication, data 

storage and optical limiting (OL). It is known that RGO shows impressive 

optical nonlinearity with ultrafast response times and a broadband spectral 

range. At higher optical frequencies, one can expect enhanced optical 

nonlinearity in RGO because of its graphene like band structure. The 

phenomenon of optical power limiting, a nonlinear optical effect, has 

attracted much attention due to its application for the protection of eyes and 

sensitive optical devices from high power laser pulses [10-13].The 

nonlinear optical properties of free standing polymer nanocomposite films 

endowed with efficient optical limiting characteristics have not been 
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pursued in depth. In the present work, the open aperture and closed aperture 

Z-scan technique under nanosecond excitation (532 nm,7 ns) has been used 

to investigate the nonlinear optical characteristics of the PVDF/RGO 

nanocomposite films. The novelty of the present work is the observation of 

remarkable optical limiting efficiency, due to the high value of the 

nonlinear absorption co-efficient, in free standing films of PVDF/RGO 

nanocomposite. These freestanding films are highly flexible and offer 

ample scope for realizing optical limiting devices of any desired size or 

shape. 

5.2. Experimental Techniques 

5.2.1. Materials and methods 

For the synthesis of the nanocomposite films, PVDF granules were 

purchased from Hi Media Laboratories, Private Limited, Mumbai and N-N 

Dimethyl formamide (DMF), from Spectro-chem Private Limited, Mumbai. 

The filler material, RGO was synthesized  by modified Hummers  method 

using hydrazine hydrate as the  reducing agent [4][14]. 

Synthesis of graphene oxide (GO) 

Graphene oxide was synthesized by modified Hummer’s method 

from graphite in the present work. Graphite (3 g) and NaNO3 (1.5 g) were 

first mixed together in a conical flask and then 100 ml, H2SO4 (95%) was 

added to the flask, which was kept under stirring in an ice bath. Potassium 

permanganate (8 g) was then added to the suspension little by little to 

avoid overheating. The mixture was brought to room temperature and 
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stirred for 2 hrs. The color of the suspension then turned to bright brown, 

to which 90 ml of distilled water was added. The temperature of the 

suspension was found to rise quickly to about 90 °C and the color changed 

to yellow. The diluted suspension was stirred at 98 °C for 12 hrs and 30 

ml of H2O2 was added to the mixture. For purification, the mixture was 

washed by rinsing with HCl (50 ml) and then distilled water for several 

times. The suspension was then centrifuged at 4000 rpm for 6 minutes. 

After filtration and drying in a vacuum oven, graphene oxide was obtained 

in the form of a black powder. 

Synthesis of reduced graphene oxide (RGO) 

Graphene oxide (1 g) was first dispersed in 50 ml distilled water 

and sonicated for 30 minutes. Then the suspension was heated to 100 °C 

and 5 ml hydrazine hydrate was added to the suspension and sonicated for 

30 minutes. The suspension was then kept at 98 °C for 48 h in Ar 

atmosphere. The resulting product was collected by filtration in the form 

of a black powder. The obtained material was then washed using distilled 

water for several times to remove the excessive hydrazine hydrate and was 

transferred into water for sonication. The suspension was then centrifuged 

at 4000 rpm for 3 minutes to remove bulk graphite. The final product was 

collected after vacuum filtration and drying in a vacuum oven. 

Synthesis of PVDF/RGO nanocomposite films 

The PVDF/RGO nanocomposite films were synthesized by 

solution casting method. Initially, PVDF was dissolved in N-N Di 

methyl formamide (DMF) and various amounts of RGO (0.1%, 0.25%, 
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0.5% and 1% of PVDF), were sonicated well in DMF. The DMF 

dispersions of RGO were mixed with the PVDF solution and stirred 

well. These solutions were used for making films on glass slides by 

solution casting method. Because of the excellent film forming property 

of PVDF, these films can be peeled off the glass substrates to yield free 

standing films of thickness around 10 µm[15].  

5.2.2 Sample characterization 

The PVDF/RGO nanocomposite films were characterized by X-ray 

diffraction technique  employing the Rigaku X-ray diffractometer, UV-

visible absorption spectroscopy, using JASCO V-570 UV visible NIR 

spectro photometer, Raman spectroscopy by high resolution Raman 

spectrometer (Horiba JY), FTIR spectroscopy using Shimadzu IR affinity 

FTIR spectrophotometer and FESEM imaging by ZEISS Sigma field 

emission scanning electron microscope. The nonlinear optical properties of 

PVDF film and PVDF/RGO nanocomposite films were studied using open 

and closed aperture Z- scan technique.  

5.3. Results and Discussion 

5.3.1. Structural and morphological analysis 

5.3.1.1. X-Ray Diffraction (XRD) analysis 

The XRD patterns of RGO and PVDF/RGO nanocomposite films 

are shown in figures (1a) & (1b) respectively. The particle size of the RGO 

calculated from XRD data is around 12 nm. The inset of figure (1a) shows 

the photograph of the free standing, flexible and transparent film of 
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PVDF/RGO. In figure (1b), the symbols PRGO1, PRGO2 and PRGO3 

correspond to 0.1%, 0.25%, and 0.5% of RGO in the nanocomposite 

samples. The peaks at 18.21° and 26.5° are attributed to the α phase and that 

at 20.26° to the β phase of PVDF. It can be seen that the intensity of the β 

peaks increases and that of α peaks decreases, when the concentration of 

RGO in the nanocomposite increases. The increase in the intensity of β 

peaks shows that RGO is well dispersed in the PVDF matrix [16-18]. 

 
Fig. (1a) XRD pattern of RGO  Fig. (1b) XRD patterns of PVDF/RGO 

films 

5.3.1.2. Fourier Transform Infrared (FTIR) spectroscopic studies 

The FTIR spectra in the ATR mode for PVDF film and 

PVDF/RGO film are shown in figures (2a) & (2b) respectively. The peaks 

at 766 and 976 cm-1 are due to the α phase of PVDF. The peak at 878 cm-1 

corresponds to C-C bond vibration and that at 1170 cm-1 to the stretching 
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mode of CF2 bond in PVDF. The intensity of the characteristic absorption 

band at 840 cm-1 corresponding to CH2 rocking of the β phase is found to 

increase in the PVDF/RGO film. The peaks at 766 cm-1 and 976 cm-1 

attributed to the α phase (in plane bending or rocking) are clearly seen in 

the spectrum of pristine PVDF film, but are absent in the spectrum of the 

nanocomposite sample. Hence it is clear that the addition of RGO 

suppresses the  α phase of the PVDF and enhances the  β phase [4][16] . 

 
Fig. (2a) FTIR spectrum of PVDF 

film   
Fig. (2b) FTIR spectrum of PVDF/ 

RGO film 

5.3.1.3 Field Emission Scanning Electron Microscopy (FESEM) 

studies 

The FESEM image of RGO shown in figure (3a) confirms the 

flake like structure of RGO, quite similar to that of graphene. From the 

FESEM image of the PVDF/RGO film shown in figure (3b) it is obvious 

that RGO is well dispersed in the PVDF matrix. 
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Fig. (3a) FESEM image of RGO         Fig. (3b) FESEM image of PVDF/ 

RGO film 

5.3.2. Optical studies 

5.3.2.1. UV-visible absorption spectroscopic studies 

The absorption spectra of PVDF film and PVDF/RGO 

nanocomposite films in the wavelength range 100 nm to 800 nm are 

given in figure (4), with the absorption peak in the inset. It can be 

observed that an additional absorption peak is seen in the nanocomposite 

film at 260 nm, other than that of PVDF at 196 nm. The origin of this 

peak can be attributed to the π-π* transition in C= C aromatic rings of 

RGO and it ascertains the presence of almost completely reduced 

graphene oxide with re-established π conjugated network of RGO in the 

nanocomposite [19,20].  For very small concentrations of RGO, this 

absorption peak is not observable and hence not shown in the figure. 
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Fig. (4): UV visible absorption spectra of PVDF and PVDF/RGO films 

5.3.2.2. Raman spectroscopic studies 

The Raman spectrum of RGO is shown in figure (5a). The D 

band, G band and 2D band are observed at 1352 cm-1, 1570 cm-1 and 

2700 cm-1 respectively. From figure (5a), the ratio ID/IG is  found to be 

nearly 1,which also confirms the reduction of graphene oxide to yield 

RGO [17,18]. In the Raman spectrum of PVDF/RGO film shown in 

figure (5b), in addition to the RGO peaks, the polymer peaks are also 

seen at 510 cm-1 and 840 cm-1corresponding to the β phase of PVDF. 

The dispersion of RGO in PVDF matrix and the resulting enhancement 

in the β phase of PVDF is once again confirmed by this study. 
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Fig. (5a) Raman spectrum of RGO         Fig. (5b) Raman spectrum of PVDF/ 

RGO film 

5.3.3. Nonlinear optical studies 

 
Fig. (6): Experimental setup for Z-scan studies 

The Z-scan method introduced in 1989 by Sheik-Bahae and later 

developed by Eric Van Stryland, is a very simple  technique for 

investigating the phenomena like nonlinear absorption (NLA) and 

nonlinear refraction (NLR) of materials [21,22]. The experimental set up 

for the Z-scan studies is shown in figure (6). 

The Z-scan technique is carried out by translating the sample 

along the focus of a tightly focused laser beam. By measuring the 
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transmittance as a function of Z-position of the sample, information 

about the light-matter interaction can be extracted. The two measurable 

quantities connected with “open aperture” and “closed aperture” Z-scan 

technique are nonlinear absorption coefficient β’ and nonlinear refractive 

index n2 respectively. Here β’ is associated with the imaginary part and 

n2 with the real part of the third-order nonlinear susceptibility χ(3) and 

provide important information about the nonlinear optical properties of 

the material. 

For the Z-scan studies, a Q-switched Nd:YAG nanosecond laser 

output with nearly Gaussian intensity profile,  having  a pulse width of 7 

ns at 532 nm and a pulse repetition rate of 10 Hz was used as the  source 

of light and was  focused using a lens of focal length 15 cm. Pure PVDF 

film was found to show neither nonlinear refraction nor nonlinear 

absorption. For the PVDF/RGO nanocomposite films, the observed 

nonlinearity is found to be of the third order, as the data fits to a two 

photon absorption (TPA) [23,24]. 

The corresponding net transmission is given by   

= √ ln 1 +                        (1)           

Where = ′                                         (2) 
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Here, Leff = 1−e−αL/α, is the effective thickness with linear 

absorption coefficient α and nonlinear absorption coefficient β’, L is the 

sample length and I0 is the irradiance at focus [25-29]. Using the 

experimental data, values of nonlinear absorption coefficient β’ at a 

pulse energy of 5 μJ for the 4 samples are calculated.  

  
Fig. (7a) (O.A)Z-scan trace of      

PVDF/ RGO film 
Fig. (7b) (C.A)Z-scan trace of               

PVDF/ RGO film 
 

The open aperture (O.A) and the closed aperture (C.A) Z-scan 

traces of the PVDF/RGO (1%) film at 5 µJ energy, are shown in figures 

(7a) and  (7b) respectively. The red solid curve is the theoretical curve to 

the experimental data shown as black circles. Optical limiters are devices 

that transmit light at low input intensities and the transmitted light 

intensity decreases at high input intensity. The optical limiting property 

is due to absorptive nonlinearity which is proportional to the imaginary 

part of χ(3). In general, optical limiting property is facilitated by the 

presence of strong nonlinear absorption. All films show a decrease in 
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transmission with increase in the input laser intensity, as illustrated in 

the inset of figure (7a), which shows that the samples are  suitable  for 

optical limiting applications [27,30,31] . The magnitude of nonlinear 

absorption coefficient β’ is calculated from the open aperture Z-scan 

data. Closed aperture Z-scan was carried out to determine the sign and 

magnitude of nonlinear refraction coefficient (n2). The observation of a 

pre-focal transmittance minimum (valley), followed by a post-focal 

transmittance maximum (peak) for the studied films, indicates a positive 

lensing or a positive nonlinear refractive index (figure 7b). The cause of 

origin of on axis phase shift at the focus in closed aperture Z-scan 

analysis can be described as the change in transmittance about the focus , 

attributed by the special distribution of energy facilitated by high 

repetition rate of focused  laser beam on the sample [32 – 36]. 

The nonlinear refractive index n2, is related to the linear refractive 

index n0 as  =         (3) 

where Δ = . .       

for |Δ | ≤   (4) 

Here, ∆ − , is  the difference between peak and valley in the 

closed aperture Z-scan,  S is the linear transmittance of the far field aperture 



Impressive nonlinear optical response exhibited by (PVDF)/ Reduced Graphene Oxide (RGO) ……. 

Polyvinylidene fluoride as an exotic host matrix material for developing technologically important nanocomposites 115 

and λ is the excitation wavelength. The nonlinear refractive index n2 is 

related to the real part of nonlinear susceptibility, Re χ(3) by the relation 

Re χ(3)=  (n0n2/3π ) (esu)                               (5) 

where n0 is the linear refractive index, which was determined using 

Abbe’s refractometer  as 1.42.  The imaginary part of third order 

susceptibility, Im χ(3)determines  the strength of the nonlinear absorption, 

which is given below. 

Im χ(3)  = n0
2c2β’/240π2ω    (esu)                   (6) 

where, c is the velocity of light in vacuum and  ω,  the angular 

frequency of the laser pulse. From the real and imaginary parts of  χ(3), 

the modulus of third order nonlinear susceptibility can be found out [24-

28][31]. 

χ(3)  =[ (Re χ(3))2+ (Im χ(3)) 2 ]1/2                                (7) 

The magnitude of χ(3) determines the strength of nonlinear 

response of the  material.   

There are many mechanisms responsible for NLA in different types 

of materials. Still, the normalized transmittance valley in graphene and 

graphene nanocomposites can be mainly due to two mechanisms, reverse 

saturable absorption (RSA) and two photon absorption (TPA) [37]. 
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Fig. (8a) (O.A).Z-scan curves at

different energies 
Fig. (8b) (O.A).Z-scan curves for different 

RGO concentrations 

The open aperture Z-scan curves of PVDF/RGO (0.25%) film, 

corresponding to pulse energy 5 µJ, 15 µJ and 25 µJ are shown in figure 

(8a).This film is chosen for the above studies because,  the O.A Z-scan 

traces of this film are showing the best fit with theoretical values and 

this is the sample with average RGO concentration. The beam intensities 

at the focus, corresponding to energies of 5 μJ, 15 μJ and 25 μJ are 

0.13864 GW/cm2, 0.416 GW/cm2 and 0.6932 GW/cm2 respectively. The 

minimum transmittance obtained is 0.1(10%) for the laser pulse energy 

of 25 µJ, and this is the lowest transmittance ever reported for free 

standing polymer nanocomposite films. By changing the pulse energy 

from 5 µJ to 25 µJ, the minimum transmittance can be tuned from 0.4 

(40%) to 0.1(10%). These lowest transmittance values and high values 

of β’ (nonlinear absorption co-efficient), combined with the flexibility 

and freestanding nature of the PVDF/RGO nanocomposite films offer 

ample scope for designing highly efficient optical limiting devices of 

any size or shape for protecting eyes or light sensitive devices such as 
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CCD cameras from possible damage caused by intense light exposure 

[9,12,23]. The transmittance minimum varies with variation in the 

concentration of RGO in the nanocomposite. When the concentration of 

RGO in the composite is increased, the transmittance decreases and β’ 

increases as shown in figure (8b). On comparison with recently reported 

values, the β’ values of the PVDF/RGO nanocomposite films are much 

higher. These nanocomposite films also show excellent optical limiting 

properties. Optical limiting capability of a material is usually evaluated 

by measuring the optical limiting threshold power (Pth). It is the 

minimum input intensity of the laser source at which the onset of optical 

limiting starts. It is evident that, lower the optical limiting threshold 

power, better is the nonlinear optical response of the material. Optical 

limiting (O.L) plots for various concentrations of RGO in the 

nanocomposite films are shown in figure (9a) and one typical plot with 

Pth marked is shown in figure (9b).  

 
Fig. (9a) Optical limiting graphs for 

different concentrations of 
RGO 

Fig. (9b) Optical limiting curve with 
Pth marked 
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From Table (1), the minimum Pth obtained for our nanocomposite 

film sample is 7.84 MW/cm2 which is much lower compared to the 

values reported earlier [19].  It is seen that the  Pth decreases, when the 

concentration of RGO in the nanocomposite increases. The values of Pth 

for various concentrations of RGO are noted and given in Table (1). 

 From the results of the open aperture Z-scan studies, it can be 

inferred that the inherent nonlinear optical properties of RGO, coupled 

with the order associated with its high extent of dispersion in the PVDF 

matrix are contributing towards the impressive nonlinear characteristics 

of the PVDF /RGO nanocomposite films. The increased crystallinity and  

electronic conjugation of RGO compared to graphene oxide (GO) and 

the increase in the β phase of PVDF  are the main factors responsible for 

the excellent  nonlinear  response and  optical limiting  properties of the 

PVDF/RGO films of the present study [37]. 

The experimentally determined values of β’, n2, Im χ(3) , χ(3)  and 

Pth of the nanocomposite films  are given in Table 1. 

Table. (1) Variation of the nonlinear optical parameters with the 
concentration of RGO in the PVDF/RGO nanocomposite 
films 

Concentration
of  RGO 

n2 
(10-10esu) 

β' 
(cm/GW)

Im χ(3) 
(10-11esu) 

χ(3) 

(10-11esu) 

Pth 
(MW/cm2) 
Our work 

P th 
(MW/cm2) 

(Ref 19) 
0.1% 3.41 195 6.19 6.20 8.4 100 

0.25% 4.67 275 8.91 8.92 8.24 90 
0.5% 5.14 340 11.04 11.05 7.97 70 
1% 6.27 400 12.95 12.96 7.84 ------ 
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It is observed that the values of third order susceptibility χ(3), 

nonlinear absorption coefficient β’ and nonlinear refractive index n2  

increase with the increase in the concentration of RGO in the 

nanocomposite. But the value of Pth decreases with the increase in RGO 

concentration. The Pth values, obtained for 532 nm laser pulses of energy  

5 µJ  and pulse width 7 ns with on axis intensity I0 = 138 MW/cm2 

shown in Table (1) are quite impressive and even superior to the values 

previously reported for polymer nanocomposite films [19]. 

5.4. Conclusions 

The present work is focused on studying the nonlinear optical 

response of PVDF/RGO nanocomposite films which are quite flexible 

and freestanding. The addition of RGO to PVDF results in the 

enhancement of the β phase of PVDF and this has been confirmed by 

XRD and FTIR spectroscopic studies. The single beam Z-scan 

experimental results of PVDF/RGO nanocomposite films provide high 

values of the nonlinear absorption coefficient (β’), which is one of the 

prime requirements for efficient optical limiting applications. The high 

values of the various nonlinear coefficients and low values of optical 

limiting threshold power as evidenced from Table(1), offer ample scope 

for the use of PVDF/RGO films in the design of  nonlinear optical 

devices. The highlight of the present work is the observation of 

normalized transmittance as low as 10% and low optical threshold power 

around 7.84 MW/cm2 for the flexible and freestanding films of 
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PVDF/RGO nanocomposite. The above impressive results of the present 

study are being reported for the first time in free standing and flexible 

films of polymer nanocomposites. These highly stable, flexible and 

freestanding films of PVDF/RGO nanocomposite of thickness around 10 

µm are quite suitable for the development of efficient optical limiting 

devices of any shape or size. 
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This chapter begins with the introductory ideas on the polluting effects of 
electromagnetic interference (EMI) due to the proliferation of electronic 
devices and the urgent necessity of developing suitable shielding materials 
against these interferences. The merits of the shielding materials based on 
polymer nanocomposites compared to conventional metallic shields are 
emphasized and the discussion proceeds to the focal theme of the present 
chapter. The work presented in this chapter highlights the remarkably high 
electro-magnetic interference (EMI) shielding effectiveness of about 47dB, 
exhibited by highly conducting and ordered poly(vinylidene fluoride) 
(PVDF)/graphene nanocomposite films of thickness around 20 microns, in 
the microwave frequency range 8–12 GHz, obtained by solution casting 
method. The high electrical conductivity of the composite films around 16 
S/cm promotes shielding by absorption losses which is of ample significance 
in stealth applications. The present results identify the PVDF/graphene  
nanocomposite film as an effective, lightweight, flexible and mechanically 
and thermally stable, absorption dominated EMI shielding material with 
application prospects in a broad range of the electromagnetic spectrum. The 
freestanding and flexible nature of these films facilitates EMI shielding 
applications without the geometrical constraints of the shape or size of the 
object.  
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6.1. Introduction 

The unprecedented technological developments during the last 

few decades in the field of electronics and communication and the 

subsequent proliferation of devices like mobile phones, laptop 

computers, Wi-Fi devices, modern radar systems and high speed 

communication systems in academic, military, industrial, healthcare and 

business sectors have resulted in the need for identifying suitable 

materials to handle the polluting effects of electromagnetic interference 

(EMI). This silent pollution of EMI is the undesirable and hysterical 

outcome of the explosive growth of electronic devices and the 

widespread use of transient power sources. Most common example of 

EMI is the cross communication of our laptop computers or radio 

speakers with mobile signals resulting in picture flicker or buzzing 

sounds. As the use of electronic gadgets has increased manifold these 

days, it is possible that the smooth functioning of electronic circuits gets 

disrupted in the vicinity of electromagnetic fields emitted by other 

electronic devices. Electromagnetic interference (EMI) usually occurs in 

the frequency range of 104 to 1012 Hz of the electromagnetic spectrum 

and can be both natural and man-made [1-5]. 

 Recent studies have revealed that exposure to electromagnetic 

radiation for a prolonged period of time may cause health hazards to 

human life. The solution to these concerns is to minimize the effects of 

the interfering electromagnetic radiations by absorption and/or reflection 
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of the radiations using proper shielding materials. Limiting the 

transmission of electromagnetic radiation by reflection and/or absorption 

of the radiation by a material is termed as electromagnetic interference 

(EMI) shielding and the material does the job of a shield to inhibit the 

penetration of the radiation through it [6-9]. 

 Considerable research efforts have been focused on developing 

cost effective and lightweight EMI shielding materials during the past 

two decades to address the adverse effects of EMI. When metals are 

used as EMI shields, their shortcomings like heavy weight, physical 

rigidity, susceptibility to corrosion and poor and complex processability 

pose challenges. There is hence a greater demand for light-weight, 

flexible, non-corrosive and processable EMI shielding materials [10-15]. 

Compared with conventional metals, polymer nanocomposites represent 

a novel class of materials that possess an exclusive combination of 

electrical, thermal, magnetic and mechanical properties which are 

helpful for the suppression of electromagnetic noises [16-20]. The EMI 

shielding effectiveness (SE) of a nanocomposite material mainly 

depends on the intrinsic conductivity, dielectric constant and the aspect 

ratio of the filler material. Compounding of polymers with conducting 

fillers is an effective technique to improve the electrical conductivity of 

polymers and to shield the E.M.I [17,18,21]. 

Poly (vinylidene fluoride) (PVDF) is a semi-crystalline fluoro 

polymer with a repeat unit of CH2-CF2, well-known for its excellent 
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ferroelectric, pyroelectric and piezoelectric properties and is known to 

possess good acid and solvent resistance properties, high thermal and 

mechanical stability and can be used in polymer sensors, actuators and 

transducers [22-25]. Graphene has been preferred over other 

conventional nanofillers, owing to its remarkable properties like high 

surface area, high aspect ratio, good tensile strength, quite high thermal 

and electrical conductivity, good flexibility and transparency. It has been 

reported that the improvement in mechanical and electrical properties of 

graphene based polymer nanocomposites is much better compared to 

that of clay, carbon nanotubes or other carbon filler based polymer 

nanocomposites. Since graphene has negligible mass and is ultrathin, 

transparent and flexible, it will be an excellent choice for making 

nanocomposites for light weight EMI shielding applications for portable 

electronic devices and in transparent electronics. [14],[26-31]. 

Previous studies have shown that incorporating carbonyl group 

containing fillers into the PVDF matrix results in their homogenous 

dispersion or distribution because of the strong and specific interaction 

between the fluorine group of PVDF and the carbonyl group at the 

filler’s surface.  

There is electrostatic interaction between the functional groups at 

the surface of graphene and the CH2-CF2 dipole of PVDF which leads to 

the transformation from the helix TGTG conformation of the  α phase to 

the zigzag TTTT conformation of the β phase. This results in the 
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formation of a β polymorph structure of PVDF as well as in the 

improvement of the electrical, thermal and mechanical properties of such 

nanocomposites [32,33]. Graphene is not generally dispersible in 

polymers and it can be made dispersible by means of acid purification. 

The electrical conductivity of acid purified graphene is found to be 

comparatively higher. 

When EMI shielding effectiveness increases, transmittance 

through the shielding material decreases. When an EM wave is incident 

on a shield, reflection takes place at its surface followed by some extent 

of absorption and transmission. This idea is used in the development of 

effective EMI shielding materials [9,10,17,34]. Polymer composites 

containing carbon-based fillers like graphite, carbon black, carbon fibers, 

carbon nanofibers, carbon nanotubes and graphene have extended 

excellent scope in microwave absorption applications owing to their 

high electrical conductivity, polymeric flexibility, light weight, low cost 

and easy processability [2,9,13,17].The present study is focused on 

developing a  low cost, light weight and flexible EMI shielding material 

using purified graphene reinforced PVDF composite. The highlight of 

the present work is the observation of remarkably high values of EMI SE 

around 47dB over a broad range of microwave frequencies (8-12GHz), 

in highly ordered and conducting films of PVDF/graphene  

nanocomposite, having micrometer thickness. 
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6.2. Experimental Details 

6.2.1. Materials and methods 

Poly(vinylidene fluoride) granules (product code RM 4439) for the 
present work were obtained from Hi-Media Laboratories Private Limited, 
Mumbai and dimethyl formamide (DMF) and hydrochloric acid (HCl),from 
Spectrochem Private Limited, Mumbai. High pure graphene was purchased 
from Graphene super market, U.S.A. The purchased graphene was purified 
by treating with concentrated HCl in a conical flask and stirring vigorously 
for 5 hours. It was then washed well with de-ionized water and filtered .The 
filtrate was dried in a hot air oven overnight. 

For making the PVDF/graphene nanocomposite films, the purified 
graphene flakes were initially dispersed in DMF solvent by ultrasonication 
for 24 hours. In a typical procedure, 1 gm of PVDF was dispersed in 10 ml 
of DMF under magnetic stirring at 60 ° C for 2 hours. The graphene / DMF 
dispersion was added to the solution of PVDF in DMF and the mixed 
solution was again sonicated for 2 hours. The resulting nanocomposite 
solution was poured into a petri-dish and kept in a vacuum oven at 60 °C for 
2 hours. Flexible and free standing films of the PVDF/graphene 
nanocomposite could be peeled off the petri-dish after drying. The synthesis 
procedure adopted is represented in Scheme 1given below. 

The experiment was repeated for 2, 5,10 and 15 weight percentages 
of graphene in the nanocomposite samples. The nanocomposite film 
samples were cut into the required dimensions for the EMI shielding 
measurements. 
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Scheme 1:  Schematic representation of the growth of PVDF/graphene  
nanocomposite films 

6.2.2. Characterization of the film samples 

The X- ray diffraction (XRD) patterns of the nanocomposite 

films were obtained using a Rigaku X-ray diffractometer. The Fourier 

transform infrared (FTIR) spectra of the samples were recorded using a 

Shimadzu spectrophotometer in the wave number range 400–2500 cm-1 

with a resolution of 4cm-1. Thermo gravimetric analysis (TGA) of the 

nanocomposite films was carried out on a Perkin Elmer, Diamond 

TG/DTA instrument and the mechanical stability of the films was tested 

with the Universal Testing Machine, Tinius Olesan, ASTM-D-638. 

Raman spectra were recorded using high resolution Raman spectrometer 

(Horiba JY) and FESEM images, using ZEISS Sigma field emission 

scanning electron microscope and TEM images using model JEM 2100 
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of JEOL Ltd, Japan. The electrical characterization of the film samples 

was carried out at room temperature using the Hall measurement unit 

Ecopia HMS-5300. The EMI shielding measurements of the films were 

done using wave guide transmission line technique in the Vector 

Network Analyser (Agilent-model PNA E8362B; 10 MHz to 20 GHz).  

6.3. Results and Discussion 

6. 3.1. X-Ray Diffraction (XRD) analysis 

 The XRD patterns of PVDF film and PVDF/graphene composite 

films are shown in figure (1). 

 

 
Fig. (1) XRD patterns of PVDF and PVDF/graphene films 
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In the figure, the symbols, PGFN 5, PGFN 10 and PGFN 15 refer 

to nanocomposite films with graphene concentrations of 5%, 10% and 

15% respectively. There are peaks observed at 20.2° and 26° for the 

PVDF/graphene film samples. The peak at 20.2° corresponds to 

reflections from the β form of PVDF planes and that at 26° to graphene 

planes respectively. The increase in the intensity of the peak at 20.2°, 

with increasing graphene concentration, is a clear indication of the 

enhancement in the β phase of PVDF with the addition of graphene 

[32,35] 

6.3.2. Raman spectral analysis 

Raman spectra were recorded in the range 300 – 3000 cm-1, using 

He-Ne laser as the source, having a wavelength of 633 nm, and using a 

CCD detector. 

  

Fig. (2a)  Raman spectrum of graphene Fig. (2b) Raman spectrum of PVDF/ 
graphene film 
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In the Raman spectrum of graphene, shown in figure (2a), the D-

mode appears at 1350 cm-1, G-mode at 1580 cm-1 and 2D mode at 2726 

cm-1respectively. In the spectrum of PVDF/graphene composite film, 

shown in figure (2b), the peaks at 510 cm-1 corresponding to CF2 bending 

and at 840 cm-1, attributed to CH2 rocking again confirm the enhancement 

in the β phase of PVDF with the addition of graphene [36]. The peaks at 

878, 1171 and 1426 cm-1 can be assigned to C-C bond vibration, the 

stretching mode of CF2 bond and the CH2 deformation mode respectively 

of PVDF.  The peaks at 487, 709 and 1349 cm-1 can be assigned to the α 

phase of PVDF. 

6.3.3. Fourier Transform Infrared (FTIR) spectroscopic analysis 

The FTIR spectra in the ATR mode for PVDF film and PVDF/ 

graphene film are shown in figure (3a) and figure (3b) respectively. The 

peaks at 766 and 976 cm-1 are typical of the α phase of PVDF. The 

important peaks of PVDF found in all polymorphs are the ones at 878 

and  1170 cm-1, corresponding to C-C bond vibrations and the stretching 

vibrations of CF2 bond respectively. The intensity of the characteristic 

absorption peak at 840 cm-1 corresponding to CH2 rocking, and at 1226 

cm-1 due to CF2 bending modes of the β phase of PVDF is found to be 

enhanced in the spectrum of PVDF/ graphene film. 
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Fig. (3a) FTIR spectrum of PVDF film Fig. (3b) FTIR spectrum of PVDF/ 

graphene film   
 

The peak at 976 cm-1, attributed to the α phase of PVDF is clearly 

seen in the spectrum of the pristine PVDF film, but is absent in the 

spectrum of the PVDF/graphene nanocomposite film. These observations 

provide conclusive evidence for the enhancement of the β phase of PVDF 

on the addition of graphene [36]. 

6.3.4. Morphological studies 

The field emission scanning electron microscopy image (FESEM) 

of the graphene nanoflakes is shown in figure (4a) and that of 

PVDF/graphene hybrid film in figure (4b). The dense dispersion of 

graphene within the PVDF matrix and the interconnectivity between 

graphene flakes are illustrated in the FESEM image of the PVDF/graphene 

composite film shown in figure 4(b). The selected area electron diffraction 
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(SAED) pattern and the TEM image of PVDF/graphene film are shown in 

figure (5a) and figure (5b) respectively. 

From the SAED pattern shown in figure (5a), the crystalline nature 

of the PVDF/graphene film can be confirmed. Eventhough PVDF is a 

semi-crystalline polymer, PVDF/graphene film shows higher extent of 

crystallinity. This is because of the increase in the highly ordered β phase 

of PVDF, in the PVDF/graphene film samples. The TEM image of 

PVDF/graphene film ensures the dispersion of graphene in the PVDF 

matrix and graphene is seen like a transparent coating on the polymer 

matrix.  

  
Fig. (4a) FESEM image of graphene Fig. (4b) FESEM image of PVDF/ 

graphene film 
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Fig. (5a) SAED pattern of PVDF

/graphene film 
Fig. (5b) TEM image of PVDF/ 

graphene film 

6.3.5. Measurement of thermal and mechanical stability 

(a) Thermal studies 

The thermal stability of the nanocomposite film was studied using 

thermo gravimetric analysis (TGA). In figures (6a) and (6b), curve (1) 

refers to PVDF film and curve (2) to PVDF/graphene nanocomposite film. 

 

  
Fig. (6a) TGA plots of PVDF and 

PVDF/graphene films 
Fig. (6b) DTG curves of PVDF and 

PVDF/graphene films 
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The film samples were heated to 700 °C at a scan rate of 10 °C per 

minute in nitrogen atmosphere. It can be observed that pure PVDF 

decomposes at temperature of 440 °C whereas for PVDF/graphene film 

samples, the decomposition temperature is increased by about 15 °C. In 

order to increase the resolution of TGA analysis, the first derivative of the 

mass loss versus the temperature (DTG) was plotted and the plot is shown 

in figure (6b). It is noticed that the temperature at which the mass loss rate 

is maximum (inflection temperature Ti) shifts to higher temperatures in 

the nanocomposite sample, as a result of the addition of graphene. The 

high temperature shift of Ti demonstrates the enhancement of the thermal 

stability of the composite film. The higher thermal stability of the 

nanocomposite sample makes it suitable for high temperature EMI 

shielding applications. 

(b) Mechanical studies 

The mechanical studies were carried out using Universal Testing 

Machine, Tinius Olesan (ASTM-D-638). The samples were cut into pieces 

of dimensions 10 cmx1cm, and a force of 500N was applied at a crosshead 

speed of 10 mm/min. The stress Vs strain curve is shown in figure (7).      
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Fig. (7) Stress-Strain curve 

The Young’s modulus and tensile strength of PVDF are found to 

increase, by the addition of graphene as evidenced from the Table (1). 

Table (1) Mechanical parameters 

Sample name 
Tensile 
strength 
(MPa) 

Elongation 
at break 

Young’s 
modulus 
(MPa) 

 PVDF film 19.4 6.53 % 806 

PVDF/graphene film 23 14.35 % 909 

6.3.6. Measurement of electrical transport parameters 

The dc electrical conductivity, resistivity, charge carrier 

concentration and the mobility of the majority charge carriers of the 

nanocomposite films were evaluated using the Hall measurement 

technique and the data is given in Table (2). It is observed that the dc 

electrical conductivity increases with increase in graphene concentration 

in the nanocomposite. Higher electrical conductivity is expected to 
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enhance the shielding effectiveness. In Table (2), the symbols, PGFN 2, 

PGFN 5, PGFN 10 and PGFN 15 refer to nanocomposite films with 

graphene concentrations of 2%, 5%, 10% and 15% respectively. The 

maximum electrical conductivity of the PVDF/ graphene film is around 

16 S/cm, which is about 109 times higher than that of PVDF film. The 

continuous ultrasonication of the graphene flakes in DMF and that of 

PVDF/DMF solution with graphene/DMF solution for many hours can 

result in a homogenous dispersion of graphene within the PVDF host 

matrix with good extent of connectivity among the dispersed graphene 

flakes as evidenced from the FESEM images. The connectivity among 

the graphene flakes combined with the high carrier concentration and 

carrier mobility give rise to the observed high electrical conductivity of 

the PVDF/graphene nanocomposite films, which is quite significant for 

effective EMI shielding action [9,17]. 

Table. (2) Hall measurement data of PVDF/graphene film 

Sample Conductivity 
S/cm 

Resistivity 
Ω cm 

Mobility 
cm2/Vs 

Carrier 
Concentration   

/cm3 
PGFN 2 2.085 0.4796 0.1476 8.82 E19 

PGFN 5 5.11 0.1957 0.1877 16.99 E19 

PGFN 10 10.33 0.09682 0.7136 9.035 E19 

PGFN15 16.03 0.06238 0.5421 18.46 E19 
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6.3.7. Measurement of EMI Shielding Effectiveness 

The experimental setup for the measurement of EMI shielding 

effectiveness is shown in figure (6a). The schematic representation of the 

setup is shown in figure (6b) and the sample holder and the 

PVDF/graphene composite sample in the form of a free standing flexible 

film are shown in figure (6c). Free standing PVDF/graphene 

nanocomposite films of 20 micrometer thickness were inserted between 

standard C and X band rectangular waveguide adapter of the network 

analyser. The scattering parameters (S-parameters) corresponding to the 

transmission (S12/S21) and reflection (S11/S22) of the electromagnetic 

waves from the film samples were recorded over the  C band and X band 

of the microwave radiation in the 4-8 GHz and 8-12 GHz frequency 

ranges respectively. The dimensions of the waveguides used were 34.8 x 

15.7 mm2 for the C-band and 22.8 x10.1 mm2 for the X-band. The film 

samples were cut into the required dimensions and separate experiments 

were conducted for each band. The propagation of electromagnetic 

waves through a shielding material results in the attenuation of the 

incident radiation. The EMI shielding effectiveness gives a measure of 

this attenuation. The characteristic of a good shielding material is that it 

should cause maximum attenuation of the EM wave by reflection or 

absorption with negligible transmission. The commercially fixed 

standard for typical EMI shielding materials corresponds to shielding 

effectiveness value of 20 dB, which is equivalent to an attenuation of   

99 % of the total incident energy [10]. 
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Fig. (8a) Experimental setup for SE measurement 

 
Fig. (8b)  Schematic diagram of the 

set-up 
Fig. (8c) Sample holder and sample 

The EMI SE of a material is defined by the following equation 

SE (in decibel) = 10 log10 (Pi/Pt)                                   (1) 

where Pi and Pt refer to the incident power and transmitted power of 

electro-magnetic waves respectively. When electromagnetic radiation is 

incident on a shielding material, phenomena such as reflection, 
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absorption and transmission take place. The total EMI SE (SE tot) is the 

sum of the SE due to absorption (SEA), reflection (SER) and multiple 

reflections (SEM). 

SEtot = SEA + SER + SEM       (2) 

When SEA is greater than 10dB, SEM becomes negligible and can be 

safely neglected. 

The S-parameters S11 (or S22) and S12 (or S21), which can be 

correlated with the reflectance R and transmittance T are given by the 

following equations, 

R = |S11|2 =|S22|2;    T = |S12|2 =|S21|2;   giving absorbance as, A = (1-R-T). 

The experimental reflection and absorption losses can be 

expressed as [9,10,17,37,38] 

SER =  -10 log10 (1-R)    (3) 

SEA =  -10 log10 [T/(1-R)]       (4) 

The novelty of the present work is that, quite high values of SE 

around 47 dB are obtained in the X-band frequency range, for 

micrometer thick, free standing and flexible films of PVDF/graphene 

nanocomposite with 15% graphene loading, without adding foaming 

agents or surfactants. Moreover, the graphene used is rather pristine 

graphene without any functional groups attached. The synthesis method 

adopted in the present work is quite simple and cost effective. The 

observed, high value of the shielding effectiveness of the present work 
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can be attributed to the high electrical conductivity of the 

PVDF/graphene film. The EMI SE values of PVDF/graphene films in 

the C band and X band frequency range of the electromagnetic spectrum 

are shown in figures (9a) and (9b) respectively. Graphs (1), (2), (3) and 

(4) correspond to 2%, 5%, 10% and 15% of graphene loading in the 

PVDF/graphene film. 

  
Fig. (9a) SEtot  as a function of 

frequency in C- band 
Fig. (9b) SEtot as a function of 

frequency  in X- band 
 

The total shielding effectiveness comes to around 42 dB in the C 

band (4-8 GHz) and 47dB in the X band (8-12 GHz) respectively. The 

increase in EMI SE with increasing frequency is due to the decrease in 

skin depth of the material with increasing frequency [14]. The EMI 

shielding effectiveness of nanocomposite films depends on many factors 

like the electrical conductivity of the composite film, the size and shape 

of the nanostructured filler materials in the matrix and the extent of their 

dispersion in the host matrix. The high electrical conductivity of the 
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PVDF/graphene nanocomposite films and the homogenous dispersion of 

graphene in the PVDF matrix are the prime factors responsible for the 

impressive EMI shielding behaviour of these nanocomposite films.  

The shielding effectiveness increases with the increase in the 

concentration of graphene in the nanocomposite as shown in the table (3) 

and the shielding due to absorption losses predominates over that due to 

reflection losses. As evident from table (3), the primary contribution to 

total EMI SE is due to absorption rather than reflection in the frequency 

range studied. On the basis of the above results, it can be inferred that the 

major shielding mechanism of PVDF/graphene composite is absorption 

mediated with a small contribution from reflection effects. This suggests 

that the PVDF/graphene nanocomposite films of the present work are 

good EM absorbers and may be used as radar absorbing materials. 

Table (3) Variation of shielding effectiveness with graphene concentration 
at 8GHz 

SAMPLE SE Absorption SE Reflection SE Total 
PGFN  2 20.75 0.698 21.45 

PGFN  5 27.50 1.162 28.67 

PGFN 10 29.18 1.302 30.48 

PGFN 15 45.36 2.170 47.53 

The SER and SEA are related to the electrical conductivity of 

composite as given in the following equations [9] 
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SER = −10 log                                                           (5) SEA = −8.68              (6) 

Here   is the electrical conductivity,  the permittivity, µ the 

magnetic permeability and t the thickness of the shielding material and 

ω, the angular frequency of the electromagnetic radiation.  It can be 

inferred from equation (6) that changes in the absorption losses will be 

more pronounced than those in the reflection losses, by changes in 

electrical conductivity, assuming the other parameters to be invariant. 

This aspect is especially valid in the present studies. The samples which 

exhibit higher electrical conductivity show higher absorption losses as 

well. Because of the high EM absorption properties, these 

PVDF/graphene  nanocomposite films have high application prospects in 

stealth technology as well. 

To conclude the discussion, we have compared our results with 

those reported in the literature and the data are comprehensively 

presented in Table 4. It can be seen that the EMI shielding characteristics 

obtained in the present study are superior to those reported in the studies 

mentioned in Table 4, except in the work reported by Sudheer Kumar et 

al (ref.9). However, in this work, the thickness of the films used is more 

than ten times the thickness our films and the films are grown by melt 

mixing rather than the simple method of solution casting adopted in our 

work. 
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6.4 Conclusions 

The present work highlights the development of free-standing, 

flexible, thermally and mechanically stable films of PVDF/ graphene 

nanocomposite of  about 20 microns thickness, showing  quite 

remarkable, absorption dominated  EMI shielding  properties, with 

prospective applications  as efficient and light weight   shielding 

materials. The synthesis method adopted in the present work is quite 

simple and cost effective. On the addition of graphene, there is an 

enhancement in the highly ordered β phase of PVDF, which is one of the 

prime reasons for the enormous increase in the electrical conductivity 

and the high EMI shielding effectiveness of the composite material. The 

EMI SE value of 47dB observed in the present work for the 

PVDF/graphene nanocomposite film samples is so far the highest value 

reported in the X-band frequency region in these types of 

nanocomposite, free standing films of micrometer thickness. These 

highly conducting films having remarkable EMI shielding effectiveness 

are ideal as excellent shielding materials and the absorption dominated 

shielding properties of these films are quite suitable for stealth 

applications. Since these films are free standing and flexible, they are 

suitable for EMI shielding applications without the geometrical 

constraints of the shape or size of the object. 
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The conclusions drawn from the present investigations are summarized in this 

chapter. The significant outcomes of the present study are highlighted. The 

future prospects of the present investigations are also addressed. 
 

7.1. Summary and Conclusions 

The focal theme of the work presented in the thesis is centered 
around realizing polymer nanocomposites in the form of flexible films 
with application prospects in technological areas of contemporary 
relevance, utilizing the laudable characteristics of the highly sought after 
polymer, poly(vinylidene fluoride) (PVDF) as the host polymer matrix. 
Polymer nanocomposites are composed of polymers as host materials and 
nanostructured, conducting or semiconducting additives as fillers. They 
find fabulous applications in various technological fields ranging from 
optoelectronics, magneto-optics, energy harvesting and storage to 
nanophotonics, bio-imaging, bio-sensing and drug delivery. The 
nanostructured filler materials used in the present work are zinc oxide 
(ZnO), zinc sulphide (ZnS), reduced graphene oxide (RGO) and graphene. 
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Depending upon the versatility of the filler materials used, these PVDF 
based  nanocomposites  are found to function as excellent UV shielding 
materials, light emitting  (both white light and coloured light) films, 
optical limiters and EMI shielding films. 

As the first phase of the work, the renowned semiconducting 
materials ZnS and ZnO are used as the nanostructured filler materials for 
making nanocomposites with the host polymer, PVDF. The 
semiconductor, ZnS has been extensively investigated for its versatile 
applications in cathode-ray tubes (CRT), field emission display (FED) 
devices, electroluminescent devices, photodiodes and sensors. In the 
present work, nanostructured ZnS, doped with manganese (ZnS:Mn) and 
copper (ZnS:Cu) are used for making nanocomposites with PVDF and 
flexible, free standing films of PVDF/ZnS:Mn and PVDF/ZnS:Cu are 
grown using the simple method of solution casting. The ZnS:Mn and 
ZnS:Cu based nanocomposite films are found to show intense yellow 
orange  emission at 598 nm  and blue emission at 432 nm respectively and 
offer ample scope for applications in flexible, luminescent devices. The 
photoluminescence quantum yields of these nanocomposite films are 
estimated using spectrofluorimeter in combination with integrating sphere, 
coated with BaSO4 and the data is consistent with the photoluminescence 
spectral data. By optimizing the doping concentrations of Mn and Cu, the 
intensities of the yellow and blue emissions can be tuned to generate white 
light emission from these nanocomposite films, by mixing the 
complementary emission colours, yellow and blue. 
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The nanocomposite films of the well-known transparent 

conducting oxide ZnO, with PVDF, obtained as flexible and free 

standing films of thickness around 20 micrometers, by solution casting 

technique are found to have fascinating UV absorption properties, in 

addition to the intense photoluminescence emission all through the 

visible region, culminating in appealing white light emission. The 

PVDF/ZnO nanocomposite films exhibit excellent UV absorption in the 

wavelength range 370 – 200 nm and the UV transmission is almost close 

to zero in this range. This range covers most of the unhealthy UV-B 

radiation, the exposure to which causes a number of skin related diseases 

and long term exposure to UV-B radiation might cause even skin cancer. 

These nanocomposite films hence offer excellent application prospects 

as flexible UV shielding materials. The simultaneous observation of 

excellent UV shielding and white light emission in these films is the 

novelty of the work on PVDF/ZnO nanocomposite films.The present 

work also offers scope for developing white light emitting flexible films, 

in a cost effective way.  

The second phase of the work deals with the studies on the 

nanocomposite films of PVDF with the carbon based filler materials, 

reduced graphene oxide (RGO) and graphene.The filler material, RGO is 

synthesized from graphite by modified Hummer’s method  using 

hydrazine hydrate  as the reducing agent and the PVDF/RGO 

nanocomposite films are grown by solution casting method. The addition  

of RGO is found to bring about good extent of enhancement in the β 
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phase of PVDF, which is the most ordered polymorph form of PVDF 

and this has been confirmed from the structural studies using XRD, 

FTIR and Raman spectroscopic techniques. The focal theme of the 

investigations is related to assessing the nonlinear optical response of 

these nanocomposite films using open aperture and closed aperture Z 

scan technique, using Nd:YAG laser of 7 ns pulses and 532 nm 

wavelength, as the source. From the single beam Z-scan experimental 

results of PVDF/RGO nanocomposite films, it is seen that the nonlinear 

absorption coefficient is quite high for these films, which is one of the 

prime requirements for efficient optical limiting applications. The high 

values of the various nonlinear coefficients and the low values of optical 

limiting threshold power, offer ample scope for the use of PVDF/RGO 

films in the design of nonlinear optical devices. The highlight of the 

present work is the observation of normalized transmittance as low as 

10% and low optical threshold power around 7.84 MW/cm2 for the 

flexible and free-standing films of PVDF/RGO nanocomposite. These 

highly stable, flexible films of PVDF/RGO nanocomposite of thickness 

around 10 microns are quite suitable for the development of efficient 

optical limiting devices of any shape or size.  

The last part of the work is focused on investigating the electro-

magnetic interference (EMI) shielding properties of the PVDF/graphene 

nanocomposite films. The films are obtained by solution casting method 

using commercially purchased graphene. The film samples are cut into 

the required dimensions for the EMI shielding measurements in the 
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frequency range, 4-12 GHz and the measurements are done using wave 

guide transmission line technique in a Vector Network Analyser. The 

structural characterization using XRD, Raman and FTIR spectroscopic 

techniques, provide conclusive evidence for the increase in the β phase 

of PVDF with the addition of graphene, similar to the enhancement 

observed upon the addition of RGO to PVDF. The higher thermal 

stability and mechanical strength of the nanocomposite film samples 

compared to pure PVDF films have been established from the thermal 

studies and the mechanical strength measurements. The dense dispersion 

of graphene within the PVDF matrix and the interconnectivity between 

graphene flakes can be confirmed from the FESEM studies and the 

crystalline nature of the PVDF/graphene films, from the SAED pattern. 

The dc electrical conductivity, carrier concentration and the mobility of 

the majority charge carriers are evaluated using the Hall effect 

measurement technique. The connectivity among the graphene flakes, 

combined with the high carrier concentration and carrier mobility 

observed in these nanocomposite films result in the observed high 

electrical conductivity of the nanocomposite films around 16 S/cm, 

which is quite significant for effective EMI shielding action. The 

highlight of the present work is the observation of remarkably high 

electro-magnetic interference (EMI) shielding effectiveness of about 47 

dB, exhibited by the  highly conducting and ordered PVDF / graphene 

nanocomposite films of thickness around 20 microns, in the microwave 

frequency range. The EMI shielding effectiveness of around 47dB has 
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been observed in the X-band frequency range, for micrometer thick, 

flexible films of PVDF/graphene nanocomposite with 15% graphene 

loading, without adding foaming agents or surfactants. Since these films 

are free standing and flexible, they are ideal for EMI shielding 

applications, without the geometrical constraints of the shape or size of 

the object. The shielding properties of these nanocomposite films are 

found to be absorption dominated and are hence quite suitable for stealth 

applications as well. 

7.2. Future Prospects 

The present work offers ample scope for further investigations, based on 

the results of the present studies and the conclusions drawn there from. 

1. By combining manganese doped and copper doped ZnS in 

suitable concentrations and dispersing them in PVDF matrix, it 

should be possible to realize flexible and free standing white 

light emitting films, by mixing the emissions of the 

complementary colours, yellow and blue. They can be of 

applications in solid state light emitting technology. 

2. The nonlinear optical response of the PVDF/RGO films can be 

studied using femto second laser pulses and it might be possible 

to observe the effects of higher order nonlinearity. 

3. The viscous nature of PVDF solution can be utilized for electro-

spinning the PVDF based nanocomposite solutions for making 
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nano-fibers. By electro-spinning PVDF/graphene solution, nano-

fibers can be formed and these fiber mats can be used for EMI 

shielding applications with much enhanced shielding 

effectiveness in a much broader range of microwave radiation.  

The present studies identify PVDF as an exotic host matrix for 

realizing various types of stable nanocomposite films with high 

application prospects in different technological fields. The full potential 

of PVDF can be tapped only by enhancing the β form to a large extent 

by stretching and poling the PVDF films. The stretched and poled PVDF 

nanocomposites are expected to offer many novel and exciting 

phenomena to watch, understand and explore.  
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