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Achievements and Challenges 

 Graphene constitutes a two dimensional sp 2  hybridized carbon material with outstanding electrical and mechanica
roperties. To date, novel methods for producing large quantities of graphene and its derivatives (doped or function-aliz

graphenes, nanoribbons and nanoplatelets) are emerging, and research dedicated to the fabrication of polymer 
  1. Introduction 

  1.1. Structure and Physico-Chemical Properties of Graphene 

 Graphene consists of a single layer of sp 2  hybridized carbon 
atoms forming a two-dimensional (2D) hexagonal lattice 
( Figure    1  ). It could be considered as a fundamental building 
block for all sp 2 -hybridized carbon allo-tropes (e.g. graphite, 
nanotubes and fullerenes). Possibly the fi rst experimental 
report on graphene appeared, [  1  ]  in 1962. However, it was until 
2004, when the Manchester group lead by A. Geim and K. 
Novoselov, [  2  ]  isolated individual graphene layers via repeated 
peeling using “scotch tape”. In particular, graphene is a unique 

nanocomposites using graphenes has started. In this Research News, we summarize the synthesis and properties of 
graphene and its derivatives, and provide an overview of the latest research 

omposites for different applications, including mechanical, electrical, optical and d 
composites exhibit outstanding properties, however, it is vital to understand the  
stablished between the polymer and the graphene surfaces. The challenges in y 
conducting composites using graphenes are also discussed. It is believed that  

result in commercial products if their interphases and reactivity
monolayer 2D crystal displaying a room temperature quantum 
Hall effect, [  3  ]  and more importantly, it is the strongest mate-
rial reported to date. [  4  ]  It is a semimetal with its conduction 
band and valence 
band being degenerate at the K point in the Brillouin zone, 
and it has an extremely high room temperature carrier 
mobility (ca. 2 orders of magnitude greater than that of 
silicon). [  5  ]   
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 It is important to emphasize that as the number of graphene 
layers starts to pile up, the properties of the material starts 
to approximate that of graphite (a 3D crystal consisting of 
stacked layers of sp 2  hybrid-ized carbon atoms; Figure  1 ). For 
example, bi-layer graphene exhibits parabolic electronic 
bands and the energy gap on bi-layer graphene could be 
opened, which is of interest in techno-logical applications. [  6  ]  
Tri-layer graphene displays a band struc-ture which combines 
the mono-layer and the bi-layer. As the number of layers 
increases, the conduction and valence bands start 
overlapping. [  2  ,  7  ]  Therefore, from the electronic standpoint, it is 
important to distinguish between the different types of 
graphenes: graphene, few-layer graphene, and graphite (Figure  1 ). 
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     Figure  2 .     Molecular models of sp 2  hybridized carbon (graphene) displaying different interac-
tions with polymer matrices: non-covalent interactions (e.g.   π  –  π   interactions), covalent interac-
tions, electrostatic interactions and polymer blending.  
Interestingly, the stacking order of the layers 
has been found to dramatically change the 
electronic properties of multi-layer graphene. 

 The thermal properties of suspended 
graphene have exhibited extremely high 
values of thermal conductivity (4.84  ±  
0.44) × 10 3  to (5.30  ±  0.48) × 10 3  W · m  − 1  · K  − 1 , 
higher than experimental values obtained 
for carbon nanotubes and diamond. [  8  ]  More 
recent experimental measurements on chem-
ical vapor deposition (CVD) grown graphene 
revealed lower values (ca .  2500 W · m  − 1  · K  − 1 ). [  9  ]  
These results indicate that the crystallinity of 
the 2D sheets affects signifi cantly the thermal 
properties. Therefore, if one is to exploit the 
outstanding thermal properties of graphene, 
it is important to synthesize extremely high 
crystalline graphene so that the fabrication of 
heat dissipaters and polymer composites with 
high thermal conduction could be possible. 
In addition, the thermal properties of doped-
graphenes and individual graphene nanorib-
bons still need to be explored, as these novel 
forms of graphene could also have relevance 
in thermal applications. 
 Regarding the mechanical strength of an individual graphene 
sheet, graphene breaking strengths are 200 times larger than 
that of steel, and Young’s modulus is ca .  1 Tera Pascal (TPa). [  4  ]  
Similar to the thermal properties explained above, these meas-
urements were dependent on the number and types of defects 
within the 2D sheet. It is noteworthy that the predicted Young’s 
modulus for graphite along the basal plane is ca .  1 TPa, and 
other mechanical measurements on individual graphene sheets 
have revealed Young’s modulus values of ca .  0.5 TPa. [  10  ]  

 The relationship between mechanical and electronic prop-
erties of graphene has been explored recently using CVD 
grown graphene and subjected to mechanical strains. [  11  ]  When 
graphene was bent, the resistance (initially  ca.  300  Ω ) increases 
almost one order of magnitude. Similarly, the resistance could 
vary when stretching the sheet, and one order of magnitude dif-
ference between the resistance parallel and perpendicular to the 
stretching direction was found. 
     Figure  3 .     Molecular models of: a) single-layer fl uorinated graphene (courtesy of T. Hayashi) 
and b) single-layer oxidized graphene (courtesy of R. Cruz-Silva and F. Tristán-López).  
 From the chemical standpoint, it has been 
demonstrated that highly crystalline graphene 
surfaces appear to be chemically inert, and 
these surfaces could interact with other mol-
ecules via physisorption (  π  –  π   interactions). 
However, the edges of graphene and graphene 
nanoribbons are more chemically reactive 
( Figure    2  ) and could indeed anchor different 
chemical groups including carboxyl (COOH), 
carbonyl (COH), hydrogenated (CH) and 
amines (NH 2 ). The chemical activity could 
change dramatically at these edges, depending 
on their carbon termination (e.g. armchair 
or zigzag). One way to make the graphene 
basal surface more chemically reactive could 
be achieved by introducing surface defects 
(Figure  2 ) or high degrees of curvature.  
 An alternative route to make the graphene more reactive con-
sists of adding fl uorine. This process (called fl uorination) has 
been known for decades. However, only recently graphene has 
been fl uorinated using different techniques including plasma 
treatments and F 2  high temperature treatments ( Figure    3  ). [  12  ,  13  ]  
From the materials point of view, fl uorinated graphene could 
be homogenously dispersed in different solvents to prepare 
polymer composites and further experiments are needed 
along this direction. It is also important to note that the elec-
tronic properties of graphene could be tuned via controlling the 
degree of fl uorination, which modulates the energy band gap of 
the material. [  14  ]   

 Sofo and co-workers [  15  ]  predicted the possibility of reacting the 
graphene surface with hydrogen atoms; the sheet was termed 
“ graphane” , and it was reported experimentally by Novoselov. [  16  ]  
However, the synthesis of this doped graphene still needs to be 
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     Figure  4 .     (a) and (b) SEM images of graphitic nanoribbons produced by 
CVD; [  23  ]  (c) AFM image of chemically derived nanoribbons from graphite 
(scale bars  =  100 nm), [  25  ]  and (d) low magnifi cation TEM image of the 
nanoribbons produced by the ZnS template method. [  26  ]  (Adapted with 
permissions from American Chemical Society and American Association 
for the Advancement of Science).  
enhanced, and alternative types of analyses, related to the nature 
of the C-H bonding using X-ray photoelectron spectroscopy 
(XPS), need to be carried out. In the case of graphene nanori-
bbons, fl uorination and hydrogenation reactions remain to be 
carried out, as well as XPS and other allied studies. 

 Another way to fully functionalize the graphene surface is 
by oxygenation. The resulting material is known as graphene 
oxide (GO), and it contains different C–O functional groups 
(e.g. epoxy, carbonyl and carboxyl groups). These materials are 
remarkably hydrophilic and more reactive. [  17  ]  GO is usually 
synthesized via chemical routes, and the material could also 
be dispersed easily in different solvents for generating robust 
polymer composites. [  18  ]  These sheets contain a large number of 
defects, and further details about their preparation and applica-
tions could be found elsewhere. [  18  ]  

   1.2. Synthesis of Graphene and Graphene Nanoribbons 

  1.2.1. Graphene 

 Besides the “scotch tape” technique used to obtain graphene 
layers, researchers have developed alternative routes to 
graphene. The fi rst one describes the growth of ultrathin epi-
taxial graphite fi lms by thermal decomposition on the (0001) 
surface of hexagonal SiC. [  19  ]  A second method describes the 
synthesis of single- and few-layer graphene using an ambient 
pressure CVD method on polycrystalline Ni substrate. [  20  ]  This 
method was subsequently modifi ed using different carbon 
sources (polymer fi lms and small molecules deposited on a 
metal catalysis substrate). [  21  ]  Large area graphene sheets have 
also been synthesized by Ruoff via a CVD approach involving 
CH 4  and H 2  mixtures at 1000  ° C on Cu foils. [  22  ]  Unfortunately, 
the quantity of graphene produced using these routes is very 
low for polymer composite applications. Therefore, alterna-
tive routes to produce large quantities of graphene, graphene 
nanoribbons or graphene platelets need to be explored. 

   1.2.2. Graphene Nanoribbons 

 CVD is now able to synthesize large quantities of graphene 
nanoribbons (GNRs) via the thermal decomposition of 
ferrocene:ethanol:thiophene at 950  ° C ( Figure    4  ). [  23  ]  However 
the formation of graphite nanoribbons by the decomposition of 
CO/H 2 /Fe(CO) 5  at 400–700  ° C was reported in 1990. [  24  ]  Alterna-
tive chemical routes, consisting of the exfoliation of commer-
cial graphite, [  25  ]  or by organic chemistry approaches, have also 
been recently developed (Figure  4 ). Templates have also been 
used during CVD in order to obtain GNRs. [  26  ]  Here, the authors 
used the decomposition of CH 4  on ZnS ribbons (used as tem-
plates) followed by acid treatments in order to remove ZnS 
(Figure  4 ). From a pure chemical approach, short GNRs have 
been synthesized by linking tetra- and hexa-phenylbenzenes via 
the Suzuki-Miyaura reaction. [  27  ]  The produced ribbons are crys-
talline and exhibit lengths of 8–12 nm, although the quantities 
may not be very high. Hydrothermal processes have also been 
used to obtain either amorphous or crystalline carbon ribbons 
involving Tefl on-lined autoclaves. [  28  ,  29  ]  Other approaches to 
nanoribbons use electrophoretic deposition on highly oriented 
pyrolytic graphite (HOPG) followed by a heat treatment. [  30  ]   
 One way to generate large amounts of GNRs or nanoplatelets 
(GNPs) consists of unzipping multi-walled carbon nanotubes 
(MWCNTs). This method is advantageous when compared to 
the methods described above because: 1) MWNTs are currently 
produced in ton quantities by various companies worldwide 
and therefore, massive amounts of GNRs or GNPs could now 
be generated, and 2) The fact that GNRs and GNPs have plenty 
of edge surface makes these materials attractive for the cova-
lent functionalization of polymers, and therefore the polymer 
composite fabrication. The fi rst methods developed to obtain 
graphitic nanoribbons from nanotubes were published in 2009 
and 2010. [  31–36  ]  A comprehensive review on the properties and 
synthesis of GNRs has been reported elsewhere. [  37  ]  Jia et al. [  38  ]  
noted that when using Joule heating and high electron irra-
diation, the most stable edges in graphene ribbons are either 
zigzag or armchair edges. At present, it is important to device 
GNRs and GNPs exhibiting sharp and crystalline edges so that 
specifi c polymer reactions could be controlled. 

   1.2.3. Doped Graphene Nanoribbons 

 Doping of graphenes, GNRs and GNPs is important because 
the electronic and quantum transport properties could be sig-
nifi cantly modifi ed. These properties depend on the nature of 
the dopants, their location and their concentration. Schematic 
representations of the substitutional and pyridine-like nitrogen 
doping in graphene nanoribbons are shown in  Figure    5  a-b. 
Theoretical studies on graphene nanoribbons doped with N, B, 
and O atoms have been investigated by Cervantes-Sodi. [  39  ]  How-
ever, doping of GNRs and GNPs could also be achieved using B, 
P or S (Figure  5 c-d). In GNRs, the edge-type and substitutional 
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     Figure  5 .     Molecular models representing of possible ways of doping 
GNRs: (a) Substitutional N-doping; (b) Pyridine-like N-doping, in which 
a carbon is removed or one vacancy is introduced and the dopant atom 
replaces the double-coordinated atoms surrounding the vacancy; (c) sub-
stitutional B-doping in which the graphene surface does not get distorted 
by the incorporation of B, and (d) substitutional with sulfur (a similar 
structure also applies for phosphorus); the dopant atom is displaced out-
side of the plane due to its larger size when compared to carbon (Cour-
tesy of E. Gracia-Espino).  
doping could induce a half-metallic behavior. [  40  ]  The elec-
tronic transport of GNRs doped with different concentration 
of dopants, has been studied by Roche; [  41  ]  different band gaps 
could be obtained in this way. Although, signifi cant effort has 
been concentrated on the electronic properties of doped GNRs, 
further theoretical studies related to the reactivity of dopants 
and their interactions with different polymer molecules need to 
be addressed from the theoretical and experimental standpoint.  

     2. Key Aspects in Polymer Nanocomposites 

 The nanofi ller aspect ratio, the percolation threshold and the 
nature of the nanofi ller/matrix interface are key aspects in the 
polymer nanocomposites design and behavior. 

 The conceptual framework for understanding mechanical 
properties of polymer nanocomposites is based on the theory of 
short fi ber composites developed in the second half of the twen-
tieth century. Detailed information can be found elsewhere. [  42–44  ]  
In this approach, the nanocomposite is considered as a short 
fi ber reinforced polymer with aligned fi bers and perfect inter-
faces except at the fi ber ends, where fi ber-matrix bonding is dis-
regarded; in this confi guration the aspect ratio (AR) is the main 
parameter affecting composite stiffness (length over diameter 
for rods and thickness over radius for platelets). Reinforcing 
potential of aligned 1D nanoparticles (nanotubes) or 2D plate-
lets is typically estimated using simple equations such as the 
Halpin-Tsai. [  45  ]  For AR values of 1000, simple predictions state 
that Young’s modulus of an ideal (no defects) epoxy composite 
increases by a factor 6 at 0.01% fi ller volume fraction. Never-
theless, using more refi ned simulations, [  46  ]  similar reinforcing 
potentials are predicted for smaller AR, around 100, which are 
commonly found in commercial particles. 

 When the composite is stressed parallel to the fi ber axis, 
analysis of the stress distribution (shear lag analysis, [  42–44  ] ) 
along the reinforcement length shows that the stress on the 
fi ber is not uniform: the ends of the fi bers carry almost no load 
and the interfacial shear stress is maximum at the end of the 
fi ber. These theoretical results have important consequences 
in the nanocomposite mechanical behavior. For the matrix to 
effi ciently transfer loads to the fi bers, i.e. to transfer the max-
imum possible load (E f ·    ε   m , where E f  is the Young’s modulus 
of the reinforcement and   ε   m  is the matrix strain), these must 
have a minimum length (alternatively, a minimum AR). Shear 
lag analysis, although not accurate, allows estimating the min-
imum AR for 1 TPa nano-reinforcements, yielding values ca. 
300 and 1000 for rigid and compliant matrices respectively (one 
order of magnitude higher than for conventional carbon fi bers 
because these have lower Young’s modulus). Although more 
realistic calculations probably yield lower AR values, extreme 
care should be taken when preparing nanocomposites to avoid 
fragmentation of the nano-reinforcement. 

 The physico-chemical properties of the interfacial regions 
within nanocomposites need further investigations. Geomet-
rical considerations restrict the interfacial characteristic length 
to the radius of gyration of typical fl exible polymers. Recent 
experiments using molecular fl uorescent probes located at dif-
ferent distances from the fi ller revealed an interaction distance 
of  ca.  6 nm in PMMA/SiO 2  nanocomposites, which is defi ned 
as the maximum distance from the fi ller at which the glass tran-
sition temperature is different from the bulk polymer matrix. [  47  ]  
To the best of the authors knowledge, similar studies have not 
yet been reported for GNRs and GNPs composites, and further 
research is needed in this direction. 

 Regarding the interfacial shear stress, if the interfacial region 
is stronger than the matrix, the matrix will yield; but if weaker, 
de-bonding may initiate at the fi ber end, thus propagating 
along the interface. This fact justifi es the need to engineer the 
surface of GNRs and GNPs so that the surfaces of the materials 
strongly interact with different polymer matrices. In general, 
different types of interactions could occur between a polymer 
and GNRs: 1) covalent functionalization; 2) non-covalent func-
tionalization and 3) polymer blending (Figure  2 ). These inter-
actions will depend on the reactivity of the different surface 
sites within GNRs. For example, covalent functionalization 
would occur between the edges and the polymer molecules, 
whereas non covalent interactions take place between the basal 
plane of GNRs and the polymers. Blending consists on weak 
interactions of the polymer matrix and the graphene material. 
Although these interactions may operate at very low strains, the 
lack of chemical reactivity at the surface of GNRs and GNPs 
opens the question about its suitability as reinforcing materials 
against the more reactive graphene oxide (GO) or even doped 
graphenes, and makes especially relevant to develop chemical 
routes that take advantage of their reactive edges. But even in 
the case of no chemical bonding with the polymer matrix, some 
4



capacity for stress transfer of frictional nature will remain, thus 
increasing the mechanical damping as Ajayan and co-workers 
realized for nanotube composites. [  48  ]  

 Transport properties – thermal and electrical – are also 
strongly modifi ed by the addition of minute amounts of con-
ductive nanofi llers and are not linear with the nanoparticle 
loading. These properties are related to the long-range connec-
tivity of conductive nanofi llers. Below a certain loading, nano-
fi llers are not connected and the nanocomposite is essentially 
non-conductive, and above a certain loading, called percolation 
threshold or critical fractional volume, conductivity increases 
abruptly ( Figure    6  ). This value strongly depends on the AR of 
the conductive nanofi llers. The early Coniglio theory of percola-
tion of long rigid rods, [  49  ]  predicts that the density of particles 
scales with the inverse square of the rod aspect ratio. Monte 
Carlo simulations on randomly oriented uniform rigid nano-
rods, performed by Foygel, [  50  ]  have demonstrated that the crit-
ical volume fraction on the verge of the percolation threshold, 
  ϕ  c  , is inversely proportional to AR, being as low as 10  − 3  for AR
values of about 10 3 ; polydispersity on nanorod length has the 
counter-intuitive effect of decreasing   ϕ  c  , whereas nanorod fl ex-
ibility increases   ϕ  c  . [  51  ]   

   2.1. Properties 

 The nanocomposites fi eld has emerged to meet the growing 
demand of almost any industrial sector to overcome the proper-
ties of conventional materials. In order to make isolating mate-
rials conducting (e.g. polymers) or to increase the mechanical 
performance and toughness beyond typical polymer thermosets, 
     Figure  6 .     Schematic variation of electric conductivity with fi ller volume 
fraction for conductive nanocomposites.   ϕ  c   represents the critical volume 
fraction at the percolation threshold.  
it is vital to understand the matrix behavior. For example, in 
some critical sectors such as aerospace industry there is a 
pressing need to increase strength and damage resistance in a 
reliable way, as well as to impart very high electrical conduc-
tivity to carbon fi ber composites. Its success is of prime impor-
tance in order to decrease weight and fuel consumption in 
aircrafts. In the following sections we describe an updated view 
of the most relevant properties achieved when some forms of 
graphene are incorporated into polymers. 

  2.2. Mechanical Properties 

 The mechanical properties of polymer/graphene nanocom-
posites (PGN) depend on the dispersion of isolated graphene 
layers within the polymer matrix and the interfacial bonding 
established between the nanofi ller and the matrix. Although 
pure graphene is not compatible with polymer matrices and 
tends to aggregate (layer by layer stacking) due to van der Waals 
interactions, graphene oxide (GO), which contains hydroxyl and 
epoxy groups on the sheet and carbonyl and carboxyl groups at 
the edges, interacts more strongly with polymers. GO is more 
soluble in water and polar solvents and its surface is relatively 
easy to modify via the insertion of amines, esters, aromatics or 
isocyanate functionalities that stabilize dispersions, thus facili-
tating composite processing. However, pure GO is an insulator 
and not an optimum fi ller for fabricating electrically conducting 
composites. Therefore, an alternative strategy consists of the 
surface modifi cation of GO for obtaining a good dispersion at a 
molecular level, and a subsequent reduction to recover, at least 
partially, the electrical and thermal conductivity via restoring 
the graphitic network of sp 2  hybridized carbon. [  52  ]  

 Although PGN show enhanced stress-strain behavior when 
compared to conventional composites, we are still far from the 
values predicted theoretically. For example, one of the maximum 
increases in Young’s modulus found in the literature is reported 
by Lee: [  53  ]  200% increase in Young’s modulus for thermoplastic 
polyurethanes modifi ed with 5% of graphene. As reported in 
a recent review, [  54  ]  improvements of Young’s modulus and 
tensile strength frequently range between 15–90% and 60–100% 
respectively; elongation at break usually decreases since high 
AR values and strong interactions with the matrix restrict the 
mobility of the polymer chains. 

 The effect of the nanofi ller on the matrix properties needs 
to be more deeply studied since some matrix processes such as 
phase separation or crystallization may be altered. For example, 
a signifi cant increment in modulus accompanied by the crea-
tion of a polymer crystalline layer on the surface of the nano-
fi ller has been reported for polycaprolactone reinforced with 
GO nanoplatelets. [  55  ]  In contrast Xu et al. [  56  ]  grafted nylon 6 on 
graphene sheets and observed that the crystallization of chains 
was depressed. When using graphite nanoplatelets, incomplete 
exfoliation or restacking of the sheets reduces the AR as well as 
the mechanical properties of the material. Furthermore, once 
dispersed, the graphene sheets can adopt distorted structures 
that reduce the value of the modulus, as they do not have ten-
dency to stretch under tensile stress. The reader is referred 
to reviews recently published for more detailed information 
regarding these subjects. [  54  ,  57  ]  
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 There are basically three methods for fabricating PGNs. The 
fi rst one is  polymerization of the monomer in the presence of the 
fi ller , resulting in composites with good mechanical properties 
and low percolation thresholds (between 0.3 and 1.6% vol). For 
example, Nutt and co-workers [  58  ]  reported an improvement of 
70% in the tensile strength, and 57% in the Young’s modulus 
for polystyrene composites, in which the graphene sheets 
were grafted with polystyrene chains by atomic transfer radical 
polymerization (ATRP). 

 The second method is  solution compounding . The fi ller is 
dispersed in a solution of the polymer, which is then removed 
after mixing. This method was used to prepare poly(ethylene-
co-vinyl acetate) reinforced with expanded graphite and a 100% 
increase in modulus was observed with 4% loading. [  59  ]  It has 
also been used to prepare poly(methylmethacrylate) composites 
with functionalized graphene sheets (FGS, obtained by thermal 
expansion of completely oxidized graphite oxide). Here, incre-
ments in the Young’s modulus and ultimate strengths of 80% 
and 20% respectively, were reported at 0.1% w/w loading. [  60  ]  
This result demonstrated the ability of FGS to interact with 
polar polymers for creating a percolated interphase in which 
the properties of the host polymer matrix were substantially 
altered. 

 The last method is  melt blending , the best choice from an 
industrial point of view. Mixing equipments include two-
roll mills, extruders and high shear mixers. When using this 
method, percolation thresholds are usually higher. Commonly, 
a combination of methods needs to be used. For example, for 
epoxy nanocomposites, FGS are fi rst dispersed in the monomer 
with help of a solvent, and high shear mixing and polymeriza-
tion is performed after solvent removal. [  61  ]  

 The comparison among the mechanical properties obtained 
from these three main methods or a combination of them, 
is diffi cult because of the differences between the systems 
studied. There are various factors that affect the dispersion 
degree of the nanofi ller and, consequently, the fi nal properties 
of the material. But there is experimental evidence pointing out 
that the chemical linkage of the graphene to the polymer matrix 
enhances the properties of the composite material. The work of 
Satti et al. [  62  ]  on GO/poly(allylamine) is a good example. Here, 
GO platelets were covalently bonded to the polymer matrix 
(amide formation between graphene carboxylic groups and 
polymer matrix amino groups), and theYoung’s modulus and 
the tensile strength increased  ca.  200% and 400%, respectively. 

 The performance of PGNs has been much less studied and 
additional research is needed. In this context, with only 0.125% 
w/w of FGS, it was observed a 65% increase in fracture tough-
ness and more than 100% increase in fracture energy in epoxy/
FGS nanocomposites; [  63  ]  a decrease in the fatigue crack growth 
rate was also reported. Crack defl ection seems to be the key in 
order to understand these outstanding values, as it should be 
expected for plates with a high AR, unlike nanorods or nano-
spheres in which other mechanisms as crack bridging are more 
important. However, some aspects still remain unsolved and 
further investigations need to be carried out. For example, it 
has not been clearly established the infl uence of wrinkles and 
deformations on the nanosheet, the size and functionaliza-
tion of the nanoplatelets or the interactions with the polymer 
matrix on the nanocomposite toughness, or even the matrix 
transformations induced by graphene. For example, the incre-
ment in the gamma phase of nylon 12 loaded with 0.6% of FGS, 
increased toughness by 72% and impact failure by 175%. [  64  ]  
Interestingly, PGNs show major increments in fracture tough-
ness and fracture energy than carbon nanotube nanocompos-
ites, [  65  ]  and the reasons for observing this behavior should be 
carefully investigated. [  65  ]  

   2.3. Electrical Properties 

 As shown in Figure  6 , the electrical conductivity,   σ  c  , of nano-
composites using conductive fi llers increases when raising 
the particle volume fraction. In the vicinity of the percolation 
threshold,   σ  c   can be described using the following equation, [  66  ]  
in terms of the volume fraction of the fi ller,   ϕ  :

 FC = F0 (N −Nc )t   (1)   

   σ   0  is a pre-exponential factor that depends on the conductivity 
of the particles, the contacts between them and the topology 
of the percolation cluster; [  50  ]    ϕ  c   is the fractional volume at the 
percolation threshold, and  t  is a universal critical exponent. 
According Celzard, [  67  ]   t   ≈  2.0, but experimentally, values range 
between 2 and 6, depending on the polymeric media. For nano-
tubes, Foygel, [  50  ]  has found that the exponent  t  is not universal 
since it depends on AR. In fact,  t   =  2 is the limiting value for 
spherical 3D objects and decreases to 1.2–1.6 for oblong objects 
with AR 10 2 –10 3 . Hicks, [  68  ]  simulated the electrical conductivity 
of graphene nanocomposites using two values for ARs: width 
over length and width (or length) over thickness. In this study, 
it was also found that independently of the fi ller dimensions 
(width or thickness), the critical values and exponents strongly 
depend on the AR. 

 The intrinsic conductivity of graphene depends on both, the 
synthesis method and on the surface modifi cation. In particular, 
the intrinsic conductivity of graphene depends on the number 
of defects (reactive sites) that can be found on the surface. These 
defects are usually generated during the oxidation-reduction 
process of GO. [  52  ,  71  ,  72  ]  These processes yield reduced graphenes 
(RG) with variable carbon-oxygen ratios generating discontinui-
ties on the electronic de-localization of fi ller and consequently, 
reducing its conductivity one or two orders of magnitude. Reduc-
tion favours sheet crystallization and the formation of graphite. 
In order to avoid re-stacking of the layers, grafting molecules 
such as hexylamine, [  72  ]  or phenyl isocyanate. [  73  ,  74  ]  on the surface 
are commonly used. However, this chemical grafting generates 
surface defects on the sheets that reduce their conductivity. 

 At very low fi ller loading, the electrical properties are dom-
inated by the dielectric matrix so the composite is essentially 
non-conductive (Figure  6 ). As graphene content increases, the 
dielectric distance that separates the sheets decreases and fi llers 
begin to form clusters in which some graphene-graphene con-
tacts may exist. At the percolation threshold, conduction paths 
are created all over the volume of the composite and a sudden 
increase in conduction occurs. Nevertheless, sheet-sheet junc-
tions are highly resistive (for nanotubes, the contact resistance 
is in the order of 1 M Ω ), [  50  ]  and it has been proposed that the 
conduction mechanism is probably of the tunnel type. [  68  ]  
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 Some authors, [  50  ]  prevent the use of experimental data at 
low loadings to estimate the conductivity of the individual 
particles. But others, [  73  ]  used a modifi ed form of  equation 1  
( FC = F f [(N −Nc )/ (1 −N)]t  ), and obtained the conductivity of 
the graphene sheets (10 4.92  S · m  − 1 ) together with  t  (2.74) and   ϕ  c  
(0.1) in polystyrene nanocomposites. 

 Current research on graphene surface engineering able to 
prepare highly conductive materials focuses on the following 
challenges: a) generate the lowest number of defects within 
the graphene sheets, b) improve the graphene compatibility 
with polymer matrices (good dispersion and low percolation 
threshold), c) impart resistance to the chemical or electrochem-
ical reduction, and c) reduce the sheet-sheet junction resistivity 
in order to allow electronic transport. 

   2.4 Thermal Properties and Relaxations 

 Thermal behavior is also deeply modifi ed in PGNs. Graphene 
signifi cantly increases the thermal stability, especially if the 
interaction between the matrix and GNPs is strong. For example 
Liu and co-workers [  75  ]  reported a delay in the main stage of deg-
radation at 50  ° C in PS/GNP composites. Moreover, it could 
signifi cantly increase the thermal conductivity and decrease the 
thermal expansion coeffi cient. In this context, Haddon and co-
workers, [  76  ]  reported that the thermal conductivity of an epoxy 
resin increased about 400% with the addition of 5% of GO. But 
probably, the main effect is associated to a deep perturbation of 
the local and global polymer matrix dynamics, thus resulting in 
changes related to the physical aging as well as the glass transi-
tion temperature, [  77  ]  Tg (one of the most important properties of 
polymers). The behavior near  T  g  is critical for high-temperature 
applications and for polymer composite processing. 

 To date the restricted relaxation behavior of nanocomposites 
in the presence of graphene sheets requires further exploration 
and investigation. Only few articles report  T g   values of PGNs. 
It has been recently observed, [  60  ]  an spectacular increase in  T  g  
of 30  ° C in PMMA with only 0.05 wt% FGS, and of 46  ° C in 
poly(acrylonitrile) loaded with 1% wt FGS. These results were 
attributed to: a) the FGS wrinkled morphology that enhances 
mechanical interlocking with the polymeric chain and, there-
fore, a better interfacial adhesion, and b) the presence of oxy-
genated groups on graphene surface which may form hydrogen 
bonds with the carbonyl groups of acrylic polymers such as 
PMMA. The effect of covalent bonding of poly(vinyl chloride) to 
reduce GO has also been studied, [  78  ]  and a signifi cant increase 
in  T  g  of 25  ° C for 1.4% wt loading, along with an increase of 
50% in the Young’s modulus, have been found. 

 The structural interpretation of the shifts in  T  g  with 
increasing nanoparticle loading often does not have suitable 
support in the current physics of these nanomaterial systems. 
The volume of the rigid fi ller, local curvature, polymer stiffness 
and interfacial interactions seem to be important contributions 
to interpret  T  g  variations. Jancar et al. [  79  ]  have reviewed the 
physical origin of changes in  T  g  (or chain relaxation behavior) 
showing that: a) attractive surface interactions lead to a slowing 
of dynamics near the surface, resulting in an increase of vis-
cosity which grows linearly with nanoparticle concentration if 
clustering is avoided, b) high aspect ratios or highly asymmetric 
nanoparticles are more effective in changing the properties of 
the polymer matrix because they could more easily form entan-
glements and network structures (for example through chain 
bridging between the nanoparticles), and c) the grafting of 
polymer brushes and the strength of their interaction with the 
polymer matrix determines the macroscale properties. 

   2.5. Optical Properties 

 The absorption spectrum of graphene monolayers is fl at and 
monotonous in the wavelength range between 400 and 750 nm. 
In this range, it absorbs a small fraction of white light, [  80  ]  (2.3%), 
which increases with the number of layers, and its refl ectance 
is negligible ( < 0.1%). Pure graphene may be useless as fi lter or 
absorbing material in the visible range, but it remains as the 
most transparent conductive material that may be used to fab-
ricate electrodes for photovoltaic devices, [  81  ]  or may give rise 
to novel phenomena by experiencing subtle physicochemical 
interfacial modifi cations. 

 For example, An and co-workers [  82  ]  covered graphene fl akes 
obtained by drying a graphene suspension, with 1-pyrenecar-
boxylic acid (PCA), a pericondensed aromatic molecule which 
absorbs light around 340 nm, and forms non covalent   π  –  π   
binding sites with graphene layers. The authors were able to make 
a fl exible photosensitive device by embedding the graphene/PCA 
ensemble in a silicone matrix. Opposite to the majority of pho-
toconductors, the resistance increased in the presence of white 
light; the mechanism is not clear yet but diffusion of oxygen trig-
gered by light should not be excluded as a possible mechanism. 

 GO acts as a strong quencher for several luminescent dyes. 
Xu et al. [  83  ]  grafted a porphyrin (5-4(aminophenyl)-10,15,20-
triphenyl porphyrin, TPP) to GO via amide bonding, and found 
that luminescence from TPP was strongly quenched. This was 
attributed to two possible competitive processes: photo-induced 
electron transfer and intra-molecular energy transfer facilitated 
by a through-bond mechanism due to the covalent binding 
of the dye. It was also found that the donor-acceptor hybrids 
exhibited a superior optical limiting performance, i.e., they 
exhibited high transmittance of low-intensity light, and attenu-
ated intense optical beams. 

 Quenching could also occur in the absence of covalent 
binding. Kozehemyakina and co-workers, [  84  ]  attributed the 
quenching of perylene bismide fl uorescence by the presence of 
graphene in the solid state to a photo-induced electron transfer 
mechanism. The empty states in the conduction band above 
the Fermi level in graphene could act as acceptor for the photo-
excited electron of the dye, whereas the fi lled valence band of 
graphene could act as a donor for electrons able to refi ll the 
remaining holes in the ground state of the dye. This ability of 
graphene to quench fl uorescence emission has been success-
fully applied by Kim and co-workers, [  85  ]  to obtain images of 
graphene layers with a simple fl uorescence microscope. 

   2.6. Barrier Properties 

 It is well known that permeability of composites depend on the 
solubility of the gas (both in the matrix and the reinforcement), 
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and its diffusivity. Diffusion of a gas through a composite is 
intimately related with the tortuosity of the path, and this is the 
main reason why particles with high AR enhance the barrier 
properties. Consequently, exfoliated nanoclays have been exten-
sively used for this purpose. 

 Nano graphenes could have a very high aspect ratio and 
therefore very low solubility to gases due to the size and high 
electronic density of the carbon rings, able to repel atoms and 
gas molecules. It has been reported that defect free graphene is 
impermeable even to Helium. [  86  ]  These features make graphene 
an excellent candidate for enhancing barrier properties of poly-
mers. During the last years, a few research papers related to 
the barrier properties of pristine graphene and PGNs have been 
reported, revealing enhanced barrier properties at lower load-
ings when compared to nano-clay composites. [  87  ,  88  ]  

 Nanocomposites of crumpled GO functionalized with phenyl 
isocyanate in a polystyrene (PS) matrix, [  87  ]  exhibiting a high 
number of   π  –  π   interfacial interactions, showed exceptionally 
low permeability to oxygen at very low loading (0.02%) (sim-
ilar permeability was obtained with nanoclays but at 1–1.5% 
loading). The AR and fi ller alignment also infl uence the gas 
permeation through a polymer composite. For instance, when 
the fi ller is misaligned the barrier properties to He and N 2  in 
polycarbonate PGN are not as good as those observed for well 
aligned nanocomposites. [  88  ]  Graphene also enhances the barrier 
properties of LDPE towards organic solvents such as toluene, [  89  ]  
although in this case the improvement has not been as large 
(56% to 39%) as for the cases mentioned above. 

 Defects are also important for barrier properties, and we 
should not forget that the atomic perforation of the graphene 
layer may be generated as a consequence of the manufacture 
process. [  89  ]  Nevertheless, the possibility of having sub-nano-
metric holes opens a wide fi eld for the use of graphenes with 
tailored functionalized pores as gas separation membranes. 
Molecular dynamics simulations have shown that hydrogen 
and methane could be effectively separated using a graphene 
sheet. [  90  ]  

    3. Conclusions 

 In the future, alternative methods able to produce bulk 
amounts of graphene, graphene nanoribbons, doped nanorib-
bons and graphene platelets need to be explored. It is vital to 
control the type and amount of reactive sites on the graphene 
surface and edges as well as to discover procedures for massive 
production of graphene at a lower cost. It seems that covalent 
bonds need to be established between the polymer matrix and 
the graphene fi ller in order to fabricate robust nanocomposites 
with extraordinary mechanical behavior and gas barrier prop-
erties but at the expense of electrical conductivity; methods to 
decrease sheet-sheet resistance, perhaps via graphene welding, 
are needed. Partially reduced GO seems to be a way to fabricate 
polymer composites, however, the amount of oxygen and the 
degree of crystallinity needs further control. The use of doped 
graphenes has not been reported hitherto, and it is believed 
that these doped materials could result in high perform-
ance nano composites. Conducting and transparent polymer 
composites using graphenes or doped graphenes need further 
investigations; it may be that graphene composites could replace 
indium tin oxide (ITO) but enhanced electrical conductivities 
of the fi llers need to be increased by orders of magnitude. The 
area of graphene nanocomposites is emerging and this appears 
to be the tip of the iceberg, since a vast number of composites 
for different applications still need to be synthesized, studied 
and optimized. 
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