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(9)The  development  of  graphene/polymer  nanocomposites  has  opened 
 up  a  new  and  interesting  area  in  materials  science  in  recent  years.  These 
 nanocomposite materials show great improvement in properties that cannot 
 be achieved using conventional composites or virgin polymers. The extent 
 of  the  improvement  is  related  directly  to  the  degree  of  dispersion  of  the 
 nanofillers  in  the  polymer  matrix.  The  most  important  aspect  of  these 
 nanocomposites  is  that all these improvements  are obtained at  a very low 
 filler loading in the polymer matrix. Graphene based fillers have been used 
 in  polymer  nanocomposites  and  hold  potential  for  a  variety  of 
 technological applications. 


Graphene has many advantages in terms of properties, cost and purity 
 over  carbon  nanotubes  and  similar  filler  materials.  However,  the  low 
 dispersibility  of  graphene  is  the  major  challenge  for  many  applications  of 
 polymer/graphene  composites.  Chemical  functionalization  of  graphene  has 
 been the most common method employed by many researchers to overcome 
 this  challenge. However,  chemical  functionalization  can  deteriorate  many 
 other  important  properties.  The  use  of  reduced  graphene  oxide  (RGO) 
 instead of pure graphene is now accepted as a better alternative to overcome 
 the dispersibility issues. In RGO, the residual functional groups left out after 
 the reduction of graphene oxide can help in uniform dispersion throughout 
 the polymer matrix. 


The  successful  development  of  RGO/polymer  nanocomposites 
mainly depends on the type of polymer selected and method of preparation 
of  RGO.  A  simple  and  cost  effective  methodology  for  the  preparation  of 
the composite is also equally important for wide spread deployment of the 
material  for  practical  applications.  When  the  elasticity  is  of  particular 
importance  for  an  application,  the  difficulty  in  rubber  processing  always 



(10)the  preparation  of  RGO  nanocomposite  systems  with  both  plastic  and 
 elastomeric polymers for various applications. 


Even though one can find tremendous applications for graphene/polymer 
 composites,  this  work  mainly  focuses  on  development  of  RGO/polymer 
 composites for optical limiting, optical actuation and electrical applications.  


The thesis is divided in to eight chapters. Chapter 1 gives a general 
 introduction  about  graphene,  its  properties  and  applications  with  special 
 reference  to  graphene/polymer  nanocomposites.  In  addition  to  giving  an 
 overview of various applications of graphene/polymer nanocomposites, the 
 scope and objectives of the present work are also included. In Chapter 2, a 
 detailed  description  of  the  materials  used  and  methods  employed  for  the 
 study  is  given. Chapter  3  deals  with  the  preparation  and  characterisation 
 of graphene oxide and reduced graphene oxide. Graphene oxide is prepared 
 through chemical  route  with  a modified synthesis protocol. The reduction 
 of  graphene  oxide  is  carried  out  through  both  chemical  and  thermal 
 methods.  Results  of  the  detailed  characterisation  of  the  synthesised 
 materials are discussed. 


Chapter 4 of the thesis discusses the development of RGO/polymer 
 composites  and  their  characterisation.  This  chapter  is  divided  into  two 
 parts.  Part  A  discusses  about in  situ  reduced  graphene  oxide/poly(vinyl 
 alcohol)  (PVA)  nanocomposites  and  Part  B  deals  with  thermally  reduced 
 graphene  oxide/thermoplastic  polyurethane    (TPU)  nanocomposites.  The 
 uniform  dispersion  of  RGO  into  the  polymer  matrices  helped  to  achieve 
 significant improvement in  the thermal,  mechanical,  electrical  and optical 
 properties  of  the  composites  which  can  find  many  potential  applications. 


Chapter  5  describes  the  nonlinear  optical  absorption  (NLA)  and  optical 
limiting  properties  of  the  composites.  Part  A  of  this  chapter  deals  with 
NLA and optical limiting studies on RGO/PVA nanocomposites and Part B 



(11)discusses  that  of  RGO/TPU  nanocomposites.  Both  the  systems  exhibited 
 excellent  optical  limiting  characteristics.  The  NLA  and  optical  limiting 
 characteristics  were  found  to  increase  with  increasing  RGO  content.  The 
 retention of optical limiting properties of RGO even when incorporated to 
 a polymer matrix enables to develop a practical  solid state optical limiter. 


In  Chapter  6,  the  optically  triggered  actuation  in  RGO/polymer 
 nanocomposites  is  studied.  An  Infrared  (IR)  light  source  is  used  as  the 
 stimulus  to  remotely  actuate  the  composite  actuators.  In  Part  A  of  the 
 chapter, RGO/PVA based photomechanical actuators are studied in detail. 


The  effect  of  filler  loading  and  the  effect  of  an  applied  pre-strain  on  the 
 actuator  properties  are  studied.  Under  IR  irradiation,  RGO/PVA 
 nanocomposites  exhibited  contraction  and  the  contraction  increased  with 
 increasing  RGO  content.  Similarly,  in  Part  B,  the  photomechanical  stress 
 and strain achievable for RGO/TPU nanocomposites under IR illumination 
 is studied. With an applied pre-strain the composites exhibited contraction 
 in  length.  Photomechanical  strain  as  high  as  50%  was  obtained  for  this 
 system.  These  results  motivates  the  deployment  of  optically  triggered 
 actuators  in  applications  such  as  biomedical  devices.  In Chapter  7,  the 
 studies  on  the  electrical  properties  of  the  RGO/PVA  and  RGO/TPU 
 composites  are  discussed  in  Part  A  and  Part  B  respectively.  The 
 improvement in  electrical  conductivity with  low filler loading can help  to 
 find many potential applications in electrical and allied industries. 


Chapter  8  presents  the  conclusion  of  the  work  and  describes  the 
future outlook in this direction. 



(12)
(13)Polymer  nanocomposites  have  attracted  enormous  interest  of 
 scientific  community  in  the  last  few  decades  for  various  technological 
 applications.  In  this  work,  reduced  graphene  oxide  (RGO)/polymer 
 nanocomposites  were  developed  by  simple  solvent  casting  process. 


Reduced graphene oxide/poly(vinyl alcohol) (PVA)   nanocomposites were 
 prepared  by  the in  situ  reduction  of  graphene  oxide  in  PVA  solution. 


Thermally  reduced  graphene  oxide  was  used  in  the  preparation  of 
 RGO/thermoplastic polyurethane (TPU) nanocomposites. The thermal and 
 mechanical  properties  of  RGO/PVA  and  RGO/TPU  nanocomposites 
 improved  with  the  incorporation  of  RGO  in  the  polymer  matrix.  The 
 nonlinear  optical  absorption  and  optical  limiting  properties  of  the 
 nanocomposites  were  studied.  It  was  found  that  the  RGO/polymer 
 nanocomposites  of  the  present  study  exhibited  excellent  optical  limiting 
 characteristics.  The  optical  actuation  properties  of  the  nanocomposites 
 were  studied  with  infrared  light  as  the  stimulus.  The  photomechanical 
 strain  and  stress  observed  in  the  case  of  the  nanocomposite  optical 
 actuators  established  their  suitability  for  remote  controlled  actuator 
 applications.  The  electrical  characteristics  of  RGO/PVA  and  RGO/TPU 
 nanocomposites  improved  with  the  incorporation  of  RGO.  The  reduced 
 graphene  oxide/polymer  nanocomposites  can  be  used  for  many  potential 
 applications  such  as  antistatic  coatings,  thermal  sensors,  resettable  fuses 
 and inrush current limiters. 


Key words:  Graphene, Nanocomposites, Reduced Graphene Oxide, Poly(vinyl 
alcohol),  Thermoplastic  polyurethane,  Optical  limiting,  Optical  actuators, 
Photomechanical response, Electrical conductivity 
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GENERAL INTRODUCTION 


1.1   Graphene – the wonder material  
 1.2   Properties of graphene 


1.3   Methods for synthesis 
 1.4   Applications of graphene 


1.5   Polymer nanocomposites using graphene or       
          reduced graphene oxide 


1.6   Scope of the work 
 1.7   Objectives of the work 


The  rapid  growth  in  the  field  of  nanotechnology  and  the  use  of 
 nanomaterials for commercial applications has accelerated the development 
 of novel materials  and systems in this  field. The  last decade has witnessed 
 the  growth  of  Graphene,  a  new  addition  to  the  nanomaterial  family,  as  an 
 omnipresent material in every facet of science and technology. This chapter 
 presents  an  effort  to  understand  graphene,  its  properties  and  applications. 


The various members of the graphene family and how they can be combined 
 with  polymers  for  the  development  of  high  performance  materials  are  also 
 discussed. 1


1.1   Graphene – the wonder material  


In  the  recent  past,  materials  with  two-dimensional  (2D)  crystalline 
 nature have been identified and analyzed worldwide with great enthusiasm. 


Graphene is one of the most widely investigated materials in this category 
        


Part  of  this  chapter  is  accepted  for  publication  as  a  book  chapter  entitled  “Polymer-Graphene 
 Composites: Electronic Applications” in  “Encyclopedia of Polymeric Applications”, Taylor & Francis 
 Group, USA, 2017 (In Press)
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(24)due to both academic curiosity and the promising potential applications of 
 the  material  [1].  Graphene  is  an  allotrope  of  carbon,  with  one-atom  thick 
 planar  sheets  of  sp2  hybridised  carbon  atoms  densely  packed  in  a 
 honeycomb  crystal  lattice.  In  graphene,  the  carbon-carbon  bond  length  is 
 about 0.142 nm. Graphene can be considered as the mother of all graphitic 
 forms  including  zero  dimensional  fullerenes,  one-dimensional  carbon 
 nanotubes  and  three-dimensional  graphite  (figure  1.1)  [2].  Even  though 
 graphene  was  theoretically  predicted  long  back,  till  last  decade  it  was 
 unable  to  physically  isolate  it  from  graphite.  In  2010,  the  Nobel  Prize  in 
 Physics  was  awarded to  two scientists,  Andre K. Geim and  Konstantin  S. 


Novoselov,  for  their  ground  breaking  experiments  regarding  graphene. 


They  have  succeeded  in  producing,  isolating,  identifying  and  characterizing 
 graphene. 


Figure 1.1: Graphene  is  a  2D  building  material  for  carbon  materials  of  all 
other dimensionalities. It can be wrapped up into 0D bucky balls, 
rolled into 1D nanotube or stacked into 3D graphite [2]. 
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 Around  225  years  ago,  Lavoisier  listed  ‗‗Carbone‘‘  in  his  book 


‗‗Traite Elementaire de  Chimie‘‘ as one of the newly identified  chemical 
 elements. He had identified the versatility of carbon and shown that it was 
 the  elementary  component  of  both  diamond  and  graphite  [3].  Since  then, 
 there  have  been  continuous  efforts  to  find  out  more  allotropes  of  carbon 
 and  researchers  became  more  passionate  about  studying  the  properties  of 
 this  element  which  can  adopt  many  structures  ranging  from  diamond  and 
 graphite (3D) to graphene (2D), nanotubes (1D) or fullerenes (0D).  


In the early days, physicists believed that the independent existence of 
a  stable  two-dimensional  plane  was  not  possible.  The  theory  of  graphene 
was  first  explored  by  P.  R.  Wallace  in  1947  during  his  efforts  in 
understanding the electronic properties of more complex, 3D graphite [4]. In 
1962,  Hanns-Peter  Boehm,  in  his  descriptions  about  single-layer  carbon 
foils, coined the term Graphene as a combination of graphite and the suffix -
ene  [5,  6].  However,  the  wonder  material  of  the  present  era  was  emerged 
only  in  the  year  2004,  when  Andre  Geim,  Konstantin  Novoselov  and  their 
collaborators from the University of Manchester (UK), and the Institute for 
Microelectronics  Technology  in  Chernogolovka  (Russia),  presented  their 
results on graphene structures in Science magazine. Later in 2010, they were 
awarded  Noble  Prize  for  this  outstanding  contribution.  They  used  a  simple 
but  effective  mechanical  exfoliation  method  for  extracting  thin  layers  of 
graphite from a graphite crystal with Scotch tape and then transferred these 
layers to a silicon substrate [7]. Once the technology was developed, a large 
number  of  other  groups  started  conducting  experiments  to  further  improve 
the quality and quantity of the product. This resulted in phenomenal growth 



(26)in graphene research including production of graphene layers on substrates, 
 functionalizing graphene and exploring the various applications of graphene. 


The  impressive  properties  shown  by  single  and  few  layer  graphene 
 sheets encouraged the rapid adoption of graphene as a material of interest 
 for  a  variety  of  applications.  These  unique  properties  keep  the  material 
 always  a  step  ahead  compared  to  other  similar  materials  such  as  carbon 
 nanotubes,  graphite,  indium  tin  oxides  etc.  Various  research  groups  are 
 still  trying  to  identify  and  exploit  these  properties  for  more  advanced 
 applications. Some of these unique properties are discussed in the following 
 sections. 


1.2   Properties of Graphene 


1.2.1  Physical properties 


Graphene  is  a  highly  stable  odorless  solid  material  with  grayish  or 
shining black color. The material has got a very high specific surface area 
with  a  theoretical  value  of  2675  m2/g.  Graphene  has  a  unique  structure 
with  one-atom  thick  planar  sheets  of  sp2  hybridised  carbon  atoms  densely 
packed in a honeycomb crystal lattice [8]. The carbon atoms in the plane are 
bonded  by  σ  -bonds  with  a  bond  length  of  0.142  nm.  These  bonds  are 
extremely strong and give a rigid backbone to the graphene. The p – orbitals 
perpendicular to the graphene plane, will not participate in the σ – bonds, 
and  can  bind  covalently  with  neighboring  atoms  there  by  forming  a  half 
filled  π  –  band  responsible  for  the  electron  conduction  in  the  graphene 
plane.  In  other  words  the  graphene  structure  can  be  described  as  two 
identical sub lattices A and B, superimposed on each other (figure 1.2). 
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Figure 1.2:  Crystallographic structure of graphene. Atoms from 
 different sub lattices (A & B) are marked by different 
 colors. 


CDEF represents the unit cell. e1 and e2 are elementary translation vectors.     


a0 is the distance between two nearest atoms which is 0.142 nm. 


1.2.2 Electronic and electrical properties 


One of the most interesting aspects of the graphene is its highly 
 unusual nature of charge carriers, which behave as mass less relativistic 
 particles (Dirac fermions) [9]. Graphene has an ambipolar electric field 
 effect at room temperature; that is charge carriers can be tuned between 
 electrons and holes by applying a required gate voltage. Another important 
 electronic property of graphene is the Quantum Hall effect (QHE), due to 
 which the electrons, confined to a plane and subjected to high magnetic 
 fields, execute only prescribed quantum trajectories.  


1.2.3 Optical properties 


Single layer graphene is almost transparent over a broad wavelength 
range. It absorbs only 2.3% of incident light. It was reported that there is a 
linear increase in the absorption of light with the addition of number of 
graphene layers [8].   



(28)1.2.4 Mechanical properties 


Graphene is considered to be one of the strongest materials ever 
 measured. Measurements have shown that graphene has a breaking 
 strength 200 times greater than steel, bulk strength of 130 GPa and Young’s 
 modulus of 0.5 TPa. These high values make graphene very strong and 
 rigid [10]. 


1.2.5 Thermal properties 


In electronic components and devices, the huge amount of heat 
 generated during the device operation needs to be dissipated to improve the 
 performance and reliability of the devices. Hence the thermal management 
 is one of the key factors in electronics and graphene finds a lot of 
 applications in this field due to its unique thermal properties. Graphene 
 exhibits a negative coefficient of thermal expansion and is found to be 
 strongly dependent on temperature. At room temperature the value of 
 temperature coefficient is found to be (−8.0 ± 0.7) × 10–6 K–1 [11]. Thermal 
 conductivity in the range  (4.84 ± 0.44) × 103 to (5.30 ± 0.48) × 103 W/m.K  
 is reported for single layer pure defect free graphene at room temperature 
 [12]. Compared to graphene, the thermal conductivity of graphite is about 
 5 times smaller (1000 W/m.K).  


1.3   Methods for synthesis 


The cost effective preparation of high quality graphene materials on 
the desired scale is essential for many applications. Graphene can be 
produced by several methods [13-18]. However, most of these existing 
methods vary greatly in terms of time spent, required facilities, and most 
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importantly the cost associated with the production. The table 1.1 compares 
 different methods for the production of graphene.  


Table 1.1: Comparison of different methods for the production of Graphene 
 Method  Ref  Cost / 


Quality 


No. Of 
 layers 


Yield  Nature of 
 produced 
 graphene 


Precursor 


Mechanical 
 exfoliation 


[13]  Low/High  Single & 


multiple 


Low  Pristine  Graphite 
 Chemical 


reduction of  
 GO 


[14]  Low/Low  Single & 


multiple 


High  Chemically 
 modified 


Graphite 
 oxide 
 Liquid phase 


exfoliation 


[15]  Low/High  Single & 


multiple 


Low  Pristine  Graphite 
 Epitaxial 


growth 


[16]  High/High  Single & 


multiple 


Low  Pristine  SiC 


Chemical 
 Vapour 
 Deposition 


[17]  High/High  Single & 


multiple 


Low  Pristine  Hydro- 
 carbons 
 From CNT  [18]  High/Low   Single & 


multiple 


High  Chemically 
 modified  


MWCNT 


The  preparation  of  conducting  nanocomposites  using  graphene 
 highly depends on the exfoliation of the graphite down to single graphene 
 sheet in the matrices. This can be attained to a great extent by exfoliation 
 technique.  The  main  disadvantage  of  exfoliation  technique  is  that  the 


yield  is  very  low.  Mainly  there  are  two  types  of  exfoliation  techniques:       


(1) mechanical exfoliation and (2) exfoliation of graphite in solvents. 



(30)Mechanical  exfoliation was  one  of  the  first  methods  to  produce 
 graphene.  Andre  Geim  and  Konstantin  Novoselov  adopted  this  method  to 
 isolate graphene for the first time in 2004. Even though chemical oxidation 
 of  graphite  and  subsequent  exfoliation  can  yield  large  amount  of  graphene 
 oxide,  the  extensive  chemical  treatment  can  induce  structural  defects  and 
 this  may  affect  the  electronic  structure  of  graphene.  The  advantage  of 
 mechanical  exfoliation  is  that  it  can  be  used  to  produce  ‗high  quality‘ 


graphene.  Hence  mechanical  exfoliation  technique  is  desirable  for 
 producing  graphene  without  affecting  its  electronic  structure.  Scotch-tape 
 method  which  is  a  form  of  mechanical  exfoliation  uses  a  piece  of  tape  to 
 which a sample of graphite is pasted. By peeling off the tape, we can isolate 
 the top layers of graphite to obtain graphene. Generally, a chunk of graphitic 
 material  is  stuck  to  the  tape  and  the  tape  is  doubled  back  on  itself  and 
 pressed against the graphitic material. By unpeeling the tape, the material is 
 separated into two pieces. This process is repeated several times, each time 
 cleaving  the  material  thinner  until  eventually  single-layer  regions  remain 
 stuck to the tape. The tape is then pressed against an oxidized silicon wafer. 


The backside of the tape is rubbed for several minutes with soft plastic tongs 
 to transfer the graphene to the oxide before slowly removing the tape [13]. 


Solution  phase  exfoliation  of  graphite  in  certain  organic  solvents  is 
 another  method  to  yield  high  quality  mono-layer  graphene.  This  is 
 typically done by exposure of graphite powders in organic solvents such as 
 N, N-dimethyl formamide (DMF) or N-methyl-2-pyrrolidone (NMP) for a 
 very long time to high intensity ultrasound, thereby achieving the exfoliation. 


The  degree  or  extent  of  exfoliation  is  determined  by  various  parameters 
like ultrasonic solvent, sonication power and sonication time. 
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Other  important  methods  of  graphene  synthesis  are  substrate  based 
 methods.  The  major  advantage  of  substrate-based  methods  is  their  high 
 compatibility  with  the  current  semiconductor  technology.  But  the  graphene 
 produced  based  on  these  usually  consists  of  several  layers  and  the  overall 
 quality depends highly on the type of substrate materials used. The high cost 
 of  production  is  another  challenge  associated  with  these  methods.  Chemical 
 vapour deposition  (CVD) and epitaxial  growth  are  the  two  major  substrate 
 based methods for graphene synthesis. 


CVD is an attractive approach for the production of graphene due to 
 its  capability  of  producing  large  area  deposition.  Moreover  there  are  no 
 intense  mechanical  and/or  chemical  treatments.  In  CVD  method,  a  wafer 
 with a thin transition metal film plays the role of catalyst. This substrate is 
 placed in a heated furnace and is attached to a gas delivery system, which 
 will flow a gaseous carbon source downstream to the wafer. It is believed 
 that  carbon  is  then  adsorbed  and  absorbed  into  the  metal  surface  at  high 
 temperatures.  Once it is  allowed to  cool,  the same will  be precipitated on 
 the  substrate.  In  order  to  achieve  large-area  continuous  single-layer 
 graphene growth, we have tune various parameters like reaction time, flow 
 rate of carbon-containing precursors, flow rate of inert and reducing gases, 
 temperature of the flow-cell, heating and cooling rates and the thickness of 
 the metal layer. 


Epitaxial growth of a material refers to the formation of a crystal on 
top  of  a  crystalline  substrate  that  exhibits  a  similar  structure.  Silicon 
carbide  (SiC),  also  known  as  Moissanite  or  Carborundum,  was  first 
reported  in  1885.  When  SiC  substrate  is  heated  under  ultra  high  vacuum, 



(32)silicon  atoms  sublimate  from  the  substrate.  The  removal  of  Si  leaves 
 surface  carbon  atoms  to  rearrange  into  graphene  layers.  The  thickness  of 
 graphene  layers  depends  on  the  annealing  time  and  temperature.  It  is 
 possible  to  obtain  few  layer  graphene  with  few  minutes  annealing  of  the 
 SiC  surface  at  temperature  around  1200  °C.  The  technique  of  epitaxial 
 growth  has  been  an  attractive  approach  especially  for  semiconductor 
 industry because the products  are obtained on SiC substrates and requires 
 no transfer before processing devices. 


1.3.1 Synthesis of graphene by chemical route 
 1.3.1.1 Preparation of graphite oxide 


Chemical  conversion  of  graphite  to  graphene  oxide  has  emerged  to 
 be one of the most viable routes to obtain graphene in considerable quantities 
 [19]. Graphite oxide is a product from oxidation of graphite, and maintains 
 the  original  layered  structure  of  graphite.  Due  to  the  existence  of  large 
 number  of  hydroxyl,  carboxyl,  carbonyl  and  epoxy  functional  groups 
 attached  onto  the  basal  and  edge  planes,  graphite  oxide  is  strongly 
 hydrophilic  in  nature.  The  graphite  oxide  platelets  differ  from  ―pristine‖ 


graphene,  by  the  fact  that  graphene  has  superb  electrical  conductivity 
 compared to the insulating nature of graphite oxide sheets. Due to the strong 
 hydrophilic  nature  of  graphite  oxide,  it  gets  easily  exfoliated  in  water 
 yielding  a  dispersion  consisting  mostly  of  single  layer  sheets  (graphene 
 oxide).  


Graphite  oxide  can  be  synthesized  from  graphite  flakes  using 
different  methods  like  Brodie,  Staudenmaier,  or  Hummers‘  method  or 
some  variation  of  these  methods.  All  these  methods  involve  oxidation  of 
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graphite using some oxidizing agents like concentrated sulphuric acid, nitric 
 acid, potassium chlorate  (KClO3), and potassium  permanganate. The major 
 chemical  methods  for  the  synthesis  of  graphite  oxide  are  Brodie‘s  method 
 (potassium  chlorate  (KClO3)  and  fuming  nitric  acid  (HNO3)  as  oxidants), 
 Staudenmaier‘s method (KClO3, HNO3 and H2SO4 as oxidants and Hummers‘ 


method (potassium permanganate (KMnO4) and concentrated sulphuric acid 
 (H2SO4) as oxidants. Presently, the most widely used methods are Hummer‘s 
 method and its modifications. 


Once  graphite  oxide  is  prepared,  rather  than  retaining  a  stacked 
 structure  of  graphite  oxide,  it  will  be  better  to  exfoliate  the  same  into 
 monolayer  or  few-layered  stacks.  The  exfoliated  graphite  oxide  is  called 
 graphene  oxide.  There  are  different  mechanical  or  thermal  methods 
 available for the exfoliation technique. Most commonly sonicating graphite 
 oxide  in  water  is  used  for  the  exfoliation.  It  is  necessary  to  get  better 
 dispersibility  of  graphene  oxide  in  solvent  for  further  processing.  The 
 factors  like  extend  of  surface  functionalization  imparted  on  the  surface 
 during  oxidation  and  selection  of  solvent  are  of  greater  importance  to  get 
 better dispersibility.  


1.3.1.2 Reduction of graphene oxide 


Both  graphite  oxide  and  graphene  oxides  are  electrically  insulating 
materials due to their disrupted sp2 bonding networks. Since the electrical 
conductivity  can  be  recovered  by  restoring  the  π-network,  reduction  of 
graphene  oxide  is  considered  to  be  the  most  important  reactions  of 
graphene oxide [19]. 



(34)When  colloidally  dispersed,  a  variety  of  chemical  means  may  be 
 used to reduce graphene oxide. Chemical reduction of exfoliated graphene 
 oxide has been performed with several reducing agents including hydrazine, 
 hydrohalic  acid,  sodium  borohydride  (NaBH4)  etc.  Hydrazine  hydrate, 
 unlike  other  strong  reducing  agents,  does  not  react  with  water  and  was 
 found  to  be  the  best  one  for  obtaining  graphene  from  graphene  oxide. 


During  the  reduction  process,  the  brown  coloured  dispersion  of  graphene 
 oxide  in  water  turned  black  and  the  reduced  sheets  aggregated  and 
 precipitated.  The  reduced  graphene  oxide  became  less  hydrophilic  due  to 
 the removal of oxygen atoms and thus precipitated. 


Thermal  reduction  is  another  approach  to  reduce  graphene  oxide  to 
 reduced  graphene  oxide.  This  technique  utilizes  the  heat  treatment  to 
 remove  the  oxide  functional  groups  from  graphene  oxide  surfaces.  The 
 exfoliation  happens  when  the  decomposition  rate  of  the  epoxy  and 
 hydroxyl sites of graphite oxide exceeded the diffusion rate of the evolved 
 gases,  thus  yielding  pressures  that  exceeded  the  Vander  Waals  forces 
 holding the graphene sheets together. Figure 1.3 illustrates the conversion 
 of graphite to graphene through chemical route. 


Figure 1.3: Chemical synthesis of graphene 
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1.4   Applications of graphene  


Graphene and the members of graphene family including graphene 
 oxide, reduced graphene oxide, graphene ribbons, etc. cater to almost all 
 the field of technological applications. The wide range of applications 
 include sensors, actuators, transparent conducting layers in displays and 
 solar cells, supercapacitors, transistors, drug delivery systems, nano antennas, 
 optoelectronic and nanophotonic devices and so on.  


Another most outstanding application is to use graphene as filler into 
 a polymer matrix thereby forming polymer nanocomposites. Graphene is 
 one of the strongest and stiffest known materials and is also very light 
 weight. Hence graphene as filler imparts improvement to the composite 
 properties such as increased strength, increased conductivity, and increased 
 thermal stability. There are various methods for the incorporation of 
 graphene into the composite. Graphene based composites find applications 
 in a large number of fields, including actuators, sorbent/filter/medical 
 applications, lightweight high-strength structural components, electrically 
 and/or thermally conducting nanocomposites. 


1.5   Polymer nanocomposites using graphene or reduced 
 graphene oxide 


The development of a nano level dispersion of graphene particles in a 
polymer matrix has opened a new and interesting area in materials science 
in recent years. These nanocomposite materials show great improvement in 
properties that cannot be achieved using conventional composites or virgin 
polymers. The extent of the improvement is related directly to the degree 
of dispersion of the nanofillers in the polymer matrix. The most important 



(36)aspect of these nanocomposites is that all these improvements are obtained at 
 a very low filler loading in the polymer matrix. Graphene based fillers have 
 been used in polymer nanocomposites and hold potential for a variety of 
 possible applications [20-24]. GO and other graphite derivatives such as 
 graphite intercalation compounds (GICs) can be used as precursors for the 
 large scale production of graphene [25]. Polymer matrix composites with 
 graphene-based filler include polystyrene (PS), polymethyl methacrylate  
 (PMMA), polypropylene (PP), polyester, polyurethane (PU), etc. To achieve 
 large property enhancements in their nanocomposites, layered materials such 
 as GO are exfoliated and well dispersed in the polymer matrix.  Rapid heating, 
 as well as ultrasonication of GO are used to produce highly-exfoliated 
 platelets for Nanocomposites. Themally-expanded GO (‘TEGO’) is reduced 
 and can be use to make electrically conductive composites [26].  These fillers 
 can be dispersed into polymers using techniques such as solution mixing, melt 
 mixing, or in situ polymerization; of these methods, in situ polymerization 
 might offer superior dispersion of this filler. The incorporation of graphene 
 materials as fillers show great improvements in properties such as elastic 
 modulus, tensile strength, electrical conductivity, and thermal stability. 


Moreover, these improvements are often observed at low loadings of filler 
 evidently due to the large interfacial area and high aspect ratio of these 
 materials, requiring small amounts of filler to achieve percolation.  


1.5.1 Properties of polymer nanocomposites using graphene or 
 reduced graphene oxide  


Exfoliated carbon sheets obtained from graphene oxide (GO) via 
either chemical reduction or thermal reduction can be dispersed in polymers 
to modify their physical properties. 
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1.5.1.1 Electrical Conductivity  


The  most  surprising  property  of  graphene  is  its  very  high  electrical 
 conductivity.  When  used  as  fillers  with  insulating  polymer  matrix, 
 conductive  graphene  may  greatly  enhance  the  electrical  conductivity  of 
 the  composites  [21,  23,  27-29].  Various  factors  influence  the  electrical 
 conductivity and the percolation threshold of the composites. These factors 
 include  the  aggregation  of  filler,  the  presence  of  functional  groups  on 
 graphene  sheets,  concentration  of  fillers,  aspect  ratio  of  the  graphene 
 sheets,  inter-sheet  junction,  distribution  in  the  matrix,  wrinkles  and  folds, 
 processing methods, etc. The pristine graphene has the highest conductivity, 
 however  difficulty  in  producing  a  large  amount  by  mechanical  exfoliation 
 limits  its  use  and  compels  to  rely  on  chemically  reduced  graphene  oxide 
 and thermally reduced graphene oxide. 


1.5.1.2 Thermal Conductivity 


Superior  thermal  transport  properties  of  graphene  dispersion  have 
potential  for  thermal  management  in  miniaturized  electronic  devices,  for 
thermal pastes, and for heat-actuated, shape-memory polymers. It has been 
reported  that  2-D,  platelet-like  GNP  can  improve  thermal  conductivity 
more effectively than 1-D, rodlike CNT. However, unlike the exponential 
increase  in  electrical  conductivity,  thermal  conductivity  enhancement  by 
the  carbon  nanofillers  is  not  as  dramatic,  even  lower  than  expected  from 
effective medium  theory. This  is  partly  due to  smaller contrast  in  thermal 
conductivity  between  polymers  and  graphitic  carbons  compared  to  the 
contrast  in  electrical  conductivity.  Moreover,  since  thermal  energy  is 
transferred mainly in the form of lattice vibration (phonons), poor coupling 



(38)in  vibration  modes  at  the  filler-polymer  and  filler-filler  interfaces  will 
 impart significant thermal resistance [30]. 


1.5.1.3 Mechanical Properties. 


Higher  mechanical  properties  (elastic  modulus  and  tensile  strength) 
 of graphene sheets have attracted the attention of researchers. The polymer 
 reinforced  with  graphene  has  been  employed  to  explore  intrinsic  strength 
 (125  GPa)  and  elastic  modulus  (1.1  TPa)  of  nanosheets  to  bulk  polymer 
 composites.  Similar  to  other  composites,  the  mechanical  properties  are 
 dependent on the reinforcement phase concentration and distribution in the 
 host  matrix,  interface  bonding,  and  reinforcement  phase  aspect  ratio,  etc. 


Although  the  pristine  graphene  has  the  highest  theoretical  strength,  the 
presence  of  functional  groups  on  the  GO  surfaces  has  the  additional 
benefits  of  its  high  level  of  dispersion  in  polar  solvents  and  water.  The 
improved  GO/polymer  interaction  facilitates  high  molecular  level 
dispersion and enhanced interfacial interaction, leading to high mechanical 
properties [21]. The interaction of graphene and polymer at the interface of 
effective  load  transfer  has  been  extensively  investigated.  The  tailoring  of 
mechanical  properties  by  a  covalent  and  non-covalent  bond  configuration 
between  the  matrix  and  sheets  reinforcement  can  provide  exceptional 
features.  The  responsible  Van  der  Waals  forces  and  hydrogen-bond 
interactions  were  reported  for  improved  mechanical  properties.  While 
modulus increase with graphene dispersion is evident for all polymers, it is 
more pronounced for elastomeric matrices. This is due to greater stiffness 
contrast between reinforcement and matrix. 
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1.5.1.4 Thermal Stability 


Improved thermal stability of host polymers is another benefit expected 
 from graphene-based reinforcements. Decomposition of graphene composites 
 is substantially slower than neat polymers, which is attributed to restricted 
 chain mobility of polymers near the graphene surface. During combustion, 
 inflammable anisotropic nanoparticles form a jammed network of char layers 
 that retards transport of the decomposition products. This suggests application 
 of graphene/ polymer nanocomposites for flame retardation [31, 32]. 


1.5.2 Preparation methods of polymer/ graphene nanocomposites 
 The mechanism for the interaction in polymer/graphene nanocomposites 
 depends on the polarity, molecular weight, hydrophobicity, reactive groups, 
 etc., Solution blending, melt mixing, and in situ polymerization are the 
 three common synthesis methods of the polymer matrix composites.  


1.5.2.1 Solution blending 


Solution blending is the most common technique to fabricate polymer-
based composites provided the polymer is readily soluble in common 
aqueous and organic solvents, such as water, acetone, DMF, chloroform, 
dichloromethane (DCM) and toluene. Graphene or modified graphene can 
be dispersed easily in a suitable solvent, such as water, acetone, chloroform, 
tetrahydrofuran (THF), DMF or toluene, owing to the weak forces that 
stack the layers together. To homogenize the dispersion of graphene 
sheets, ultrasonic power can be used. Long time exposure to high power 
ultrasonication can induce defects in graphene sheets which are detrimental 
to the composite properties. During the blending, the polymer coats the 
surface of the individual sheet and interconnects each sheet after the solvents 



(40)are removed. Solution blending of GO and RGO sheets tend to agglomerate 
 during slow solvent evaporation, resulting in inhomogeneous distribution of 
 sheets in polymer matrix. The distribution can be controlled by controlling 
 the evaporation time using spin coating or drop casting. Various polymer 
 composites such as graphene–PVA, GO–PVA, graphene–polyvinyl chloride 
 (PVC), PVA–GO layer by layer assembly, PVDF-thermally reduced 
 graphene, etc. have been prepared using this technique [33-37]. 


1.5.2.2 Melt mixing 


In the melt mixing method, no solvent is required and graphite or 
graphene or modified graphene is mixed with the polymer matrix in the 
molten state. A thermoplastic polymer is mixed mechanically with graphite 
or graphene or modified graphene at elevated temperatures using conventional 
methods, such as extrusion and injection moulding. The polymer chains are 
then intercalated or exfoliated to form nanocomposites. This is a popular 
method  for  preparing  thermoplastic  nanocomposites.  Polymers,  which      
are unsuitable for adsorption or insitu polymerization, can be processed 
using this technique. A wide range of polymer nanocomposites, such as 
Polypropylene/Exfoliated graphite (EG), high density polyethylene 
(HDPE)/EG, etc., have been prepared using this method. In addition, the 
restacking process is a newly imposed approach in which nanocomposites 
are obtained via a transformation of the host material into a colloidal 
system and precipitation in the presence of the polymer [21]. This method 
differs from other methods because a previously formed host layered 
crystal is not used. These Nanocomposites show interesting microstructural 
phase changes as well as enhanced thermal stability relative to both parent 
phases [21, 38]. 
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1.5.2.3 In situ interactive polymerization 


This  fabrication technique starts  with  the dispersion  of GO or RGO 
 in  monomer followed by the polymerization of the monomers.  Graphene 
 or modified graphene is first swollen within the liquid monomer. A suitable 
 initiator  is  then  diffused  and  polymerization  is  initiated  either  by  heat  or 
 radiation.  A  variety  of  polymer  nanocomposites  have  been  prepared  using 
 this  method  including  graphene/polyurethane,  graphene/nylon-6,  graphene 
 oxide/polypropylene, chemically modified graphene/PMMA, etc. [39 - 41]. 


1.5.3 Applications of polymer/graphene or RGO nanocomposites 
 Graphene–polymer  nanocomposites  have  found  applications  in 
 various  electronic  and  photonic  devices  including  actuators,  sensors, 
 capacitors, fuel cells, etc. The following sections will elaborate on the major 
 applications  of  polymer–graphene  composites  and  recent  developments  in 
 each field. 


1.5.3.1 Actuator applications 


‗Actuator‘ is a term generally used to represent materials or devices 
which  can  undergo  a  mechanical  deformation  when  excited  with  an 
appropriate  external  stimulus  [43].  In  the  recent  past,  graphene-polymer 
composite  actuators  have  attracted  considerable  attention  of  researchers 
because  of  their  unique  advantages  such  as  low  cost,  ease  of  processing, 
large  displacements  obtained  and  their  resemblance  to  the  properties  of 
human muscles.  These features make them the most promising candidates 
for many applications including artificial muscles and robotics. Graphene-
polymer  composite  actuators  are  considered  as  one  of  the  most  versatile 



(42)actuator systems since they can be triggered by electrical, optical, thermal 
 or chemical stimulus.  


The  electrically  triggered  polymer  actuators  can  basically  follow        
 two  different  mechanisms:  either  by  utilizing  Maxwell‘s  stress,  which  is 
 generated as a result of the electrostatic attraction between the two electrodes, 
 or by pure electrostrictive effect [44]. However, there can be another class of 
 polymer actuators in which the large mechanical deformation is caused due to 
 the  movement  of  charge  by  ions  at  low  voltages  as  in  the  case  of  ionic 
 polymer - metal composites [45]. There have been several reports during the 
 last few years to develop electromechanical actuators with excellent actuator 
 performance by combining the unique properties of graphene with different 
 polymer systems. Unlike the conventional polymer based electromechanical 
 actuators, graphene-polymer composite actuators follow different mechanisms 
 in  different  systems  depending  on  the  materials  and  the  design  of  the 
 actuators. This makes them the most versatile actuator materials for various 
 practical applications. 


In a study by Chen et al. using poly(methylmethacrylate) functionalized 
 graphene – polyurethane (MG–PU) composite actuators,  it was found that the 
 introduction  of  functionalised  graphene  into  PU  matrix  significantly 
 improved  the  electric  field  induced  strain  behaviour  when  compared  to 
 pure  PU  films.  There  was  an  increase  in  the  electric  field  induced  strain 
 from  17.6%  for  pure  PU  to  about  32.8%  for  1.5 wt%  MG–PU  composite 
 film which is almost two times than that of pure film [46]. 


Graphene  can  undergo  contraction  on  heating  due  to  its  negative 
temperature  coefficient  of  thermal  expansion.  This  unique  property  was 
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utilized  by  Zhu  et  al.  for  designing  a  bimorph  actuator  using  graphene–


epoxy  hybrid  system  [47].  The  graphene-on-organic  film  actuator  was 
 developed as  a cantilever in which graphene acted both as the conducting 
 layer  and  heating  layer.  Upon  applying  electric  power,  the  graphene  was 
 directly heated and the epoxy was warmed up by diffused heating. Due to 
 the mismatch in  thermal  expansion of  graphene  and epoxy, the  cantilever 
 exhibited  a  deflection  towards  the  graphene  coated  side.  The  device 
 exhibited  high  actuation  behaviour  at  very  low  power.  For  instance,  the 
 cantilever tip showed a deflection of 1 µm with an input voltage as low as 
 1  V  within  0.02  seconds  and  returned  back  to  its  original  position  within 
 0.1 second. They have also reported that the flapping and bending motion 
 of the actuators can be controlled by changing the frequency and duration 
 of applied voltage. They have demonstrated the working of this graphene-
 on-organic film actuator in the form of a dragon fly wing as illustrated in 
 figure 1.4.  


Figure  1.4:  Graphene-on-organic  film  which  is  in  the  form  of  a 
dragonfly wing [47]  



(44)A  similar  bimorph  actuator  based  on  a  bi-layer  of  graphene  and 
 polydiacetylene  (PDA)  was  reported  by  Liang  et  al.  [48].  The  actuator 
 generated large actuation motion under low electric current in response to 
 both dc and ac signals.  For example, for a bimorph of size 10 mm length 
 by  2.7  mm  width,  at  a  very  low  dc  current  of  20  mA  (current  density  of 
 0.74  A/mm2),  a  displacement  as  large  as  1.8  mm  and  a  curvature  of  0.37 
 cm-1  were  obtained.  Similarly,  an  actuation  stress  as  high  as  160  MPa/g 
 was  obtained  under  an  applied  dc  of  only  0.29  A/mm2.  Under  ac  signal, 
 this  actuator  displayed  reversible  swing  behaviour.  Moreover,  it  was  also 
 demonstrated that a strong resonance can be generated when the frequency 
 and  the  value  of  applied  ac  and  the  state  of  the  actuators  reach  an 
 appropriate  value.  This  interesting  actuation  behaviour  was  explained 
 based  on  two  mechanisms.  The  electric  field-induced  deformation  is 
 considered  as  the  dominant  one,  and  the  thermal  induced  expansion  of 
 PDA  was  proposed  as  the  second  mechanism  contributing  to  this  high 
 actuation performance.  


Recently, the electroactive performance of graphene loaded cellulose 
composite  actuators  was  reported  by  Sen  et  al.  [49].  The  films  of 
microcrystalline  cellulose  (MCC)  loaded  with  graphene  nanoplatelets 
were  prepared  by  solvent  casting  method.  An  ionic  liquid,  1-butyl-3-
methylimidazolium chloride (BMCl), was used as the solvent. The composite 
films were converted in to actuator strips by forming electrodes using gold 
leaf.  The  incorporation  of  graphene  enhanced  the  conductivity  and 
mechanical  properties  of  the  composite.  The  actuator  performance  was 
measured at 3 to 7 V. The study reported that the graphene loading reduced 
the actuation speed but enhanced the ability to operate at higher excitation 
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voltages. Moreover, an increase of 267% in the maximum displacement at 
 an  excitation  voltage  of  3V  was  achieved  with  the  addition  of  graphene. 


This clearly indicates that the loading of graphene nanoplatelets resulted in 
 better electroactive performance of the cellulose based-composite actuator. 


Electro-active  actuators  based  on  graphene  reinforced  Nafion 
 composite  electrolytes  were  developed  and  their  actuation  performances 
 were investigated by Jung et al. [50]. In addition to the enhanced mechanical 
 properties  imparted  by  graphene  loading,  the  proton  conductivity  was 
 drastically  improved  on  incorporation  of  graphene.  The  displacement 
 obtained  for  graphene  loaded  Nafion  at  0.5  V  was  twice  that  of  recast 
 Nafion.  When  the  exciting  voltage  was  increased  to  1.5  V,  the  increase  in 
 displacement  for  the  composite  was  three  times.  This  displacement  was 
 higher  than  that  for  single-walled  carbon  nanotube  reinforced  ionic 
 polymer  metal  composites  (IPMCs)  reported  earlier.  The  bending 
 deformations and blocking force obtained for graphene-Nafion composites 
 is  much  higher  than  that  of  recast  Nafion-based  IPMC  actuators.  The 
 efficiency  analysis  confirmed  that  the  electromechanical  efficiency  of  the 
 graphene-Nafion  composite  actuators  is  almost  twice  than  that  of  recast 
 Nafion. In a similar Nafion based actuator system, instead of incorporating 
 graphene in to the Nafion matrix, graphene-polyanilene composite was used 
 as the electrolyte [51]. Maximum conductivity was obtained for films with 
 aniline and 90% graphene. A tip displacement of 8.1 mm was obtained for 
 6.8V.  


Polymer  nanocomposite  based  optical  actuator  is  one  of  the  fast 
developing  fields  in  the  contemporary  research.    The  unique  features  like 
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