
3906

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

 By    Yanwu   Zhu  ,     Shanthi   Murali  ,     Weiwei   Cai  ,     Xuesong   Li  ,     Ji Won   Suk  ,     Jeffrey R.   Potts  , 
    and   Rodney S.   Ruoff    *   

Graphene and Graphene Oxide: Synthesis, Properties, 
and Applications

 There is intense interest in graphene in fi elds such as physics, chemistry, and 
materials science, among others. Interest in graphene’s exceptional physical 
properties, chemical tunability, and potential for applications has generated 
thousands of publications and an accelerating pace of research, making 
review of such research timely. Here is an overview of the synthesis, proper-
ties, and applications of graphene and related materials (primarily, graphite 
oxide and its colloidal suspensions and materials made from them), from a 
materials science perspective. 
  1. Introduction 

 Graphene is an exciting material. [  1  ]  It has a large theoretical 
specific surface area (2630 m 2 g  − 1 ), high intrinsic mobility 
(200 000 cm 2  v  − 1  s  − 1 ), [  2  ,  3  ]  high Young’s modulus ( ∼ 1.0 TPa) [  4  ]  
and thermal conductivity ( ∼ 5000 Wm  − 1 K  − 1 ), [  5  ]  and its optical 
transmittance ( ∼ 97.7%) and good electrical conductivity merit 
attention for applications such as for transparent conduc-
tive electrodes, [  6  ,  7  ]  among many other potential applications. 
Graphene has been experimentally studied for over 40 years, [  8–14  ]  
and measurements of transport properties in micromechani-
cally exfoliated layers, [  15  ]  of graphene grown on (SiC), [  16  ]  large-
area graphene grown on copper (Cu) substrates, [  17  ]  as well as 
a variety of studies involving the use of chemically modifi ed 
graphene (CMG) to make new materials, [  18–21  ]  have in part led 
to a surge in the number of publications and in the amount 
of, e.g., National Science Foundation grants recently awarded 
in the USA. [  22  ]  

 As a robust yet fl exible membrane, graphene provides 
essentially infi nite possibilities for the modifi cation or func-
tionalization of its carbon backbone. [  23  ]  Graphite oxide 
(GO) offers potential for the production of CMG on the ton 
scale. [  24  ]  First prepared almost 150 years ago, [  25  ]  GO has 
emerged as a precursor offering the potential of cost-effective, 
large-scale production of graphene-based materials. [  21  ]  

 In this review, the synthesis, physical properties, and poten-
tial applications of graphene and of CMG (with particular focus 
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on graphene oxide) will be briefl y discussed. 
Several recent reviews have appeared 
about graphene and related materials. [  26–29  ]  
We also note reviews of the chemistry of 
GO or exfoliated platelets derived from 
GO, namely ‘graphene oxide’, [  30  ]  and of 
the chemistry of graphene. [  31  ,  32  ]  Applica-
tions will be discussed for monolayer, 
bilayer and few-layer (3 to  ∼ 10 layers) 
graphene or GO-derived graphene-based 
materials.   
 2. Properties  

 2.1. Morphology and Structure 

 The graphene honeycomb lattice is composed of two equivalent 
sub-lattices of carbon atoms bonded together with    σ    bonds, 
as shown in  Figure    1a  . Each carbon atom in the lattice has a 
   π    orbital that contributes to a delocalized network of electrons. 
Whether freely suspended graphene has ‘intrinsic’ ripples 
or not has been addressed by Monte Carlo simulation [  33  ]  and 
transmission electron microscopy (TEM) studies. [  34  ]  The micro-
scopic corrugations (Figure  1b ) were estimated to have a lateral 
dimension of about 8 to 10 nm and a height displacement of 
about 0.7 to 1 nm. Sub-nanometer fl uctuations in height for 
graphene platelets deposited on an SiO 2 -on-Si substrate were 
studied by scanning tunneling microscopy (STM). [  35  ]  Although 
some STM experiments indicated a limited or negligible cor-
relation between small ( < 0.5 nm in height) corrugations and 
local electrical properties, [  36  ,  37  ]  evidence has been presented for 
strain induced local conductance modulations for bigger ripples 
(2–3 nm in height). [  38  ,  39  ]  Ripples can be induced, [  40  ]  suggesting 
that the local electrical and optical properties of graphene could 
be altered through ‘ripple-engineering’ for possible application 
in devices.  

 Apart from ‘intrinsic’ corrugations, graphene in real 3D 
space can have other ‘defects,’ including topological defects 
(e.g., pentagons, heptagons, or their combination), vacancies, 
adatoms, edges/cracks, adsorbed impurities, and so on. Experi-
ments have demonstrated that defects in a graphene layer 
found in the material containing single wall carbon nanotubes 
(CNTs), such as topological defects, vacancies, and adatoms, 
could be induced locally by electron irradiation and observed in 
TEM operating at 120 kV. [  41  ]  Graphene has been used as a TEM 
support membrane for the study of light atoms like carbon 
and hydrogen, [  42  ]  and Au nanoparticles. [  43  ]  Individual adatoms 
im Adv. Mater. 2010, 22, 3906–3924
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on graphene, and carbon chains and vacancies, generated by 
knock-on by the electron beam in TEM (working at 100 kV) 
could be investigated dynamically, providing insights into 
generation of defects and their evolution. [  42  ]  Atomic resolu-
tion imaging of graphene has been achieved in TEM using an 
aberration-correction technique in combination with a mono-
chromator; point defects, formation and annealing of Stone-
Wales defects, and multiple pentagons/heptagons combina-
tions were observed  in situ . [  44  ]  The stability and dynamics of 
the edge of a hole in a suspended graphene platelet has been 
studied; TEM images with a stated sub-Ångstrom resolution 
showed that both ‘armchair’ and ‘zigzag’ confi gurations could 
be formed during the edge reconstruction and ‘zigzag’ edges 
were observed to be particularly stable under electron irradia-
tion at 80 kV acceleration voltage. [  45  ]  Edge-reconstruction was 
achieved by Joule heating inside a TEM-STM system, yielding 
sharp zigzag and armchair edges in graphene ribbons. [  46  ]    

 2.2. Electronic Properties 

 As a consequence of the graphene structure, the fi rst Brillouin 
zone has two inequivalent points  K  and  K  ′  (called Dirac points), 
where a band crossing occurs (Figure  1a ). The tight-binding 
approach considering only the fi rst nearest neighbor interac-
tion provides the dispersion relation of the electrons near the 
 K / K  ′  points: [  47  ,  48  ] 

   
E±(�k) = ±t

√
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√
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2
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kya
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(1)   

  where     a a3 CC ,  a  CC  is the carbon-carbon bonding length 
(0.142 nm), and  t , the transfer integral, is the nearest neighbor 
hopping energy with a magnitude of about 2.8 eV. The minus 
sign applies to the valence (   π   ) band that is fully occupied in 
graphene, and the plus sign corresponds to the empty conduc-
tion (   π     ∗  ) band. By expanding Equation ( 1 ) near the  K / K  ′  points, 
the dispersion can be obtained as

   E±(�q ) ≈ ±h̄<F |�q |   (2)   

  where    
�
q    is the momentum measured relative to the Dirac point; 

�   =   h /2   π   , where  h  is Planck’s constant; and   ν    F   is the Fermi 
velocity, given by     vF 3 2ta/  , with a value of about 1  ×  10 6  ms  − 1 . 
The linear band structure closely resembles the Dirac spectrum 
for massless fermions. [  1  ]  The electronic states near Dirac points 
are composed of states belonging to the different sub-lattices, 
and their relative contributions have to be taken into account by 
using two-component wave functions. Thus, the effective Ham-
iltonian near  K / K  ′  can be expressed by the Dirac equation with 
zero mass:

   
Ĥ = h̄<F

(
0 kx − iky

kx + iky 0

)
= h̄<F �F · �k

  
(3)   

  where     
�
k   is the momentum of the quasi-particles in graphene 

and    
�σ    is the 2D Pauli matrix. The two-component description 

of graphene is similar to the spinor wave function in quantum 
electrodynamics (QED), but the ‘spin’ index for graphene 
© 2010 WILEY-VCH Verlag GmbAdv. Mater. 2010, 22, 3906–3924
ndicates the sub-lattice rather than the real spin of the elec-
rons, and is usually referred to as ‘pseudospin.’ 

 Experimental observation of the cyclotron mass dependence 
n the square root of the electronic density in graphene was 
3907H & Co. KGaA, Weinheim wileyonlinelibrary.com
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      Figure  1 .     (a) Schematics of the crystal structure, Brillouin zone and dispersion spectrum of graphene; (b) ‘Rippled graphene’ from a Monte Carlo 
simulation. The red arrows are  ∼ 8 nm long. Reproduced with permission from [  33  ]  (b). Copyright: 2007 Nature Publishing Group (b).  
interpreted as evidence for the existence of massless Dirac quasi-
particles in graphene. [  49  ,  50  ]  As a zero band gap semiconductor, 
graphene displays an ambipolar electric fi eld effect and charge 
carriers can be tuned continuously between electrons and holes 
in concentrations as high as 10 13  cm  − 2 , with room tempera-
ture mobilities of up to 15 000 cm 2 V  − 1 s  − 1  ( Figure    2a  ). [  15  ,  49  ,  50  ]  
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com

      Figure  2 .     (a) Ambipolar electric fi eld effect in monolayer graphene. The inse
gate voltage  V  g ; (b) The hallmark of massless Dirac fermions is QHE platea
D in graphene are described by   E NN    for massless Dirac fermions. Repro
Publishing Group (a and c) and 2005 Nature Publishing Group (b).  
Moreover, the observed mobilities depend weakly on tempera-
ture, suggesting that an ultrahigh mobility could be realized in 
graphene at room temperature. [  3  ]  By minimizing impurity scat-
tering, mobilities in excess of 200 000 cm 2 V  − 1 s  − 1  were achieved 
in suspended graphene, [  2  ]  an exceptionally high value. [  51  ]  The 
mobility in graphene remains high even at high carrier density 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3906–3924

ts show the changes in the position of the Fermi energy  E  F  with changing 
u in    σ    xy  at half integers of 4e 2 / h ; (c) Landau levels in the density of states 
duced with permission from [  1  ]  (a and c) and [  49  ]  (b). Copyright: 2007 Nature 
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in both electrically and chemically doped devices, [  52  ]  displaying 
evidence of ballistic transport on the sub-micrometer scale. [  53  ]  
Another measure of the electronic quality of graphene is 
whether the quantum Hall effect (QHE) can be observed at 
room temperature. [  54  ]   

 The “half-integer” QHE observed in graphene (Figure  2b ), 
with the Hall conductivity expressed as    σ     xy    =   ± 4 e  2 / h ( N   +  
1/2) where  N  is the Landau level index, [  49  ]  can be understood 
based on the massless Dirac fermions in graphene. The energy 
quantization of the graphene electronic structure in a magnetic 
fi eld with a fi eld strength  B  is described by     

g
E v e BNN Fv 2 �   

where  ±  refers to electrons and holes. [  55  ,  56  ]  Of particular impor-
tance is the existence of a zero-energy state at  N   =  0 (as shown 
in Figure  2c ), which is shared by electrons and holes, leading to 
the QHE in graphene. From STM studies on graphene grown 
on SiC, the discrete, non-equally-spaced Landau level spec-
trum, including the hallmark zero-energy state of graphene, 
was observed. [  57  ]  While the picture of non-interacting Dirac fer-
mions apparently is appropriate for graphene at low energy exci-
tations, [  48  ]  strong interactions and collective effects have been 
predicted near the Dirac points. [  58  ,  59  ]  Recently, the experimental 
observation of the ‘fractional QHE’ (FQHE) from high-quality, 
suspended graphene with a two-probe measurement geometry 
was reported. [  60  ,  61  ]  It was stated that the FQHE is quite robust, 
appearing at low temperatures (e.g., 1.2 K) in a fi eld as low as 
2 T and a temperature persisting up to 20 K in a fi eld of 12 T. [  60  ]  
The suppression of weak localization, [  62  ]  the existence of fi nite 
minimal conductivity ( e  2 / h  per carrier type), [  49  ,  63  ]  and Klein 
tunneling in graphene p-n junctions, [  64  ]  are mentioned as rea-
sons why graphene offers opportunities for the testing of QED 
      Figure  3 .     (a) Scanning electron microscopy (SEM) image of a graphene fl ake spanning an 
array of circular holes (scale bar, 3 μ m) and (b) Schematic illustration of nanoindentation on 
membranes; (c) and (d) show graphene oxide paper and its cross-section in SEM. Reproduced 
with permission from [  4  ]  (a and b) and [  20  ]  (c and d). Copyright: 2008 American Association for 
the Advancement of Science (a and b) and 2007 Nature Publishing Group (c and d).  
effects.   

 2.3. Mechanical Properties 

 The mechanical properties of monolayer 
graphene including the Young’s modulus 
and fracture strength have been investigated 
by numerical simulations such as molecular 
dynamics. [  65–67  ]  The Young’s modulus of few-
layer graphene was experimentally investi-
gated with force-displacement measurements 
by atomic force microscopy (AFM) on a strip 
of graphene suspended over trenches. [  68  ]  
Circular membranes of few-layer graphene 
were also characterized by force-volume 
measurements in AFM. [  69  ]  Recently, the 
elastic properties and intrinsic breaking 
strength of free-standing monolayer graphene 
were measured by nanoindentation using an 
AFM ( Figure    3a   and b). [  4  ]  It was reported that 
defect-free graphene has a Young’s modulus 
of 1.0 TPa and a fracture strength of 130 GPa. 
CMG was also investigated by a similar AFM 
indentation method. [  70  ]  The CMG obtained 
by reducing graphene oxide with a hydrogen 
plasma exhibited a mean elastic modulus of 
0.25 TPa with a standard deviation of 0.15 
TPa; the fracture strength was not reported.
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 3906–3924
   A ‘paper-like’ material (Figures  3c and d ) made by fl ow-
directed assembly of individual graphene oxide platelets has 
been reported. [  20  ]  The average elastic modulus and the highest 
fracture strength obtained were  ∼ 32 GPa and  ∼ 120 MPa, respec-
tively. The mechanical properties of this ‘graphene oxide paper’ 
were improved by introducing chemical cross-linking between 
individual platelets using divalent ions [  71  ]  and polyallylamine. [  72  ]  
Instead of preparation by fi ltration, a self-assembled graphene 
oxide paper was made at a liquid/air interface by evaporating 
the hydrosol of graphene oxide. [  73  ]  This self-assembled paper 
showed a slightly lower modulus but similar tensile strength as 
compared with those prepared by fi ltration. In addition, a paper 
composed of stacked and overlapped reduced graphene oxide 
platelets was obtained by controlled reduction of graphene 
oxide dispersions with hydrazine. [  74  ]  After annealing, its stiff-
ness and tensile strength were higher than those of graphene 
oxide papers reported to date.   

 2.4. Optical Properties 

 The high-frequency conductivity for Dirac fermions in 
graphene has been stated to be a constant equal to    π   e 2 /2 h , from 
the infrared through the visible range of the spectrum. [  56  ,  75  ]  
The optical transmittance  T  and refl ectance  R  are then  T   =  (1  +  
1/2   π     α  )  − 2  and  R   =  1/4   π    2   α   2  T  for normal incidence light (where 
  α    =  2   π    e  2 / hc   ≈  1/137,  e  is the electron charge,  c  the light speed, 
and  h  Planck’s constant); the opacity is (1  −   T )  ≈     π     α    ≈  2.3%. 
The expression of  T  and  R  in terms of fundamental constants 
that do not directly involve material parameters is stated to be a 
3909bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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      Figure  4 .     (a) Photograph of a 50- μ m aperture partially covered by graphene and its bilayer. The line scan profi le shows the intensity of transmitted 
white light along the yellow line. Inset shows the sample design: a 20- μ m thick metal support structure has apertures 20, 30, and 50  μ m in diameter 
with graphene fl akes deposited over them; (b) Optical image of graphene fl akes with one, two, three, and four layers on a 285-nm thick SiO 2 -on-Si 
substrate. Reproduced with permission from [  77  ]  (a) and [  84  ]  (b). Copyright: 2008 American Association for the Advancement of Science (a) and 2007 
American Chemistry Society (b).  
result of the structure and electronic properties of graphene. [  76  ]  
As shown in  Figure    4a  , this constant transparency ( ∼ 97.7%) has 
been experimentally observed for graphene in the visible range 
and the transmittance linearly decreases with the number of 
layers for n-layer graphene. [  77  ]  A deviation from this ‘universal 
behavior’ has been found for incident photons with energy 
lower than 0.5 eV, which was attributed to the fi nite temper-
ature and a doping-induced chemical potential shift of the 
charge-neutrality (Dirac) point. [  78  ]   

 Inter-band optical transitions in graphene have been probed 
by infrared spectroscopy, and gate-dependent optical transitions 
have been reported. [  79  ]  Due to the low density of states near the 
Dirac point in graphene, a shift of the Fermi level due to the 
gate causes a signifi cant variation of charge density, leading to 
a signifi cant change in transmission. The relaxation and recom-
bination of photo-generated electron-hole pairs in graphene 
occurs on a timescale of tens of picoseconds, depending on 
the carrier concentration of graphene. [  80  ,  81  ]  Given the high car-
rier transport velocity even under a moderate electrical fi eld, an 
ultrafast (up to 40 GHz) and effi cient (6–16% internal quantum 
effi ciency) photoresponse has been observed for graphene fi eld 
effect transistors (FET), [  82  ]  suggesting graphene-based high-
speed optoelectronic devices for communications, detection, 
sensing, and so on. 

 Given the low throughput of AFM, STM, TEM, and methods 
for characterizing the transport properties of graphene, other 
methods are needed to rapidly locate graphene, to identify 
its morphology and quality and to distinguish the number of 
layers (n) in n-layer graphene. The optical contrast of graphene 
on various substrates such as SiO 2 /Si, [  83–85  ]  Si 3 N 4 /Si, [  86  ]  SiC, [  87  ]  
Al 2 O 3 /Si [  88  ]  has been studied. The insulator layer thicknesses 
employed for the observation of graphene on SiO 2 /Si include 
90, [  83  ]  280, [  83  ]  300, [  89  ]  465 [  85  ]  nm; for Si 3 N 4 /Si 68 nm, [  86  ]  and for 
Al 2 O 3 /Si, 72 nm. [  88  ]  The contrast of graphene on such substrates 
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com
is dependent on the wavelength [  83  ]  and the incident angle [  90  ]  of 
the illumination. The thickness of n-layer graphene with less 
than 10 layers has been determined using white light illumi-
nation on samples supported on a 285 nm SiO 2 /Si substrate 
(Figure  4b ). [  84  ]  The refractive index of monolayer graphene 
was obtained as  n   =  2.0  −  1.1 i  in the visible range, [  84  ]  slightly 
different from that of bulk graphite  n   =  2.6  −  1.3 i . [  91  ]  Another 
study argued that the complex refractive index of graphene and 
graphite could be generally expressed as  n   =  3  −   iC /(3   λ   ) (where 
 C   =  5.446  μ m  − 1  and   λ   is wavelength), by fi tting to experimental 
spectra as a function of wavelength. [  92  ]    

 2.5. Raman Spectroscopy of Graphene 

 Raman spectroscopy has been used to characterize graphene 
and several review articles have been published discussing 
the optical phonon spectrum and Raman spectrum of 
graphene. [  93–96  ]  The Raman spectra of graphene includes the 
G peak located at  ∼ 1580 cm  − 1  and 2D peak at  ∼ 2700 cm  − 1 , 
caused by the in-plane optical vibration (degenerate zone center 
 E  2g  mode) and second-order zone boundary phonons, respec-
tively. The D peak, located at  ∼ 1350 cm  − 1  due to fi rst-order zone 
boundary phonons, is absent from defect-free graphene, but 
exists in defected graphene. It was proposed that Raman could 
be used to distinguish the ‘quality’ of graphene and to deter-
mine the number of layers for n-layer graphene (for n up to 5) 
by the shape, width, and position of the 2D peak. [  97  ]  As shown 
in  Figure    5  , the 2D peak shifts to higher wavenumber values 
and becomes broader for an increasing number of layers.  

 The shifting and splitting of Raman modes can be used to ana-
lyze mechanical strain in graphene. For example, Raman spectra 
of epitaxial graphene grown on SiC show a signifi cant phonon 
‘hardening’ (blue shift of the G and 2D peaks), mainly due to the 
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3906–3924



R
EV

IEW

www.advmat.de
www.MaterialsViews.com

      Figure  5 .     (a) Comparison of Raman spectra at 514 nm for bulk graphite 
and graphene. They are scaled to have similar height of the 2D peak at 
2700 cm  − 1 ; (b) Evolution of the spectra at 514 nm with the number of 
layers; (c) Evolution of the Raman spectra at 633 nm with the number of 
layers. Reproduced with permission from. [  97  ]  Copyright: 2006 American 
Physics Society.  
compressive strain that occurs when the sample is cooled down 
after growth. [  98  ,  99  ]  It has been stated that the substrates play a neg-
ligible role in the Raman spectrum of micromechanically cleaved 
graphene transferred onto them, indicating the weak interactions 
between the transferred graphene and such substrates. [  100  ]  The 
frequency of the G and 2D peaks can also be tuned by charge 
doping through electron-phonon coupling changes. [  101  ,  102  ]  The 
Raman spectral signatures of epitaxial graphene grown on SiC, 
especially the width of the 2D peak, have been correlated to the 
carrier mobility of the graphene. [  103  ]  The intensity ratio of the D 
and G peak has been used as a metric of disorder in graphene, 
such as arising from ripples, edges, charged impurities, pres-
ence of domain boundaries, and others. [  93  ]  For edges, the inten-
sity of the D peak depends on the edge structure; it is weak at the 
zigzag edge and strong at the armchair edge. [  104  ,  105  ]    

 2.6. Thermal Properties 

 Since the carrier density of non-doped graphene is relatively 
low, the electronic contribution to thermal conductivity (Wiede-
mann-Franz law) is negligible. The thermal conductivity (  κ  ) of 
graphene is thus dominated by phonon transport, namely dif-
fusive conduction at high temperature and ballistic conduction 
at suffi ciently low temperature. [  106  ]  
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 3906–3924
 MD simulations [  107  ]  based on the Green-Kubo approach 
have shown a  κ   ∝  1/ T  dependence for defect-free graphene 
as temperature  T  increases beyond about 100 K. A room 
temperature thermal conductivity of about 6000 Wm   −1 K   −1  
for a suspended monolayer graphene was predicted, and 
this value was stated to be much higher than that of graph-
itic carbon. [  107  ]  A calculation based on the Boltzmann equa-
tion predicts a particular dependence of   κ   on the width 
 d  of GNRs and on the ‘roughness’ of the edges, when 
the diffusive conduction dominates   κ  . [  108  ]  Non-equilibrium 
MD was used to investigate the   κ   of GNRs with different edge 
shapes as a function of length, width, and strain. [  109  ]  It was 
found that   κ   follows a power law dependence on the length  L  of 
GNRs (   κ     ∝   L    β   ), where   β   varies from 0.3 to 0.5 at room tempera-
ture. It was stated that the strong length dependence of thermal 
conductivity on  L  may indicate very long phonon mean free 
paths in GNRs. 

 In a recent optical measurement using the shift in the Raman 
G band, a thermal conductivity value of about 5000 Wm   −1 K   −1  
was obtained for a suspended monolayer graphene ‘fl ake’, 
produced by using mechanical exfoliation. [  5  ,  110  ]  As shown in 
 Figure    6a  , a trench was used to suspend the graphene. A laser 
beam was focused on the center of the suspended graphene. 
The heat fl owed radially from the center of the graphene to the 
support. The heat loss via air was stated to be negligible com-
pared to heat conduction in the graphene. [  111  ]  The temperature 
rise in the heated graphene causes a red-shift of the Raman G 
peak because of bond softening. The red-shift of the G peak of 
graphene linearly depends on the sample temperature at rela-
tively low laser power. [  112  ]  The frequency of the Raman G peak 
was measured as a function of excitation power (Figure  6b ), 
where the thermal conductivity, as high as  ∼ 5000 Wm   −1 K   −1 , was 
extracted from the slope of the trend line. In another study, a 
thermal conductivity of  ∼ 2500 Wm   −1 K   −1  (at 350 K) was obtained 
from chemical vapor deposition (CVD) grown graphene depos-
ited onto a thin silicon nitride membrane having an array of 
through-holes; the silicon nitride was coated with a thin layer 
of gold for better thermal contact. [  113  ]  It has been recently 
reported [  114  ]  that the thermal conductivity of micromechani-
cally exfoliated graphene deposited on a SiO 2  substrate is about 
600 Wm   −1 K   −1  (Figure  6c and d ), exceeding those of metals 
like Cu. This value, lower than values obtained to date for sus-
pended grapheme (whether micromechanically exfoliated [  5  ]  or 
CVD grown [  113  ] ) was attributed to the phonons leaking across 
the graphene-support interface and strong interface scattering 
of fl exural modes. [  114  ]      

 3. Applications  

 3.1. Field Effect Transistors 

 Due to the unique band structure, the carriers in graphene 
are bipolar, with electrons and holes that can be continuously 
tuned by a gate electrical fi eld. [  15  ]  Graphene FET devices with 
a single back gate have been investigated by several groups 
(among many). [  15  ,  49  ,  50  ,  115  ]  Experimental values of the fi eld-effect 
mobility of graphene are one order of magnitude higher than 
3911bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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      Figure  6 .     (a) Schematic of an experiment showing the excitation laser light focused on a graphene fl ake suspended across a trench. The focused laser 
light creates a local hot spot and generates a heat wave inside graphene propagating toward heat sinks; (b) Shift in Raman G peak position versus 
change in total dissipated power. The sample was excited at 488 nm and spectra were recorded at room temperature in the backscattering confi gura-
tion. (c) SEM image of the suspended device for the thermal conductivity measurement of graphene. (d) Measured thermal conductivity values of 
graphene devices G1, G2, and G3, the highest reported values of pyrolytic graphite (PG), along with the Boltzmann transport equation (BTE) calcula-
tion results of suspended graphene (thick black solid line) and supported graphene (thin blue solid line and blue dashed line), as well as the relaxa-
tion time approximation (RTA) calculation result (thick red dash-dot line) for supported graphene. Specular edges are assumed in the calculations. 
Reproduced with permission from [  5  ]  (a and b) and [  114  ]  (c and d). Copyright: 2008 American Physics Society (a and b) and 2010 American Association 
for the Advancement of Science (c and d).  
that of Si. Batch fabrication of graphene transistors on the basis 
of graphene grown on Cu fi lms has been proposed as a method 
to achieve large-scale transistor arrays with uniform electrical 
properties. [  116  ]  A high frequency graphene FET operating at a 
frequency up to 26 GHz has been reported using top gate geom-
etry. [  117  ]  With use of an organic polymer buffer layer between 
graphene and conventional gate dielectrics, the device mobility 
was further optimized, [  118  ]  and a cutoff frequency of 100 GHz 
has been reported based on epitaxial graphene formed on a 
2-inch SiC wafer. [  119  ]  A single electron transistor (SET), based 
on graphene quantum dots made by electron beam lithography 
(EBL) ( Figure    7  ), has been reported. [  120  ]  It was reported that 
such graphene SETs behave like conventional larger size SETs, 
exhibiting periodic Coulomb blockade peaks; for quantum dots 
smaller than 100 nm, the peaks become strongly non-periodic, 
and this was attributed to a major contribution of quantum con-
fi nement and described by ‘the chaotic neutrino billiards’. [  120  ]   

 Due to the fi nite minimum conductance of graphene at 
zero gate voltage, relatively low  I  on / I  off  ratios (e.g., 100 [  15  ] ) have 
been reported from FET devices made from pristine graphene. 
Several routes have been developed to induce and control 
an energy gap in graphene for shutting off the current. For 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
example, graphene epitaxially grown on a SiC substrate could 
have a band splitting of up to 0.26 eV, due to the interaction 
with the substrate. [  121  ]  Angle-resolved photoemission spectros-
copy (ARPES) studies [  121  ]  suggested that this gap decreased as 
the sample thickness increased and eventually approached zero 
when the number of layers exceeded four. On the other hand, 
an insulating state can be created in bilayer graphene FETs 
by using an additional top gate in addition to the global back 
gate. [  122  ]  At low temperatures, a small gap (10 meV) was opened 
in the presence of a perpendicular electric fi eld. Using a similar 
double-gated structure and infrared microspectroscopy, a gate-
controlled, continuously tunable band gap of up to 0.25 eV in 
bilayer graphene FETs was observed at room temperature. [  123  ]  

 An alternative approach to introduce a band gap in graphene 
is to constrict its lateral dimensions to generate quasi one-
dimensional (1D) GNRs. Similar to the situation in single walled 
CNTs, the confi nement gap ( Δ  E ) in GNRs is expected to scale 
inversely with the ribbon width ( W ) as   Δ   E   =  2   π    �   ν    F  /3 W . [  124  ,  125  ]  
EBL patterning, coupled with oxygen plasma etching, has been 
used to fabricate GNR FETs with widths between 10 and 100 
nm; a band gap of 0.2 eV was observed from a ribbon with a 
width of 15 nm. [  126  ]  Using similar devices,  I  on / I  off  ratios of up 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3906–3924



R
EV

IEW

www.advmat.de
www.MaterialsViews.com

© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 3906–3924

      Figure  7 .     A graphene-based SET. Conductance G of a device with the 
central island of 250 nm in diameter and distant side gates as a function 
of  V  g  in the vicinity of  + 15 V;  T   =  0.3 K. The inset shows one of the smaller 
devices illustrating the high resolution lithography “that allows features 
down to 10 nm”. Reproduced with permission from [  120  ]  Copyright: 2008 
American Association for the Advancement of Science.  

      Figure  8 .     (a) (Left) Photograph of a polymer poly(m-phenylenevinylene-co-
tion with GNRs stably suspended in the solution. (Right) Schematic draw
adsorbed on top of the graphene via    π    stacking; (b and c) AFM images o
characteristics for a GNR of w  ≈  5 nm (thickness  ∼  1.5 nm,  ∼ two layers) an
this device. Scale bar is 100 nm; (e)  I  ds -V ds  characteristics recorded under v
V) for GNRs of various ribbon widths. Reproduced with permission from. [  12
to 10 4  have been reported. [  127  ]  A chemical route has been devel-
oped to produce GNRs with widths below 10 nm ( Figure    8  ). [  128  ]  
The procedure involved sonication of thermally exfoliated 
graphite in an organic solution of a    π   -conjugated organic poly-
 mer. The energy gap from the narrowest ribbons ( W   =  2 nm) 
was estimated to be 0.4 eV and  I  on / I  off  ratios of up to 10 7  were 
obtained from the GNR based FETs. [  128  ]  Preparation of GNRs 
from ‘unzipped’ CNTs using plasma etching [  129  ]  or chemical 
oxidization, [  130  ]  are potential production methods for future 
graphene FETs.  

 The bipolar feature of graphene makes its carrier type and 
concentration sensitive to doping, electrically and/or chemically. 
A graphene p-n junction has been prepared in which carrier 
type and density in two adjacent regions were locally controlled 
by electrostatic gating. [  131  ]  A fractional conductance quantiza-
tion in the bipolar regime has been observed experimentally [  131  ]  
and explained by theory. [  132  ]  Furthermore, theory has predicted 
that a graphene p-n junction may be used to focus electrons, for 
turning the n-p-n junction into a Veselago lens. [  133  ]  Graphene 
p-n-p junctions with contactless, suspended top gates have been 
reported. [  134  ]  Graphene is usually p-doped due to adsorbates 
like H 2 O. Preparation of n-doped graphene materials by high-
power electrical annealing of GNRs [  135  ]  or high temperature 
annealing of graphene oxide [  136  ]  in ammonia (NH 3 ) has been 
demonstrated. A p-type GNR FET was obtained with an  I  on / I  off  
ratio of about 10 5  after annealing. [  135  ]  Electrochemical doping, 
realized by adding an electrochemical top-gate on the graphene 
FET, has been reported and a doping level of up to 5  ×  10 13  cm  − 2  
3913bH & Co. KGaA, Weinheim wileyonlinelibrary.com

2,5-dioctoxy-p-phenylenevinylene) (pmPV)/1,2-dichloroethane(DCE) solu-
ing of a graphene nanoribbon with two units of a PmPV polymer chain 

f selected GNRs with 50 nm and 30 nm widths, respectively; (d) Transfer 
d channel length L  ≈  210 nm with Pd contacts. (Inset) The AFM image of 
arious  V  gs  for the device in (d); (f) Measured  I  on / I  off  ratios (under  V  ds   =  0.5 
8  ]  Copyright: 2008 American Association for the Advancement of Science.  
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      Figure  9 .     (a) Schematic of a graphene FET gas sensor device; (b) Evolu-
tion of  I  ds - V  gs  curves with the exposure to NH 3  of the graphene FET for 
different durations.  
was estimated. [  137  ]  A surface transfer doping, by surface modi-
fi cation of epitaxial graphene grown on 6H-SiC(0001) with 
appropriate molecular acceptors, has been proposed to achieve 
controllable p-doping in graphene. [  138  ]    

 3.2. Sensors 

 Due to its conductance changing as a function of extent of sur-
face adsorption, large specifi c surface area, and low Johnson 
noise, [  1  ,  49  ,  50  ]  recent experimental [  52  ,  139–143  ]  and theoretical [  144–146  ]  
research has demonstrated that monolayer graphene is a 
promising candidate to detect a variety of molecules, such as 
gases [  52  ,  139–141  ]  to biomolecules. [  142  ,  143  ]  Charge transfer between 
the adsorbed molecules and graphene is proposed to be respon-
sible for the chemical response. As molecules adsorb to the 
surface of graphene, the location of adsorption experiences 
a charge transfer with graphene as a donor or acceptor, thus 
changing the Fermi level, carrier density, and electrical resist-
ance of graphene.  Figure    9a   shows a typical schematic of a 
graphene FET device for sensing gas molecules. During the 
exposure of the device to gas (e.g., NH 3 ), the time evolution of 
source-drain current ( I  ds ) versus gate voltage ( V  gs ) was recorded 
(Figure  9b ). [  147  ]  Initially, the Dirac point ( V  D ) is close to the 
back gate bias of 0 V; after 5 minutes of exposure, the Dirac 
point appears at  − 20 V and slowly shifts to its fi nal position at 
about  − 30 V. These results suggest that NH 3  molecules adsorb 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
on the graphene surface and n-dope the graphene in the FET 
device. Based on the charge transfer rate and the Dirac point 
shift, the concentration of the molecules on the graphene sur-
face was estimated as 8  ×  10 13  cm  − 2  after 30 minutes of expo-
sure. Recent studies stated that NH 3  and CO molecules will 
act as donors while H 2 O and NO 2  will act as acceptors on the 
graphene surface. [  52  ,  146  ]  Moreover, reduced graphene oxide has 
been shown to be a good sensor, achieving sensitivities at parts-
per-billion levels for detection of chemical warfare agents and 
explosives. [  140  ,  141  ]  CMG has been used in biodevices as a sensor 
at both the biocellular and the biomolecular scale. It can act as 
an interface to recognize single bacteria, a label-free, reversible 
DNA detector, and a polarity-specifi c molecular transistor for 
protein/DNA adsorption. [  142  ,  143  ]     

 3.3. Transparent Conductive Films 

 With high electrical conductivity, high carrier mobility, and 
moderately high optical transmittance in the visible range of 
the spectrum, graphene materials show promise for trans-
parent conductive fi lms (TCFs). The scalability of production 
and convenient processing of GO has led to its emergence as 
an important precursor for the fabrication of TCFs. Data on 
graphene TCFs are listed in  Table   1 . Films containing graphene 
oxide platelets have been deposited via spin-coating, [  19  ,  148  ]  dip-
coating, [  149  ]  vacuum fi ltration, [  150  ]  and Langmuir-Blodgett (LB) 
assembly, [  151  ]  followed by chemical reduction and/or thermal 
annealing. Researchers have also developed various methods 
to obtain graphene or reduced graphene oxide suspensions 
for the preparation of TCFs. [  152  ]  For example, spray-coated 
TCFs from aqueous dispersions of reduced graphene oxide 
nanoplatelets were obtained by changing the pH to about 10 
prior to reduction with hydrazine. [  153  ]  LB-assembled fi lms 
consisting of overlapped and stacked CMG platelets yielded a 
sheet resistance of 8 kΩ� −  1  at a transparency of 83% (at a wave-
length of 1000 nm). [  154  ]  Liquid-liquid assembly, occurring at 
the H 2 O-chloroform interface, has been used to prepare fi lms 
containing highly hydrophobic fi lms consisting of multilayer 
graphene platelets, from which a sheet resistance of 100 Ω� −  1  
was obtained with a optical transmittance of 70% at 500 nm. [  155  ]  
Disordered fi lms of randomly stacked few-layer graphene plate-
lets, made by directly sonicating graphite in organic solvents 
followed by vacuum fi ltration, [  156  ]  have shown a sheet resist-
ance of  ∼ 3 kΩ� −  1  at a transmittance of  ∼ 75% (at 550 nm). [  157  ]  
Recently, the chemical reduction of graphene oxide platelets 
in a liquid dispersion and their spin-assisted assembly was 
achieved in one step in the fabrication of graphene based TCFs, 
from which a sheet resistance of 11.3 kΩ� −  1  corresponding to 
a transmittance of 87% at 550 nm was obtained. [  158  ]  Graphene 
TCFs have been used as electrodes for dye-sensitized solar 
cells, [  149  ]  liquid crystal devices, [  159  ]  and organic light-emitting 
diodes. [  160  ]   

 The sheet resistance reported for CMG TCFs varies over 
a wide range due to the variety of surface functionalities and 
defects introduced as a byproduct of the production methods. 
On the other hand, CVD on metals offers the possibility 
of growing large area graphene fi lms of reasonably high 
quality. [  17  ,  161  ,  162  ]  Table  1  shows that CVD of graphene fi lms (on 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3906–3924
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   Table  1.     Sheet resistances and optical transmittance of typical graphene based thin fi lms. 

Graphene fi lm Resistance/Conductance Transmittance (wavelength) Ref

Spin coating of reduced graphene oxide –SiO 2  composite 0.45 Scm −  1  (28nm thick) 95% (550 nm)  [  19  ] 

Spin coating of reduced graphene oxide 10 2 –10 3   Ω � −  1 80% (550 nm)  [  148  ] 

Dip-coating of graphene oxide followed by reduction 550 Scm −  1  (10nm thick) 70.7% (1000 nm)  [  149  ] 

Vacuum fi ltration of graphene oxide suspension, followed by reduction 4.3  ×  10 4   Ω � − 1 73% (550 nm)  [  150  ] 

LB assembly of graphene oxide followed by reduction 1.9  ×  10 7   Ω � − 1 95.4% (650 nm)  [  151  ] 

Spray coating of chemically modifi ed graphene oxide suspension at pH 10 2  ×  10 7   Ω � − 1 96% (600–1000 nm)  [  153  ] 

LB assembly of chemically modifi ed graphene 8  ×  10 3   Ω � − 1 83% (1000 nm)  [  154  ] 

Liquid-liquid assembly of graphene platelets 100  Ω � − 1 70% (500 nm)  [  155  ] 

Spin assisted self-assembly of reduced graphene oxide 1.1  ×  10 4   Ω � − 1 87% (550 nm)  [  158  ] 

Vacuum fi ltration of graphene platelets made by sonication of graphite in 

n-methyl-2-pyrrolidone (NMP)
3  ×  10 3   Ω � − 1 75% (550 nm)  [  157  ] 

Spray deposition of graphene platelets made by sonicating graphite in 

dimethylformammide (DMF)
5  ×  10 3   Ω � − 1 90%  [  159  ] 

CVD grown graphene on Ni followed by transfer 280  Ω � − 1 76% (550 nm)  [  161  ] 

CVD grown graphene on Cu followed by transfer 350  Ω � − 1 90% (550 nm)  [  7  ] 

CVD grown graphene on Ni followed by transfer 200  Ω � − 1 85% (550 nm)  [  163  ] 

CVD grown graphene on Ni followed by transfer 770  Ω � − 1 90% (500–1000 nm)  [  162  ] 

      Figure  10 .     (a) Photographs of 1 cm 2  fi lms of stacked graphene (one to four layers) on cover 
glass slips; (b) Transmittance of n-layer graphene fi lms shown in (a). The inset is the relation-
ship between the transmittance,  T  (%), at   λ    =  550 nm as a function of the number of stacked 
graphene layers, n; (c) Sheet resistance of n-layer graphene fi lms as a function of the number 
of stacked graphene layers, n; (d) Resistance of graphene/PMMA fi lms with different bending 
radii and fl at-fold cycles. The top left inset shows the photo of bent graphene/PMMA/PET. 
The red dashed lines mark the edges of graphene/PMMA fi lm. The top right inset shows the 
changes of  R  y  as a function of bending radius. Reproduced with permission from. [  7  ]  Copyright: 
2009 American Chemistry Society.  
metal substrates with subsequent transfer to 
insulating and transparent substrates) has 
yielded lower sheet resistances for similar 
transparency values. Stretchable transparent 
electrodes were produced by transferring 
graphene grown on Ni onto polydimeth-
ylsiloxane (PDMS) substrates. [  161  ]  With a 
minimum sheet resistance of  ∼ 280 Ω� −  1  at a 
transparency of  ∼ 76% (at 550 nm), graphene 
TCFs were stated to withstand a tensile strain 
of 6.5% with little resistance increase and the 
original resistance could be restored after 
a tensile strain of 18.7%. To minimize the 
density of cracks caused during the transfer 
process, an improved transfer process for the 
preparation of large area (up to 4.5  ×  4.5 cm 2 ) 
graphene TCFs on cover glass, quartz, or 
poly(methyl methacrylate) (PMMA) substrates 
was reported. [  7  ]  As shown in  Figure    10a  , a 
sheet resistance of 350 Ω� −  1  was obtained from 
four layers of graphene sequentially trans-
ferred onto cover glass while maintaining a 
relatively high transmittance of 90% (at 550 
nm). Moreover, the monolayer graphene 
transferred onto PMMA followed by transfer 
onto a polyethylene terephthalate (PET) sub-
strate has shown a resistance independent 
on the tensile bending of up to 5% strain, 
even after 100 bending cycles (Figure  10b ). 
In another work, the dependence of the sheet 
resistance on the transmittance of few-layer 
graphene fi lms grown on Ni or Cu followed by 
a transfer onto cover glass was studied. [  6  ]  It was 
found that the relationship between resistance 
3915© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Mater. 2010, 22, 3906–3924 wileyonlinelibrary.com
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  Figure  11 .     (a) A model of lithium adsorption on the two sides of an isolated graphene sheet; (b) Lithium insertion/extraction properties of graphene 
nanosheets (GNS): Charge/discharge cycle performance of (A) graphite, (B) GNS (C) GNS  +  CNT (D) GNS  +  C 60 . Reproduced with permission from [  165  ]  
(a) and [  166  ]  (b). Copyright: 1996 Elsevier Science Ltd and 2008 American Chemistry Society (b).  
and transmittance generally followed the trend predicted by the 
Beer-Lambert law; a sheet resistance of 200 Ω� −  1  was obtained 
for a transmittance of 85% (at 550 nm). Considering the argu-
ment that the intrinsic sheet resistance of graphene is about 
30 Ω� − 1, [  163  ]  there is still potential for improving the quality of 
graphene for use in TCF devices.    

 3.4. Clean Energy Devices 

 Graphene is a promising electrode material due to its high the-
oretical surface area of 2630 m 2 g  − 1  and ability to facilitate elec-
tron or hole transfer along its two-dimensional surface. There 
have been several reports on graphene-based electrodes for both 
rechargeable lithium ion batteries (RLBs) and electrochemical 
double layer capacitors (EDLCs). Graphite, the most commonly 
used anode material in RLBs, has a maximum ‘lithium inser-
tion’ capacity of 372 mAhg  − 1 , corresponding to the formation 
of a graphite intercalation compound consisting of one lithium 
ion to every six carbon atoms (LiC 6 ). [  164  ]  However, monolayer 
graphene in disordered carbon has been proposed to bind 
lithium ions on both its surfaces to achieve a Li 2 C 6  stoichi-
ometry ( Figure    11a  ). [  165  ]  A specifi c capacity of 540 mAhg  − 1  for 
anodes composed of reduced graphene oxide platelets was 
reported, and incorporation of CNT and C 60  in these types 
of anodes was reported to increase the capacity to 730 and 
784 mAhg  − 1 , respectively (Figure  11b ). [  166  ]  The increased storage 
capacity was attributed to the increase in interlayer distance 
between the graphene platelets caused by either the CNTs or 
C 60  molecules. Graphene nanosheets prepared by electron beam 
irradiation of graphene oxide suspensions exhibited a higher 
reversible capacity of 784 mAhg  − 1  after 15 cycles; the enhanced 
capacity was attributed to additional storage sites such as edges 
and defects. [  167  ]  Flexible ‘graphene paper’ electrodes displayed 
poor electrochemical performance compared to powder com-
posed of reduced graphene oxide platelets, in spite of the good 
conductivity and mechanical stability of such paper samples. [  168  ]  
However, when silicon nanoparticles were mixed with reduced 
graphene oxide platelets in a paper-like material, a storage 
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com
capacity  > 2200 mAhg  − 1  after 50 cycles and  > 1500 mAhg  − 1  
after 200 cycles was obtained recently. [  169  ]  It was stated that the 
uniform dispersion of silicon particles in the composites and 
the reconstitution of graphene platelets to from a continuous, 
highly conducting 3D network are important for the high 
storage capacities.  

 Encapsulating metal or metal oxide particles with graphene 
or graphene-based carbonaceous materials has been evidently 
effective in overcoming the problem of volume expansion in 
pure metal/metal oxide electrodes. [  170  ,  171  ]  Moreover, the struc-
tural fl exibility and superior conductivity of reduced graphene 
oxide were reported to enhance the electrode performance 
of metal-graphene hybrids. A graphene-SnO 2  composite 
anode showed increased reversible capacity (570 mAh/g after 
15 cycles) and superior cyclic performances compared to bare 
SnO 2  particles (60 mAhg  − 1 ). [  172  ,  173  ]  Other nanostructured metal 
oxide-graphene hybrids are being reported to perform better 
than their host metal oxide nanoparticle electrodes. [  174–176  ]  
Recently, a Sn-graphene nanocomposite has been shown 
to reach a reversible capacity of 810 mAhg  − 1  along with an 
average coulombic effi ciency of 96.5% for 100 cycles. [  177  ]  In this 
report, the tin nanoparticles were held as spacers between the 
graphene sheets forming a 3D structure. More effort towards 
addressing issues such as irreversible capacity loss is evidently 
called for. 

 EDLCs are non-faradaic ultracapacitors which store charge 
in electric double layers formed at the interface between a high 
surface area electrode and an electrolyte. [  178  ]  Activated carbons 
having high specifi c surface area (typically supplemented with 
a more conductive fi ller such as carbon black) are extensively 
used as electrode materials in EDLCs. [  179  ]  CMG are a new type 
of carbon for study and potential use as an electrode material 
for ultracapacitors. [  180  ,  181  ]  As shown in  Figure    12  , an ultracapac-
itor based on CMG electrodes exhibited specifi c capacitances 
of 135 Fg  − 1  and 99 Fg  − 1  with aqueous and organic electrolytes, 
respectively. With other techniques of exfoliation and reduc-
tion of GO, e.g., using microwave irradiation [  182  ]  or directly 
heating a suspension of graphene oxide platelets in propylene 
carbonate (PC), [  183  ]  capacitance values as high as 190 Fg  − 1  
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3906–3924
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      Figure  12 .     (a) SEM image of the surface of ‘particles’ composed of agglomerated CMG plate-
lets; (b) TEM image showing individual CMG platelets extending from a particle composed 
of agglomerated CMG platelets; (c) schematic of the ultracapacitor test cell assembly; (d) 
CV plots obtained from cyclic voltammogram measurements of electrodes consisting of the 
CMG material, with KOH electrolyte. Reproduced with permission from. [  180  ]  Copyright: 2008 
American Chemistry Society.  
in aqueous and 120 Fg  − 1  in organic electrolytes have been 
achieved. Graphene materials made by thermally expanding GO 
at high temperatures, [  184  ]  or alternatively at relatively low tem-
peratures (e.g., 200  ° C) under vacuum ( < 1 Pa), [  185  ]  have been 
used as ultracapacitor electrodes. There are also ongoing efforts 
to make graphene composites with spacers in order to prevent 
agglomeration of graphene platelets and increase the accessible 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2010, 22, 3906–3924

   Table  2.     Specifi c surface areas and capacitance values of graphene based ultracapacitors. 

Graphene material Specifi c surface area in m 2 g  − 1 

Chemically reduced graphene oxide 705

Chemically reduced graphene oxide 320

Microwave expanded GO 463

Thermally reduced graphene oxide in PC —

Thermally expanded GO at 1050  ° C 925

Thermally expanded GO at 200  ° C in vacuum 368

Reduced graphene oxide-SnO 2  composite —

Graphene oxide-MnO 2  composite —

Polymer modifi ed graphene/carbon nanotube hybrid fi lm —

1% Graphene oxide doped polyaniline —

Chemically modifi ed graphene /polyaniline nanofi ber composite fi lm 12.7
surface area. [  186  ]  Several groups have reported 
graphene-based ultracapacitors using metal 
oxide/graphene, [  187–189  ]  CNTs, [  190  ]  and poly-
 mer/graphene composites for electrodes/
graphene. [  191–194  ]   Table   2  shows reported 
results for ultracapacitors with graphene-
based materials as the electrodes.   

 Graphene materials have also been used 
in studies of hydrogen storage, fuel cells, 
and solar cells. For example, CMG made by 
reducing graphene oxide with hydrazine and 
with a Brunauer-Emmett-Teller (BET) specifi c 
surface area of 640 m 2 g  − 1  (when dried down), 
has shown a hydrogen adsorption capacity of 
0.68 wt% at 77K and 1 bar. [  195  ]  This value was 
expected to be increased by further increasing 
the surface area of graphene materials. 
Graphene has been identifi ed as a catalyst sup-
port for oxygen reduction and methanol oxida-
tion in a fuel cell confi guration. [  196–200  ]  Conduc-
tive graphene scaffolds for platinum nanopar-
ticles facilitated effi cient collection and transfer 
of electrons to the electrode surface. Graphene 
based materials have been used as both the 
window electrode and counter electrode in 
dye sensitized solar cells. [  201  ,  202  ]  Graphene-
doped conducting polymers such as Poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) 
(PEDOT:PSS) and poly(3-hexylthiophene) 
(P3HT) have shown better power consumption 
effi ciency (4.5%) than cells with PEDOT:PSS 
as a counter electrode (2.3%). [  203  ]    
 3.5. Graphene-Polymer Nanocomposites 

 Graphene–based fi llers have been used in polymer nanocom-
posites and hold potential for a variety of possible applica-
tions. [  204  ]  GO and other graphite derivatives such as graphite 
intercalation compounds (GICs) can be used as precur-
sors to bulk scale production of an assortment of exfoliated 
3917eim wileyonlinelibrary.com

Specifi c capacitance in Fg  − 1  (electrolyte) Ref

135 (KOH) 99 (Organic)  [  180  ] 

205 (KOH)  [  181  ] 

191 (KOH)  [  182  ] 

122 (Organic)  [  183  ] 

117(H 2 SO 4 ) 75 (Ionic liquid)  [  184  ] 

264 (KOH) 122 (Organic)  [  185  ] 

43 (H 2 SO 4 )  [  188  ] 

216 (Na 2 SO 4 )  [  189  ] 

120 (H 2 SO 4 )  [  190  ] 

531 (H 2 SO 4 )  [  193  ] 

210 (H 2 SO 4 )  [  194  ] 
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CMGs or ‘graphite nanoplatelets’ for use as a fi ller. [  21  ]  Polymer 
matrix composites with graphene-based fi ller include polysty-
rene (PS), [  18  ,  205–207  ]  PMMA, [  208  ]  polyvinyl alcohol (PVA), [  209–211  ]  
polypropylene (PP), [  212  ,  213  ]  epoxy, [  214–217  ]  polyester, [  218  ]  silicone 
foam, [  219  ]  polyurethane, [  220  ,  221  ]  poly(vinyldiene fl uoride), [  222  ]  
and polycarbonate. [  223  ]  To achieve large property enhancements 
in their nanocomposites, layered materials such as GO must be 
exfoliated and well dispersed in the polymer matrix. [  224  ]  Among 
other methods, rapid heating, [  21  ,  225  ]  as well as ultrasonication 
of GO have been used extensively to produce highly-exfoliated 
platelets for nanocomposites; notably, themally-expanded 
GO(‘TEGO’) is reduced and can be use to make electrically 
conductive composites, [  21  ]  whereas mechanically-exfoliated GO 
retains its insulating chemical structure and must be reduced 
in a separate step. [  30  ]  These fi llers can be dispersed into poly-
mers using techniques such as solution mixing, melt blending, 
or  in situ  polymerization; of these methods,  in situ  polymeriza-
tion might offer superior dispersion of this fi ller. [  212  ]  

 Polymer nanocomposites with GO-derived graphene mate-
rials as fi ller have shown dramatic improvements in properties 
such as elastic modulus, tensile strength, electrical conductivity, 
and thermal stability. Moreover, these improvements are often 
observed at low loadings of fi ller evidently due to the large inter-
facial area and high aspect ratio of these materials, requiring 
small amounts of fi ller to achieve percolation. [  208  ,  226  ]  At 0.7 wt% 
loading, a solution-mixed PVA-graphene oxide nanocomposite 
showed a 76% increase in tensile strength and a 62% increase 
in Young’s modulus; the results were attributed to effective load 
transfer to the graphene oxide fi ller via interfacial hydrogen 
bonding. [  209  ]  Chemical reduction of graphene oxide in the pres-
ence of PVA generated conductive composites with a percola-
tion threshold below 1 wt% and produced large shifts in glass 
transition temperature, T  g . [  210  ]  Large increases in Young’s mod-
ulus and a 30  ° C shift in  T  g  at only 0.05 wt% loading of a TEGO-
PMMA composite were attributed to the onset of rheological 
percolation and to the crumpled morphology of the highly-exfo-
liated platelets. [  208  ]  Nanocomposites of platelets derived from 
TEGO have shown higher stiffness across all loadings and equal 
or lower electrical percolation thresholds than carbon black and 
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      Figure  13 .     (a) Low (top) and high (bottom) magnifi cation SEM images obtain
(phenyl isocyanate treated and 1,1 dimethylhydrazine-reduced graphene oxide
composites as a function of fi ller volume fraction. Reproduced with permissi
nanotube-fi lled nanocomposites. [  226  ]  Low loadings of exfoliated 
GO platelets in epoxy reduced the coeffi cient of thermal expansion 
(up to 32% at 5 wt%) [  216  ]  and increased the critical buckling 
strength (by 52% at 0.1 wt%) versus the neat polymer. [  215  ]  

 Covalent functionalization of exfoliated GO and acid-treated 
graphite platelets has been used in an effort to compatibilize the 
fi ller with polymer hosts for improved dispersion. For instance, 
isocyanate-functionalized graphene oxide was mixed with PS in 
a solution, and subsequent reduction yielded conductive nano-
composites with an onset of electrical percolation at 0.1 vol%, 
consistent with some of the lowest thresholds reported, e.g., 
for CNT nanocomposites ( Figure    13  ). [  18  ]  Acid-treated and 
exfoliated graphite was functionalized with PVA via ester 
linkages, yielding composites with well-dispersed graphene 
particles that showed a 20 ° C shift in T g , [  227  ]  while silane-
functionalized expanded graphite (EG) resulted in a 35% 
improvement over unmodifi ed EG-epoxy nanocomposites. [  214  ]  
Covalent grafting of PS microspheres to reduced graphene 
oxide has been reported using emulsion polymerization. [  206  ]  
Recently, growth of polymer chains from graphene oxide has 
been demonstrated using atom transfer radical polymerization 
(ATRP), following functionalization of the surface with initi-
ator. Grafted polymers dramatically improved the solubility of 
graphene oxide in organic solvents, [  207  ,  228  ]  while nanocompos-
ites of PS-grafted graphene oxide in a PS matrix demonstrated 
substantial mechanical property enhancements (57% increase 
in modulus and 70% increase in strength at 0.9 wt%). [  205  ]   

 Novel synthesis and processing methods have produced 
graphene/‘graphite nanoplatelet’ nanocomposites with large 
property improvements, unique structures, and some of the 
lowest percolation thresholds reported to date. For instance, 
layer-by-layer assembly created conductive PVA-CMG nano-
composites [  211  ]  while solid state shear pulverization was used to 
directly exfoliate graphite in PP, doubling the modulus versus 
the neat polymer. [  213  ]  A simple method of coating polymer 
powder with graphite nanoplatelets prior to melt blending 
resulted in a dramatic reduction in the percolation threshold 
of a PP nanocomposite from 7 wt% to 0.1 wt%, [  212  ]  while a 
‘reduction-extractive’ dispersion technique yielded conductive 
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ed from a fracture surface of composite samples of 0.48 vol.% ‘graphene’ 
) in polystyrene; (b) Electrical conductivity of the polystyrene–‘graphene’ 
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reduced graphene oxide-vinyl acetate/vinyl chloride copolymer 
nanocomposites with a percolation threshold of 0.15 vol%. [  229  ]  
Reduction of GO with polysulfi de ions led to sulfur nanopar-
ticle-decorated graphene oxide, which were then melt blended 
with poly(arylene sulfi de), yielding highly exfoliated platelets 
in the matrix. [  230  ]  Aqueous solutions of PVA mixed with poly-
styrene sulfonate-stabilized graphene oxide were frozen and 
freeze-dried to produce nanocomposite monoliths with a 3D, 
porous scaffold-like structure that might fi nd applications in 
electronics and as catalyst supports. [  231  ]     

 4. Synthesis  

 4.1. Graphene 

 There are now four primary ways to produce ‘pristine’ graphene. 
 Epitaxial graphene. This method involves CVD growth on 

epitaxially matched metal surfaces. John May explained in 
an article published in  Surface Science  in 1969 how published 
but (at that time) unassigned low-energy electron diffraction 
(LEED) patterns could be rationalized in terms of a “monolayer 
of graphite.” [  232  ]  Blakely and his group undertook detailed sci-
entifi c studies of the thermodynamics of growth of ‘monol-
ayer graphite’ and of ‘bilayer graphite’ on Ni (111) crystals, 
publishing a series of insightful papers in the 1970s, [  233–236  ]  
and a ‘sub-discipline’ of surface science developed on the 
topic ‘monolayer graphite’ or ‘MG’, that continues to this day 
(surface scientists now typically refer to the MG they grow as 
graphene). A more recent thrust in terms of growth of epitaxial 
graphene, is its large-area growth on SiC wafer surfaces by 
high temperature ( > 1300  ° C) evaporation of Si in either ultra-
high vacuum (UHV) [  16  ,  237  ,  238  ]  or atmospheric pressure [  239  ]  as 
a method to prepare wafer-size graphene with carrier mobility 
values of about 2000 cm 2  V  − 1  s  − 1 . [  239  ]  Atomically resolved STM has 
been used to study the bottom-up formation of graphene on the 
single crystal SiC surface. [  240  ]  Large area monolayer graphene 
has been achieved on Cu fi lms, [  7  ,  17  ,  241  ]  and this method can 
be in principle extended to ‘endless length, very large width’ 
production simply by exposing appropriate metal foils to C to 
achieve surface deposition of either monolayer or multilayer. 
(It is of interest that epitaxial growth has not yet been proven 
(or disproven) for growth on Cu, and so this might eventually 
be classifi ed as another method for growth of graphene—such 
as non-epi growth.) This category might end up including the 
possibility of growth from (or on) molten metals and amorphous 
metal substrates. Direct growth of graphene on metal oxide sur-
faces is an exciting challenge that could benefi t, e.g., nanoelec-
tronics. To our knowledge, this has not yet been achieved. 

 Micromechanical Exfoliation. Ruoff and coauthors laid the 
foundation for micromechanical exfoliation as well as outlined 
the potential importance for graphene for a wide variety of fun-
damental studies and applications, in several papers published 
in 1999. [  13  ,  14  ]  This work inspired physicists to try methods such 
as rubbing lithographically patterned pillars with “tipless” AFM 
cantilevers, [  242  ]  and using of Scotch tape to achieve very thin 
platelets of graphite. Micromechanical exfoliation can be used to 
generate ‘high quality’ graphene that is electrically isolated for 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 3906–3924
fundamental studies of transport physics and other properties, 
but does not yet appear to be scalable to large area. It typi-
cally produces graphene ‘particles’ with lateral dimensions on 
the order of tens to hundreds of micrometers. However, there 
have been attempts, from patterned graphite using the pillar 
approach invented by Ruoff, to achieve patterned graphene by 
micromechanical exfoliation. [  13  ,  14  ]  

 Exfoliation of graphite in solvents. A third method inspired 
by, e.g., obtaining dispersions of GO to yield individual layers of 
graphene oxide (i.e., colloidal dispersions) is to make dispersions 
of graphite in various solvents; this is typically done by exposure 
of graphite powders in organic solvents such as DMF or NMP 
to high intensity ultrasound, [  156  ]  and while signifi cant progress 
has been made, the yield is relatively low. (One notes the paper in 
1962 by Boehm et al., that presented TEM results that pinpointed 
the presence of individual layers of reduced graphene oxide, by 
densitometry analysis of TEM images. [  243  ] ) 

 ‘Other methods’. Substrate-free gas-phase synthesis of 
graphene platelets in a microwave plasma reactor [  244  ]  and arc-
discharge synthesis of multi-layered graphene [  245  ]  have also 
recently been reported. It seems likely that reports of gas phase 
synthesis of ‘graphene powders’ will increase in the future, and 
the authors suggest it as an important area of research. Large 
scale production of ‘powdered’ graphene of high C purity by 
CVD approaches (including thermal CVD, etc.) could provide 
material in suffi cient quantity for a host of likely applications, 
as well as for fundamental science. 

 As mentioned, graphene can be grown on metal surfaces by 
surface segregation of carbon or by decomposition of hydrocar-
bons. However, this technique is only practical for graphene 
production if the as-grown graphene can be transferred from 
the metal substrates to other substrates, which looks straight-
forward but only was realized for multilayer and non-uniform 
fi lms recently with Ni, [  160  –  162      ]  and for uniform monolayer 
graphene, with Cu. [  17  ]  In contrast to the use of high-cost single 
crystal metals and UHV systems in previous work by the surface 
science community, few-layer graphene fi lms were grown on 
polycrystalline Ni foils by CVD of methane under atmospheric 
pressure by controlling the cooling rate of the metal substrates 
so as to suppress carbon precipitation during cool-down. [  246  ]  
Few-layer graphene fi lms were also grown on thin Ni fi lms from 
which the amount of precipitated C was also suppressed. [  161  ,  162  ]  
However, because the solubility of C in Ni is relatively high, it 
has to date been diffi cult to suppress C precipitation completely 
so that the produced graphene fi lms vary from monolayer to 
tens of layers. Instead, large-area fi lms with  > 95% as monolayer 
graphene were grown on Cu foils by CVD of methane by taking 
advantage of the very low solubility of C in Cu ( Figure    14  ). [  17  ]  By 
using  13 C labeling, it was shown that graphene growth on Cu 
is a surface-mediated process and the process is self-limiting; 
that is, once the Cu surface was fully covered with graphene, 
the growth process terminated; also it was possible to achieve 
100% monolayer coverage. [  241  ]  Graphene grown on metal sub-
strates also shows high quality with extracted carrier mobilities 
typically in the range 2000 to 4000 cm 2   V   − 1  s  − 1 . These values 
are lower than values for those from particular fl akes (chosen 
by various researchers as values to report) made by microme-
chanical exfoliation. Improvement of quality of the CVD grown 
graphene in terms of synthesis, and also in terms of transfer to 
3919bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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      Figure  14 .     (a) SEM image showing a Cu grain boundary and steps in the Cu substrate surface, 
2- and 3-layer thick graphene fl akes, and wrinkles in the graphene fi lm. Inset shows TEM images 
of edges of folded graphene; (b) Optical microscope image of graphene fi lm transferred onto a 
SiO 2  (285 nm)-on-Si substrate showing wrinkles, and 2- and 3-layer regions. Reproduced with 
permission from. [  17  ]  Copyright: 2009 American Association for the Advancement of Science.  
arbitrary substrates, is desirable. But another question perhaps 
never asked in the literature, and thus posed here, is: What 
number of fl akes of monolayer graphene made by microme-
chanical exfoliation have been interrogated to obtain parameters 
such as gate voltage of the Dirac point, impurity concentration 
at the Dirac point, and mobility? Private remarks by researchers 
in the fi eld suggest that only the “very best” fl akes are studied, 
and that there may be a relatively large fraction that are “not 
reported”, and this might come as no surprise. One goal of 
physics is to fi nd high quality specimens and “milk them for all 
they are worth”, such as for transport measurements.    
 4.2. Graphite Oxide 

 Comprehensive reviews on the preparation of dispersions of 
graphene oxide platelets and reduced graphene oxide plate-
lets, made from GO, have recently appeared. [  30  ,  152  ]  In general, 
GO is synthesized by either the Brodie, [  25  ]  Staudenmaier, [  247  ]  
or Hummers method, [  248  ]  or some variation of these methods. 
All three methods involve oxidation of graphite to various 
      Figure  15 .     A proposed schematic (Lerf-Klinowski model) of graphene oxide structure. Repro-
duced with permission from [H. He, J. Klinowski, M. Forster and A. Lerf, Chem. Phys. Lett., 
1998, 287, 53–56]. Copyright: 1998 Elsevier Science Ltd.  
levels. Brodie and Staudenmaier used a 
combination of potassium chlorate (KClO 3 ) 
with nitric acid (HNO 3 ) to oxidize graphite, 
and the Hummers method involves treat-
ment of graphite with potassium perman-
ganate (KMnO 4 ) and sulfuric acid (H 2 SO 4 ). 
Graphite salts made by intercalating graphite 
with strong acids such as H 2 SO 4 , HNO 3  or 
HClO 4  have also been used as precursors for 
the subsequent oxidation to GO. [  249  ]   Figure  
  15   shows a proposed structure of graphene 
oxide that is supported by solid-state nuclear 
magnetic resonance (SSNMR) experiments 
on  13 C-labeled GO; [  250  ]  and see references 
therein for discussion of prior studies and 
various models proposed for the structure of 
graphene oxide.  
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinwileyonlinelibrary.com
 The polar oxygen functional groups of GO 
render it hydrophilic; GO can be exfoliated 
in many solvents, and disperses particularly 
well in water. [  251  ]  Dispersions of graphene 
oxide platelets can be obtained by stirring 
and more typically by sonication of GO in 
solvents; chemical reduction of the colloidal 
dispersions obtained has been performed with 
several reducing agents, such as them hydra-
zine, [  252  ]  hydroquinone, [  253  ]  sodium borohy-
dride (NaBH 4 ), [  254  ,  255  ]  and ascorbic acid. [  256  ]  
Reduction via thermal treatment [  225  ,  257  ]  has 
been reported to be an effi cient and low cost 
method, producing ‘TEGO’ material with a 
BET surface area of 600–900 m 2 /g. Electro-
chemical reduction has been presented as 
an effective way to remove oxygen functional 
groups from GO. [  258  ]  Chemical reduction 
using NaBH 4  followed by a H 2 SO 4  treatment 
prior to thermal annealing yielded CMG plate-
lets with high C purity. [  259  ]  The detailed chem-
istry of oxidation and also reduction, and the chemical tuning of 
graphene platelets is an active area of research that should con-
tinue to rapidly grow. [  260  ]     

 5. Conclusions and Perspective 

 In this article, the preparation, properties, and applications of 
graphene-based materials have been reviewed. 

 Preparation of high quality graphene materials in a cost-
effective manner and on the desired scale is essential for many 
applications. CVD growth on metal foils has exceptional potential 
for, ultimately, the production of endless lengths of graphene/n-
layer graphene of desired widths (‘graphene foil’) that could then 
be picked up by roll-to-roll processing. Further improvement of 
the quality along with development of a clean transfer process 
for such foils will help to realize many applications including 
graphene-based electronic devices, for thermal management, 
for transparent conductive electrodes, and others. Fine control 
of the number of graphene layers for n-layer graphene (with the 
exception of monolayer graphene) is an important challenge 
heim Adv. Mater. 2010, 22, 3906–3924
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for the materials community, such as for fundamental studies 
of bi-layer and tri-layer graphene, and to understand the per-
formance (as one example among many targeted applications) 
as TCF’s. The preparation of graphene materials via ‘chemical’ 
processing routes (e.g., oxidation of graphite followed by reduc-
tion of the graphene oxide platelets obtained by exfoliation) may 
be able to produce fairly large amounts of ‘graphene’ cost effec-
tively; however, the chemical details (e.g., oxidation/reduction 
mechanisms and detailed chemical structures) need to be 
more fully understood. Future efforts for graphene and n-layer 
graphene such as achieving desired surface functionalization, 
and, e.g., the ‘cutting’ or preparation into desired shapes, could 
generate novel structures having many applications.  
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